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Preface to ”Agricultural Structures and

Mechanization”

Due to the importance of being able to feed the entire world population in a sustainable way, it is

necessary to apply all the technological innovations that have been developed through research and

technological development in the different food production systems. Specifically, it is interesting to

collect the technological innovations in the field of agricultural structures and mechanization, and

determine their role in the production of high-quality food, so that they are available to society.

For this reason, the editorial MDPI created a Special Issue on this subject in the journal Agriculture,

which has made it possible to compile 26 scientific articles, which will now be jointly published.

The works that are compiled in this book deal with interdisciplinary studies in which the

following fields of research are addressed: agricultural machinery, precision agriculture, harvest

technology, post-harvest technology, sensors, automation, ergonomics, energy and the environment.

Finally, we would like to thank all the authors who have decided to make their research known

through this work, and thus put their developments and new technologies at the service of all the

working areas of society involved in food production.

José Pérez-Alonso

Editor

xi





agriculture

Article

A Novel Semiautomatic Flesh Peeling and Seed Removing
Mechanism for Dried Longan

Cheng-Han Li 1, Yu-Ting Hsu 1, Chun-Hung Hsieh 2 and Ching-Wei Cheng 3,*

Citation: Li, C.-H.; Hsu, Y.-T.; Hsieh,

C.-H.; Cheng, C.-W. A Novel

Semiautomatic Flesh Peeling and

Seed Removing Mechanism for Dried

Longan. Agriculture 2021, 11, 48.

https://doi.org/10.3390/agriculture

11010048

Received: 10 December 2020

Accepted: 8 January 2021

Published: 10 January 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional clai-ms

in published maps and institutio-nal

affiliations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Bio-Industrial Mechatronics Engineering, National Chung Hsing University,
Taichung 402, Taiwan; cghan@smail.nchu.edu.com.tw (C.-H.L.); atin4100040063@gmail.com (Y.-T.H.)

2 Department of Information Management, National Taichung University of Science and Technology,
Taichung 404, Taiwan; guu@nutc.edu.tw

3 College of Intelligence, National Taichung University of Science and Technology, Taichung 404, Taiwan
* Correspondence: cwcheng@nutc.edu.tw; Tel.: +886-4-2219-5795

Abstract: Longans, which are produced in tropical countries, are rich in nutrients and high in commer-
cial value. To extend their shelf life, fresh longans are roasted to dry them out. For the convenience of
cooking applications, the dried longan pulp is peeled and seeded beforehand. Presently, this is done
manually; thus, this research aims to automate this process. A cutting tool with a serrated bending
angle is used to cut the dried longan pulp, and then the longan is fixed by a lifting mechanism. The
pulp is breached with a cutting tool and this breach is pushed up against a 6 mm hole in the silicone
soft plate of the lifting mechanism to separate out the seed by squeezing. Commercially available
dried longans are used in this experiment. The cutting surface width of the cutter designed in this
study is 20 mm, and the serration bending angle is 30◦. This cutter operates at a speed of 29 cm/s
on dried longan pulp, attaining a success rate of 85%. The lifting mechanism also presented in this
study fixes the dried longan and uses a squeezing motion to separate the flesh from the seed with a
silicone soft plate. Here, a lifting speed of 28 mm/s achieves the highest rate of success at peeling,
and the success rate of pulp-and-seed separation can reach 86.7%.

Keywords: dried longan; lifting mechanism; silicone soft plate

1. Introduction

Longan (Dimocarpus longan Lour), an evergreen tree belonging to the Sapindus family,
is grown as a commercial fruit crop [1,2]. Longan fruit is rich in nutrition and commercial
value and is produced in tropical countries, especially Thailand and China [2,3]. Longan
pulp can be used in traditional Chinese medicine to promote blood metabolism, relieve
insomnia, and prevent amnesia because it contains many biologically active compounds
and nutrients [4,5]. Taiwan is currently an important source of longan in Asia. The longan
growing season is mostly concentrated in summer. Freshly harvested longan is usually
high in temperature and moisture because of the weather, causing the quality of the fruit
to deteriorate rapidly [3,6]. The freshness period is short, and the pulp will slowly ooze
juice and deteriorate. This phenomenon is called pulp autolysis or pulp decomposition
and greatly affects the pulp’s quality, freshness, and value [7]. To extend its shelf life and
facilitate storage, longan is usually processed. Typically, it is dried out through baking;
dried longan can be stored for a longer time and made into canned food, wines, or jams.
Separate baking processes are used for shelled and unshelled longan. Traditionally in
Thailand, longan is first harvested, then shelled, and then baked [8]. The shelled longan is
dried in hot air at 70 ◦C over 12–15 h. The final moisture content of the longan can reach
22%. The dried longan pulp will be golden in color [8,9]. It takes approximately 48–52 h to
dry the shelled longan in hot air at 75 ◦C, and the final moisture content can be reduced to
22% [9]. In Taiwan, shelled longan is usually roasted directly through one of two methods:

Agriculture 2021, 11, 48. https://doi.org/10.3390/agriculture11010048 https://www.mdpi.com/journal/agriculture1
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hot air baking or smoking. In each method, the dried longan will have a smoky fragrance
and its pulp will appear dark brown after removing the shell.

Presently, the separation of the seeds and pulp of dried longan is still done manually
by workers. The longan pulp contains high sugar content; after being dried in hot air, the
pulp is caramelized and highly viscous. The shape of the fruit is irregular, complicating
the process of seed removing. During manual seeding, the longan is typically heated
beforehand. A knife is used to cut a hole in the pulp, and the seeds are removed. The
operational process is slow and requires a lot of human resources. Because of changes in the
rural population structure (particularly the aging of the population engaged in agriculture),
human resources have been greatly reduced, and manual separation of the seed and the
pulp may incur food hygiene and safety concerns. If machines can replace artificial longan
deseeding operations, they can effectively reduce costs and improve production efficiency,
food hygiene, lack of human resources, and other issues.

Longan-related research mostly focuses on its physical and chemical properties. Re-
search on seeding machinery is quite rare, and there is no fully commercialized system
available on the market. Xie et al. (2006) developed a seed removing machine for fresh
shelled longan using air pressure as a power source to drive a pneumatic cylinder, which
then drives a triangular blade to cut the freshly shelled longan together with its pulp [10].
The longan seeds are then pushed out by the pneumatic ejector bar to complete the work
of removing them. The size of the cut for the fresh longan seeds will be affected by the
thickness of the blade. If the cutting blade is too thick or too thin, it may cause the fresh
longan cut to be incomplete, preventing the seeds from being removed. After the fresh
longan is cut, the ejector bar’s diameter and speed will also affect the seeding success
and pulp loss rates. Pen et al. (2012) used simulated finger-drawing arcs to peel off dried
longan flesh and a pneumatic cylinder as a power source to drive the triangular cam [11].
The cam controls the opening and closing of the L-shaped bracket, whose two ends are
equipped with symmetrical pulp peeling arc blades. The two arc blades will cut a hole
in the longan pulp for the seeds to be ejected using a rod ejector. The depth of occlusion
between the two arc blades and the dried longan pulp, the opening and closing speed of
the L-shaped bracket, and the pushing speed of the longan seeds’ ejector bar will all affect
the pulp peeling success rate.

This study aims to design a set of semiautomatic dried longan pulp peeling machines
using a suitable cutter. The relationship between the shape and the speed of the cutter and
the dried longan cutting success rate is also discussed. A lifting mechanism is designed
using a silicone soft board to complete the seed removing operation. The dried longan is
extruded through this board to peel the pulp and remove the seeds. The best speed and
success rate of this process were found. The semiautomatic machine designed in this study
can serve as a reference for future research on dried longan processing machinery.

2. Materials and Methods

2.1. Dried Longan Sample

Mature longan can be conical, heart-shaped, spherical, or other shapes. Some varieties
have a significantly longer appearance on one side. After the drying process, the fruit’s
appearance will become wrinkled and rough. The dried longan’s shape will be irregular,
such that its flesh will be close to the inner core and appear approximately spherical or
oval. Commercially available dried longan was used as our experimental material in this
study. All experimental samples were stored under refrigeration. Before use, they were
placed at room temperature to regain moisture, before being heated to 60.0 ◦C in an oven
to reduce the pulp’s viscosity. The dried longan was used to test the flesh peeling and seed
removing machine developed in this study. The average diameter of longan samples (pulp
containing seeds) was 17.20 mm and that of dried longan seeds was 14.95 mm.

2



Agriculture 2021, 11, 48

2.2. Experimental Equipment

The cutting tool of the dried longan pulp peeling machine is driven by a motor driver
(VNH2SP30) and a direct current (DC) motor (JGB37-550) that has the maximum power of
60 W. The lifting mechanism for the peeling of the pulp and removal of seeds is controlled
by a stepping motor driver (AZD-CD, Oriental Motor Co., Ltd., Taiwan) and a stepping
motor (AZM66AC-TS7.2, Oriental Motor Co., Ltd.). Once in position, the lifting mechanism
is used to clamp, fix, and squeeze the dried longan, and a silicone soft board is used to
peel the pulp and remove the seeds. The DC motor is controlled using an Arduino UNO
controller. The positions of the stepping motor and lifting mechanism are controlled using
a computer programming interface. The power consumption of the semiautomatic flesh
peeling and seed removing machine is approximately 480 W. The soft board is 50 × 50 mm
in size and is made of C-25 silicone (Asia Silicone Chemical Materials Co., Ltd., Taichung,
Taiwan) with the tensile strength of 50 kg/cm2, elongation of 750%, and hardness of 25 HA.

2.3. Semiautomatic Dried Longan Pulp Peeling Machine

The semiautomatic dried longan pulp peeling and seed removing machine is based
on aluminum extrusion. A stepping motor drives the eccentric shaft turntable in Figure 1a.
The stepping motor’s control can accurately clamp the dried longan. When the eccentric
shaft turntable motor rotates upward, the dried longan-fixing jaws will open. At this
time, the dried longan is placed on the pedestal. The eccentric shaft turntable is turned
downward, and the jaws will clamp the dried longan. After the dried longan is fixed, the
DC motor starts to drive the cutting tool’s reciprocating link to cut the pulp. Because of
the limited size of this machine, the longan pulp has been cut, and a silicone soft plate is
installed along the aluminum extrusion groove, as shown in Figure 1a,b. To peel the pulp,
the eccentric shaft turntable is turned up to the top, the dried longan in the holder is cut
and squeezed with the silicone soft plate, and the longan seeds will pass through the hole.
The longan pulp and seeds will then be separated; finally, the longan pulp remains under
the silicone soft board, and its seeds will be placed on the top through the hole in the soft
board, as shown in Figure 2.

 

Figure 1. (a) Semiautomatic dried longan peeling machine. (b) Schematic of the installation position
of the silicone soft board for peeling.

3



Agriculture 2021, 11, 48

 

Figure 2. After the dried longan is cut, the hole cut in the pulp and the silicone soft board are squeezed against each other.
The seeds and the flesh will separate; the pulp will stay under the silicone soft plate while the longan seeds will be extruded
to the other side.

2.4. Design of the Dried Longan Pulp Cutting Tool

For manual longan peeling, the larger the hole in the pulp, the easier it is to remove
the seeds. In this study, a longan cutting tool was designed, and the bending angle and
width of the knife’s cutting surface were changed, as shown in Figure 3. A knife drive
mechanism was designed to perform a hole cutting test on the dried longan pulp. The
formation and separation of chips in the cutting process are due to the material being
subjected to the maximum shear stress; thus, we analyze it using shear-stress theory. When
the tool and the cutting workpiece move relative to each other, the material is cut by shear
force. This cutting surface is called a shear surface. For larger shear angles, the chip layer is
thinner, resulting in smaller friction. The required cutting force is also smaller. By contrast,
smaller shear angles make the chip layer thicker, resulting in larger friction. The cutting
force is relatively large. Thus, this study designed a cutting tool for dried longan pulp.

 

Figure 3. A schematic of a cutting tool for dried longan pulp. (a) A cutter with the blade width of 20 mm and 30◦ serrated
bending angle. (b) A cutter with the blade width of 10 mm and 110◦ serrated bending angle.

Our cutting tool is made of a spring and aluminum foil, as shown in Figure 3. To
prevent the longan seeds from being squeezed excessively by the cutter during the pressing
process, the spring is used as an extrusion buffer and helps to make the knife edge fit more
closely with the longan pulp. In this study, two types of knives were made for testing. For
the first, the cutting surface width is 20 mm, and the serration bending angle is 30◦; for
the second, the cutting surface width is 10 mm, and the serration bending angle is 110◦.
Figure 3 shows the comparison of the two knives. At the same cutting speed, different
knives’ specifications are tested to find the most suitable for cutting dried longan pulp.

4



Agriculture 2021, 11, 48

2.5. Design of the Cutting Tool’s Driver Mechanism

Cutter actuation adopts the scotch yoke mechanism, and a DC motor is used to convert
circular motion into linear reciprocating motion. The linear reciprocating mechanism is
designed to match the cutter-driven stroke shown in Figure 4. When the motor drives the
disk to rotate, the shaft drives the rod to make a linear reciprocating motion to perform the
opening operation. When the disk rotates through 0◦–180◦, the driving rod moves forward
and produces a maximum stroke of 45 mm at 180◦; the rotation range is between 181◦
and 360◦, and the rod returns to the origin at 360◦. The eccentricity of the eccentric shaft
turntable is 34.3 mm, and the maximum stroke of the cutter is 68.6 mm.

Figure 4. Dried longan pulp cutter reciprocating scotch yoke mechanism.

2.6. Dried Longan Pulp Peeling and Seed Removing Mechanisms

The pulp peeling and seed removing mechanisms are designed based on a wine
opener’s linkage mechanism. The main structure fixes the aluminum extruder on the
aluminum plate. When the stepping motor rotates, it will drive the eccentric shaft disk.
The eccentric shaft turntable will drive the row of teeth on the lifting mechanism to
synchronously drive the ratchet to open and close the clamping arm. The eccentricity of
the shaft on the turntable is 34.3 mm, and the maximum displacement stroke is 68.6 mm.
There is a material holder above the lifting rod and a ball socket in this holder in which
to place the dried longan. The side of the lifting rod is equipped with a row of teeth to
drive the clamping arm. This arm’s lower end has a semicircular ratchet for gear meshing
transmission. The upper end of the clamping arm is equipped with clamping jaws to clamp
and fix the dried longan. After the dried longan is clamped and fixed, a hole is cut in its
pulp to remove its seed. Given that the dried longan’s average height is approximately
16.8 mm, the clamping height is set to 11.2 mm to stop the longan from turning during the
opening process, as shown in Figure 5. Two-thirds of the dried longan’s average length
must pass through the silicone soft board to achieve good peeling. Considering that the
thickness of the silicone soft board is 5 mm, the mechanism’s stroke is at least 16.2 mm,
and the total mechanical stroke of the peeling operation is at least 27.4 mm, as shown in
Figure 5.

 

Figure 5. Schematic of the dried longan’s clamping position.

5



Agriculture 2021, 11, 48

After the hole is cut, the eccentric shaft turntable is driven by the stepping motor,
driving the lifting rod upward. Simultaneously, the row of teeth synchronously drives
the clamping arm’s ratchet wheel to rotate downward, the clamping arms open, and the
material base is shifted upward. The dried longan in the material holder is lifted by the
lifting mechanism. The average diameter of the dried longan is 17.2 mm. The dried longan
and the silicone soft plate are squeezed with a 6 mm through-hole silicone soft plate. This
plate will deform, and its elasticity will be used to remove the dried longan pulp along the
seed’s surface. The longan seeds will be separated from the pulp through the hole in the
plate and emerge on the other side, as shown in Figure 6.

 

Figure 6. After squeezing the dried longan through the 6 mm hole of the silicone soft board, the pulp and seed are separated.
The dried longan pulp will be below the plate while the seed will be above.

3. Results and Discussion

3.1. Success Rate of Cutting with the Designed Machine

Longan pulp cutting knives will affect hole size, affecting the success of subsequent
peeling and seeding operations. In cutting the longan pulp, the dried seeds may be broken
because of an uneven force applied by the cutter. The pulp also has a high sugar content,
making it sticky. If the longan seeds are broken and shredded, they will stick to the pulp
and seeding cannot be carried out. Figure 7 shows the definition of success and failure in
this context. The hole cut in the dried longan pulp by the knife either (a) succeeds or (b)
fails. If a hole is successfully cut in the dried longan pulp using the knife, the seed is clearly
visible, as shown in Figure 7a; otherwise, it is not visible, as shown in Figure 7b.

Two different cutting tools were designed in this research, as described in Section 2.3
and shown in Figure 3. A DC motor drives the longan pulp cutting tool. This tool’s speed
is set to 508 mm/s, and 60 dried longans are used for the test. Table 1 shows the test results.
The average width of the longan pulp breach formed by the cutter with a cutting surface
width of 20 mm and a serrated bending angle of 30◦ is 7.4 mm; the success rate is 85%, and
the seed breakage rate is 11.7%. For the cutter with a cutting surface width of 10 mm and
a serrated bending angle of 110◦, the average breach width is 5.5 mm, the success rate is
63.3%, and the seed breakage rate is 31.5%.

The cutting range of the cutter with a 30◦ serrated bending angle is larger than that of
the one with a 110◦ serrated bending angle. The former tool sticks easily to the pulp, but
this does not affect the pulp opening operation. The 30◦-serrated-bending-angle tool cuts
holes with a high success rate and avoids breaking longan seeds. Experience with manual
pulp peeling and seed removing shows that larger breaches in the pulp allow the smooth
surface of the longan seeds to be clearly seen, enabling the pulp to be easily peeled and the
seed to be removed. Therefore, the 30◦-serrated knife was used in follow-up experiments.
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Figure 7. The hole cut in the dried longan pulp: (a) successfully; (b) fails.

Table 1. Cutting tool test results for dried longan.

Average Width of the Breach (mm) Cutting Success Rate (%) Seed Damage Rate (%)

Blade width is 20 mm;
Serrated bending angle is 30◦ 7.4 85.0 (51/60) 11.7 (7/60)

Blade width is 10 mm;
Serrated bending angle is 110◦ 5.5 63.3 (38/60) 31.7 (19/60)

3.2. Success Rate of the Cutting Tool with Operating Speed

The Arduino UNO controller adjusts the longan pulp cutter’s speed through pulse
width modulation (PWM) to adjust the DC motor’s power supply voltage. The greater the
PWM duty cycle, the faster the DC motor’s speed and the greater the force of the cutter.
A cutter with a width of 20 mm and a 30◦ serrated bending angle was used to find the
optimal cutting speed for dried longan pulp. The tests were carried out at speeds of 292.0,
330.0, 380.0 and 508.0 mm/s. Each speed was tested with 60 dried longans. Figure 8 shows
the results.

When the cutting speed is 292.0 mm/s, the average width of the breach is approx-
imately 7.5 mm and the success rate is approximately 95.0% (57/60). The test sample
has no broken seeds. When the cutting speed is 330.0 mm/s, the breach’s average width
is approximately 7.3 mm, the success rate is approximately 85.0% (51/60), and the seed
breaking rate is approximately 10.0% (6/60). When the cutting speed is 380.0 mm/s, the
average width of the breach is approximately 7.5 mm, and the cutting success rate is
approximately 80.0% (48/60), with a seed breakage rate of 15.0% (9/60). When the cutting
speed is 508.0 mm/s, the average width of the breach is approximately 7.4 mm, the success
rate is approximately 85.0% (51/60), and the seed breakage rate is approximately 11.7%
(7/60). The test results suggest that reducing the cutting speed helps to increase the cutting
success rate and reduce the seed breakage rate. A cutting speed of 292.0 mm/s yields the
highest success rate without causing longan seed breakage.

3.3. Test Analysis of Peeling Dried Longan Pulp

A stepping motor is used to drive the lifting and clamping mechanism. The dried
longan pulp is cut with a serrated cutter with a bending angle of 30◦ at a speed of 292 mm/s.
The lifting mechanism pushes the dried longan upward against the 6 mm hole in the C-25
silicone soft plate such that the seed is separated, as shown in Figure 2.

7
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Figure 8. Success rates of the tool with a width of 20 mm and a sawtooth bending angle of 30◦ at
various cutting speeds.

The lifting mechanism’s upward pushing speed is varied, and the relationship between
this speed and the peeling success rate is analyzed. Tests are performed using 60 longans
per group, and complete separation of the dried longan pulp and seed is defined as the
successful peeling of the pulp. If the longan seeds have residual pulp, are broken due to
pushing or cannot be separated from the pulp, the experiment is classified as a failure.

As shown in Figure 9, when the pushing speed is 70.0 mm/s, the peeling success
rate is approximately 66.7% (40/60) and the failure rate is approximately 33.3% (20/60).
The pulp peeling processes of 20 dried longans failed. Of these, 12 failed because pulp
remained on the seeds, two failed because the seeds were broken, and six seeds did not
smoothly pass through the silicone plate. When the pushing speed is 56.0 mm/s, the
peeling success rate is 70.0% (42/60) and the failure rate is approximately 30.0% (18/60).
Of the failures, 12 seeds had pulp remaining, two were broken, and four could not pass
through the silicone soft board. When the pushing speed is 42.0 mm/s, the peeling success
rate is 80.0% (48/60) and the failure rate is 20.0% (12/60). Of the failures, six seeds had
pulp remaining, two were crushed, and four did not pass through the plate. For a pushing
speed of 28.0 mm/s, the peeling success rate is approximately 86.7% (52/60) and the failure
rate is 13.3% (8/60). Of the failures, four seeds had pulp remaining, two were broken, and
two did not pass through the plate. For a pushing speed of 14.0 mm/s, the peeling success
rate is approximately 86.7% (52/60) and the failure rate is approximately 13.3% (8/60). No
samples failed because they did not pass through the soft silicone plate; however, six seeds
had pulp remaining, and two were broken because of pushing.

The experiment shows that reducing the pushing speed will help to improve pulp
peeling success rate. The dried longan may fall off the holder when passing through
the plate if the lifting speed is too fast. Because there is not enough time for the seed
to pass through the holes, some will fail to be removed. The dried longan peeling and
seeding operation is equally successful at 28 and 14 mm/s; therefore, a speed of 28 mm/s
is preferable for efficiency.

Based on our results, we recommend using a tool with a cutting surface width of
20 mm and a sawtooth bending angle of 30◦ to breach the pulp at a speed of 292.0 mm/s.
After cutting, the dried longan should be squeezed with a silicone soft plate at a speed of
28 mm/s for seed removing. Another 100 dried longan samples were prepared for testing

8
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to verify the mechanical stability. The peeling success rate was found to be 86.0%, with a
failure rate of 14%. Of the failures, three seeds had pulp remaining and 11 seeds failed to
pass through the plate. After the dried longan pulp was cut, if the dried longan seeds were
broken or unable to be seen clearly, as shown in Figure 7, then it was judged that the cut
had failed. After cutting, the dried longan and silicone soft plate could not pass through
the through hole in the silicone soft plate, with residual pulp on the seed surface and dried
longan seed breaks judged as failed peel, as shown in Table 2. The speed parameters of
the semiautomatic flesh peeling in Table 2 and the seed removal mechanism of the dried
longan are provided as references for future research.

Figure 9. Pulp peeling success rate vs. pushing speed of the longan against the soft silicone plate.

Table 2. Parameters of the semiautomatic flesh peeling and seed removal mechanism for the dried
longan design. Each parameter was tested using 60 dried longans.

Blade width of 20 mm and sawtooth bending angle of 30◦

Cutting speed (mm/s) 292.0 330.0 380.0 508.0
Cutting success rate (%) 95.0 85.0 80.0 85.0

Seed nonclearly visible (%) 5.0 5.0 5.0 3.3
Seed damaging rate (%) 0.0 10.0 15.0 11.7

The hole cut in the dried longan pulp and C-25 silicone soft plate peeling

Dried longan pushing speed (mm/s) 14.0 28.0 42.0 56.0 70.0 85.0
Peeling success rate (%) 86.7 86.7 80 70 66.7 63.3
Squeeze failure rate (%) 0.0 3.3 6.7 6.7 10.0 20.0

Residual pulp on the seed surface (%) 10.0 6.7 10.0 20.0 20.0 16.7
Seed damaging rate (%) 3.3 3.3 3.3 3.3 3.3 0.0

Cutting speed of 292.0 mm/s and pushing speed of 28 mm/s.
(100 dried longan samples)

Peeling success rate (%) 86.0
Squeeze failure rate (%) 11.0

Residual pulp on the seed surface (%) 3.0
Seed damaging rate (%) 0.0
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4. Conclusions

This study shows that the use of serrated tools can increase the success rate of breach-
ing dried longan pulp while decreasing the rate of seed breakage. The cutting tool’s surface
width is 20.0 mm, and its bending angle is 30◦. The use of a C-25 silicone soft plate with
high elongation and high tensile strength can increase the success rate of pulp peeling and
seed removing and extend the service lifetime of the pulp peeling parts. Reducing the
cutting speed can increase the success rate. The optimal cutting speed is 292.0 mm/s, yield-
ing a success rate of approximately 85%, which is the best among the samples. Reducing
the pushing speed helps to increase the success rate of pulp peeling and seed removing.
The optimal pushing speed is 28.0 mm/s, yielding a success rate of approximately 86.7%,
which is the highest among the tests. Our pulp peeling mechanism was based on previous
research by Pan et al. (2012) on squeezing down the thumbs of both hands [11]. The
advantage of our mechanism is that the dried longan pulp cutting tool cannot be easily
damaged and the overall structure is simple. Presently, if the peeling silicone soft plate is
not manually installed in the machine, it takes around 5–6 s for each dried longan pulp to
be cut and peeled, thereby showing that the average work efficiency of this design is lower
than that of manual labor. Therefore, if this mechanical process can be converted into a
workstation-based automatic pulp peeling and seed removal system, it is expected to be
much faster and more hygienic than manual labor. The “Peeling and seed removal method”
(patent number: TWI632863B) and “Pulp peeling device for dried longan” (patent number:
TWM554709U) developed in the work have been patented in Taiwan.

5. Patents

We successfully obtained Taiwanese invention patents for the “Peeling and seed
removing method” (patent number: TWI632863B) and the “Pulp peeling device for dried
longan” (patent number: TWM554709U).
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Abstract: Combine harvesters are widely used worldwide in harvesting many crops, and they have
many functions that cover the entire harvesting process, such as cutting, threshing, separating, and
cleaning. The threshing drum is the core working device of the combine harvester and plays an
influential role in rice threshing efficiency, threshing power requirement, and seed loss. In this study,
two structures of rice threshers (conical-shaped and cylindrical-shaped) were tested and evaluated
for performance under different thresher rotating speeds of 1100, 1300, and 1500 rpm and different
feeding rates of 0.8, 1.1, and 1.4 kg/s. The experiment was designed using the Taguchi method, and
the obtained results were evaluated using the same technique. The thresher structure and operating
parameters were assessed and optimized with reference to threshing efficiency, required power, and
productivity. The obtained results revealed that increasing thresher rotating speed and the feeding
rate positively related to threshing efficiency, power, and productivity. The highest efficiency of 98%
and the maximum productivity of 0.64 kg/s were obtained using the conical-shaped thresher under
a 1500 rpm rotating speed and a feed rate of 1.4 kg/s, whereas the minimum required power of
5.45 kW was obtained using the conical thresher under a rotating speed of 1100 rpm and a feed rate
of 0.8 kg/s.

Keywords: rice threshing; rice combine; longitudinal axial flow thresher; Taguchi method

1. Introduction

Rice is the second most important cereal after wheal, which together supply 95% of
the world’s population’s whole staple food [1].

China is the biggest grain producer globally, with a planting area of 94,370.8 km2 and
accounting for 21.98% of the world’s grain production [2].

The grain harvester is the most essential piece of agricultural machinery that improves
harvesting efficiency and reduces labor costs [3–6].

Combine harvesters are widely used worldwide to harvest different crops under
different environmental and operating conditions. They have many functions such as
cutting, threshing, separating, cleaning, and sometimes storing crops.

Many small, medium, and giant threshers have existed for a long time, but because
of their low performance compared to traditional threshing methods, they have never
been adapted to a significant extent. Some of these threshers are hand-held, and others are
pedal-operated [7].

Threshing is considered one of the most vital crop processing operations for separating
grains from the ears and preparing them for the market [8].

Threshing is the process of separating the edible part of the cereal grain from the chaff
that surrounds it, and it is done after harvesting the crop and before winnowing it [9].

The simplest threshing system is picking up rice stalks and trampling the panicles
underfoot or beating them against a hard surface such as a rack, threshing board, or tub [10].

Agriculture 2021, 11, 88. https://doi.org/10.3390/agriculture11020088 https://www.mdpi.com/journal/agriculture13
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In several countries in Asia, Madagascar, and Africa, cereal crop is being trodden by
humans or animals underfoot for threshing; this method results in a high loss due to grain
breakage or buried under the earth [11].

Many researchers have done many experiments to examine grain threshing devices,
and many kinds of grain threshers have been developed since the 1820s [12–17].

The mechanical threshing concept entails providing energy for turning materials,
drawing in materials to be threshed, and creating different layers of velocity to rub grain
heads together. The grain separating process directly acts on the linkage of grain and
stalk. The threshing chamber is made of a drum and concave. The drum consists of a long
cylinder mounted on bearings with spikes or rasp bars attached to its surface, and the
concave is perforated to enable the threshed product to drop by gravity into a collector [18].

There are many types of threshing cylinders: the spike tooth, which threshes by
striking action, and the rasp bar, which thresh by rubbing and friction. A spike teeth
threshing drum gives higher throughput values at higher speeds than a rasp bar threshing
drum due to the greater impact of the spikes against the stalk, even at lower speeds [19].

In axial flow threshers, the crop spirally moves between the concave and the rotating
drum for several complete turns, which allows for multiple impacts between the concave
and drum as the crop moves along the drum length [11].

In axial-flow threshers, around 80% of grains are separated in the drum’s first half,
whereas just 20% of grains are separated in the other half [20].

The factors influencing thresher performance are classified as crop factors (crop variety
and crop moisture content), machine factors (cylinder diameter, cylinder type, feeding
chute angle, spike shape, spike number and size, concave clearance, shape, and size), and
operational factors (feed rate, cylinder speed, and machine adjustment) [21].

An optimum drum speed is necessary for improving thresher performance because
extreme speed can cause grain crack but a low speed can result in an un-threshed head.
The impact is the main threshing action for grain separating from the ear. In all threshers,
this impact force is controlled by the thresher rotating speed [22].

A multi-crop thresher was developed and evaluated by Singh et al. (2015) [23], who
found that increasing the drum speed highly affected the thresher threshing efficiency.

A paddy thresher was fabricated and evaluated at three threshing drum speeds (15.5,
17.3, and 19.0 m s−1) and three feed rates (44, 720, and 1163 kg h−1). The results revealed
that the percentage of threshing efficiency and damaged grain increased with increasing
drum speed for all feed rates [24]. The impact of drum speed, crop moisture content, and
crop variety on grain damage, threshing loss, and power was studied. It was revealed that
the increase in drum speed reduced threshing losses but increased the damaged grain due
to spikes’ greater impact against the crop stalks [25].

Increasing the drum speed increased the threshing efficiency because of high level of
impacting to the plant spikes. The highest threshing efficiency was 99.76% at a feed rate of
15 kg/min and a drum speed of 1400 rpm (21.25 m/s) [26].

The threshing efficiency was positively affected by the cylinder speed, the concave
clearance, the crop feeding rate, and the crop variety [27].

In this paper, a testing platform for a longitudinal axial flow rice thresher was con-
structed. Two kinds of threshers (cylindrical and conical) were tested and evaluated
for performance under different rotating speeds and feeding rates using Taguchi tech-
niques to get the highest possible threshing efficiency and productivity and the lowest
required power.

2. Materials and Methods

2.1. Testing Platform

To simulate the rice threshing process, a longitudinal axial flow threshing platform
was constructed in a factory. The platform comprised a conveying belt, a longitudinal axial
flow thresher, a concave thresher cover, receiving boxes, a diesel engine, a feeding device,
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a frequency convertor, an electric motor, and a torque sensor. The platform is shown in
Figure 1, and the characteristics of it are shown in Table 1.

Figure 1. Testing platform.

Table 1. Characteristics of the platform.

Part Parameters Value

platform
Length 3700 mm

Width 1460 mm

Height 1540 mm

Thresher

Length 1360 mm

Diameter 370 mm

No. of threshing bars 6

No. of threshing teeth 87

Tooth height 50–70 mm

Tooth diameter 20 mm

Distance between two adjacent teeth 80 mm

Concave

Length 1000 mm

Wrap angle 180◦

Meshing size 20 × 36.6 mm

Clearance 20 mm

Top cover
Deflector helical angle 24–30◦

The gap between the two deflectors 160◦

Feeding auger

Length 193 mm

Front diameter 230 mm

rear diameter 270 mm

The conveying mechanism composed of a rotating belt with dimensions of 6 × 0.5 m,
and it was driven by an electric motor. Its speed was controlled using a frequency converter.
It was used to transport rice to the feeding auger, which consisted of a rotating auger and a
rotating chain with steel bars. The power was conveyed from the diesel engine to the auger
using a belt and pulley. Its function was to feed the rice from the conveying mechanism to
the threshing unit.
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The threshing unit consisted of a longitudinal axial flow thresher with spike teeth,
a thresher cover with helical blades, and a stationary concave. The thresher composed
of 6 bars with spike teeth, and the rotational speed was conveyed from the engine to
the thresher using a pulley and belt. Two kinds of thresher structures (cylindrical and
conical), and three thresher rotating speeds of (1100, 1300, and 1500 rpm) were tested for
the experiment. The threshers are shown in Figure 2.

(a) 

(b)

Figure 2. Longitudinal axial flow threshers: (a) Conical thresher and (b) cylindrical thresher.

2.2. Torque Sensor

The torque sensor (Figure 3) was installed on the thresher shaft to measure thresher
rotating speed, threshing torque, and required power. The torque sensor’s measuring range
was 0–10,000 N.m and 0–12,000 rpm.

  

Figure 3. Torque sensor.

2.3. Testing Instruments

An TD 1001 electronic digital balance with an accuracy of 0.01 g produced by the
Chengdu Cheng Sheng tools group company, LTD; an Sdh-1202 rapid halogen moisture
meter produced by the same instruments company, LTD; a TMS-PRO type texture analyzer
produced by the FTC USA company; an MB45 moisture meter produced by the OHAUS
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USA company; an electronic digital display Vernier caliper; a tape; scissors; some sealing
bags; a tachometer; and a frequency converter were used for the test.

2.4. Rice Cultivar

The Huanghuazhan rice variety was used for the experiment. It was planted in a field
at Huazhong agricultural university, Wuhan, China. The planting method was artificial
transplanting. Manual harvesting was used, with a stubble height of about 150 mm, and
then the rice was transported to the university factory for testing.

Each rice stem was subjected to a three-point bending test and a shearing test using the
TMS-PRO type texture analyzer at the engineering college’s agricultural equipment laboratory,
as shown in Figure 4. The properties of rice stalks and grains are shown in Table 2.

  
Bending test             Shearing test 

Figure 4. Bending and shearing test.

Table 2. Rice stalks and grain properties.

Properties Value

Average Grain Length; mm 9.75

Average Grain Width; mm 2.75

Average Grain Thickness; mm 2.02

Grain Moisture Content; % 13.32

1000 Grains Weight; g 30.43

Average Stalk Length; mm 964.08

Stalk Moisture Content; % 63.21

Max Shearing Force; N 249.6

Max Bending Force; N 9

2.5. Taguchi Method and Experiment Design

The Taguchi method is used widely in engineering analysis. It is a dominant design
that reduces the number of tests and minimizes the effects of factors that cannot be con-
trolled [28,29]. It uses a loss function to calculate the deviation between the desired values
and the experimental values. This loss function is converted into a signal–noise (S/N)
ratio [29,30].

The S/N ratio can be divided into three categories given by Equations (1)–(3) [31]:
The nominal is the best:

S
N

= 10 log
y
s2

y
(1)

The lower is better:
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S
N

= −10 log
1
n
(
∑ y2

)
(2)

The higher is better:
S
N

= − log
1
n

(
∑

1
y2

)
(3)

where y is the average of observed data, s2
y is the variation of y, n is the number of

observations, and y is the observed data or each type of the characteristics.

2.5.1. Threshing Parameters and Their Levels

For the test, we used the cylindrical and conical types of threshers (A); three rotational
speeds (B) of 1100, 1300, and 1500 rpm; and three feeding rates (C) of 0.8, 1.1, and 1.4 kg/s,
as shown in Table 3.

Table 3. Threshing parameters levels.

Parameters Symbol Level 1 Level 2 Level 3

Thresher type (T) A Cylindrical Conical
Thresher rotating speed (N), rpm B 1100 1300 1500

Feeding rate (F), Kg/s C 0.8 1.1 1.4

2.5.2. Taguchi Full Factorial Design L18 (21 × 32)

In this study, the Taguchi method was used to assess threshing performance and to
compare two threshers’ structures (cylindrical and conical). Taguchi’s L18 arrangement
was used for experimenting. To determine the optimal threshing conditions and the best
operating parameters, the S/N ratio was calculated. The lower is better was used to
determine the S/N ratio for power requirement, and the higher is better was used for
efficiency and productivity. The experiment results and S/N ratios are shown in Table 4.

Table 4. The results of experiment and the signal–noise (S/N) ratios.

No
Thresher

Type
Thresher

Speed
Feeding

Rate
Threshing
Efficiency

S/N
Efficiency

Productivity
S/N

Productivity
Power

S/N
Power

1 Cylindrical 1100 0.8 96.98 39.73 0.27 −11.37 6.20 −15.85

2 Cylindrical 1100 1.1 97.77 39.80 0.30 −10.46 8.27 −18.35

3 Cylindrical 1100 1.4 98.16 39.84 0.35 −9.12 10.37 −20.32

4 Cylindrical 1300 0.8 97.07 39.74 0.33 −9.63 6.31 −16.00

5 Cylindrical 1300 1.1 97.96 39.82 0.38 −8.40 8.96 −19.05

6 Cylindrical 1300 1.4 98.28 39.85 0.39 −8.18 10.43 −20.37

7 Cylindrical 1500 0.8 97.40 39.77 0.40 −7.96 6.57 −16.35

8 Cylindrical 1500 1.1 98.05 39.83 0.45 −6.94 9.04 −19.12

9 Cylindrical 1500 1.4 98.41 39.86 0.51 −5.85 10.63 −20.53

10 Conical 1100 0.8 97.21 39.75 0.33 −9.63 5.45 −14.73

11 Conical 1100 1.1 97.90 39.82 0.38 −8.40 7.22 −17.17

12 Conical 1100 1.4 98.21 39.84 0.39 −8.18 10.06 −20.05

13 Conical 1300 0.8 97.48 39.78 0.38 −8.40 5.89 −15.40

14 Conical 1300 1.1 98.09 39.83 0.42 −7.54 7.66 −17.68

15 Conical 1300 1.4 98.34 39.85 0.44 −7.13 10.22 −20.19

16 Conical 1500 0.8 97.92 39.82 0.48 −6.38 6.44 −16.18

17 Conical 1500 1.1 98.15 39.84 0.59 −4.58 8.90 −18.99

18 Conical 1500 1.4 98.60 39.88 0.64 −3.88 10.30 −20.26
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2.6. Testing Procedure

The platform of the thresher was established in the factory. The conveyor belt’s total
length was 6 m, the first meter was left empty, and the rice straw was evenly spread on the
last 5 m to ensure that it would be fed at a stable speed. The conveyor belt’s speed was kept
to 1 m/s, and different feeding rates of 0.8, 1.1, and 1.4 kg/s were tested. The drum speeds
were 1100, 1300, and 1500 rpm. After the experiment, the rice grains were collected from
the boxes under the concave and from the straw outlet, cleaned using a cleaning machine,
and then weighed to measure the threshing efficiency and productivity. Additionally, the
required power was measured using the torque sensor mounted on the thresher shaft.

2.7. Threshing Performance Indicators

Performance evaluation is a scientific method of ascertaining the working conditions
of a system’s main components to establish how the components contribute to the system’s
overall efficiency [32].

The criteria for evaluating threshing mechanisms’ performance include threshing
efficiency, grain loss, grain damage, output capacity, cleaning efficiency, and power require-
ment [33].

The crop’s feed rate into the thresher and operating parameters such as drum speed
significantly affected the threshing performance [34].

2.7.1. Threshing Efficiency

Threshing efficiency is the ratio between the mass of threshed grains received from
thresher outlets and the total grain input per time unit expressed in percentage [25].

It was calculated regarding the following equation:

TE = weight of threshed seed (g)/total weight of seed (g) × 100

2.7.2. Thresher Productivity

The throughput of a thresher is the mass of materials passing through the thresher per
time unit [35].

Throughput = total weight of seed/threshing time

2.7.3. Power Requirement

The required power was calculated after analyzing the obtained data from the
torque sensor.

3. Results and Analysis

3.1. Taguchi Technique Analysis
3.1.1. Analysis of the Signal-to-Noise (S/N) Ratio

Threshing efficiency, power, and productivity were measured using Taguchi tech-
niques, and the optimization of the control factors was provided by signal-to-noise ratios
using the Minitab software. The lowest value of power was effective on threshing per-
formance enhancing, so the lower is better equation was used to determine its S/N ratio.
Additionally, the highest values of threshing efficiency and productivity were very effec-
tive on threshing performance, so the higher is better was used. The values of the S/N
ratios are shown in Tables 5–7 and show the optimal levels of control factors for optimal
threshing efficiency, power, and productivity. These levels are also shown in graph forms
in Figures 5–7.

The optimum level for each control factor was found regarding the highest S/N
ratio in the levels of that control factor. The levels of the factors giving the best efficiency
and productivity were specified as A2B3C3. This means that the optimum efficiency and
productivity were obtained using the conical shaped thresher (A2), a rotating speed of
1500 (B3), and a feed rate of 1.8 (C3). On the other hand, the lowest power requirement was
obtained with a thresher type (A2), at rotating speed (B1), and feeding rate (C1).
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Table 5. Response table for signal to noise ratios for threshing efficiency (larger is better).

Level A B C

1 39.81 39.80 39.77

2 39.82 39.81 39.82

3 39.83 39.85

Delta 0.02 0.03 0.09

Rank 3 2 1

Table 6. Response table for signal to noise ratios for productivity (larger is better).

Level A B C

1 −8.656 −9.527 −8.895

2 −7.124 −8.214 −7.720

3 −5.930 −7.055

Delta 1.532 3.597 1.840

Rank 3 1 2

Table 7. Response table for signal to noise ratios for power (smaller is better).

Level A B C

1 −18.44 −17.74 −15.75
2 −17.85 −18.11 −18.39
3 −18.57 −20.28

Delta 0.59 0.83 4.53
Rank 3 2 1

 
Figure 5. Effect of operating parameters on S/N ratio for threshing efficiency.
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Figure 6. Effect of operating parameters on S/N ratio for productivity.

 
Figure 7. Effect of operating parameters on S/N ratio for power.

3.1.2. Analysis of Variance

ANOVA was used to determine the individual interaction of all of the control fac-
tors in the test. In this study, ANOVA was used to analyze the effects of thresher type,
rotating speeds, and feeding rates on threshing performance. The ANOVA results are
shown in Tables 7–9. This analysis was carried out at a 5% significance level and a 95%
confidence level. The last column of the table shows the percentage value of each parameter
contribution, which indicates the degree of influence on threshing performance.

According to Table 8, the percent contributions of the A, B, and C factors on the
threshing efficiency were found to be 4.87, 11.63, and 79%, respectively. Thus, the most
important factor affecting the threshing efficiency was feeding rate.
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Table 8. ANOVA for threshing efficiency.

Source DF Adj SS Adj MS F-Value p-Value
Contribution

Rate (%)

Thresher Type (A) 1 0.1860 0.18600 12.99 0.004 4.87

Thresher Speed (B) 2 0.4440 0.22200 15.50 0.000 11.63

Feeding Rate (C) 2 3.0160 1.50799 105.29 0.000 79.00

Error 12 0.1719 0.01432 4.50

Total 17 3.8178 100.00

Table 9. ANOVA for productivity.

Source DF Adj SS Adj MS F-Value p-Value
Contribution

Rate (%)

Thresher Type (A) 1 0.024939 0.024939 33.25 0.000 16.16

Thresher Speed (B) 2 0.096544 0.048272 64.36 0.000 62.54

Feeding Rate (C) 2 0.023878 0.011939 15.92 0.000 15.47

Error 12 0.009000 0.000750 5.83

Total 17 0.154361 100.00

Referring to Table 9, the percent contributions of the A, B, and C factors in produc-
tivity were 16.16, 62.54, and 15.47%, respectively. Thus, the most effective factor on the
productivity was thresher speed.

Regarding Table 10, the contributions percentage of the A, B, and C factors on the
power were 2.11, 2.74, and 93.05%. Thus, the most effective factor was the feeding rate.

Table 10. ANOVA for power.

Source DF Adj SS Adj MS F-Value p-Value
Contribution

Rate (%)

Thresher Type (A) 1 1.196 1.1961 12.04 0.005 2.11

Thresher Speed (B) 2 1.555 0.7776 7.83 0.007 2.74

Feeding Rate (C) 2 52.752 26.3761 265.61 0.000 93.05

Error 12 1.192 0.0993 2.10

Total 17 56.695 100.00

3.2. Results Evaluation and Discussion

After the test was carried out, and after the collected data were analyzed according to
Taguchi techniques, some graphs were drawn using the Origin software in order to assure
the former obtained results.

3.2.1. Effect of Feed Rate on Threshing Efficiency under Different Rotating Speeds for the
Cylindrical and Conical Thresher

It was concluded that increasing the thresher’s feeding rate and rotating speed in-
creased the threshing efficiency from 96.98% to 98.41% for the cylindrical thresher and
from 97.21 to 98.6% for the conical thresher, as shown in Figure 8. These results were in
agreement with the results of Osueke, 2013 [36], and Ahuja et al., 2017 [37]. The increase
in threshing efficiency with drum speed could be attributed to the high frequency of colli-
sions and impacts between spikes and grain heads, resulting in more grain threshing and
separating, and it could also be attributed to the increased friction between the concave
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and grain heads. The efficiency increased with the increase of feeding rate due to greater
amount of mass of the crop fed to the thresher per the time unit.

Figure 8. Effect of operating parameters on threshing efficiency.

3.2.2. Effect of Feed Rate on Power Requirement under Different Rotating Speeds for the
Cylindrical and Conical Thresher

The required power increased with the increase in feeding rate and rotational speed.
This may be attributed to a high load on the thresher because of the excessive stalks passing
through the threshing gap. These results were the same as the obtained results by Ezzatollah
et al., 2009 [8], who noticed that drum speed significantly affected the power requirements.

Using the conical-shaped thresher resulted in low power requirements when com-
pared to the cylindrical thresher, as shown in Figure 9.

Figure 9. Effect of operating parameters on threshing power.

3.2.3. Effect of Feed Rate on Productivity under Different Rotating Speeds for the
Cylindrical and Conical Thresher

Increasing the feed rate increased the productivity of the thresher from 0.27 to 0.51 kg/s
for the cylindrical thresher and from 0.33 to 0.64 kg/s for the conical thresher, as illustrated
in Figure 10. These results were in agreement with the work of Osueke, 2013 [36]. This
may be attributed to the higher mass of rice passing through the thresher per time unit.
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Additionally, the increase of the rotational speed increased productivity because the higher
speed resulted in a low threshing time, which increased the threshed crop per the time unit.
The conical thresher gave a higher productivity than the cylindrical thresher.

Figure 10. Effect of operating parameters on threshing productivity.

4. Conclusions

1. In this paper, two thresher structures were tested and evaluated for performance
under different operating parameters such as thresher speed and feeding rate. The
Taguchi technique was used to reduce the testing time and number and to analyze
the data for experimental variable optimization. The obtained results revealed that
increasing the feed rate and rotating speed positively correlated with threshing effi-
ciency, productivity, and power requirements.

2. The highest threshing efficiency and highest productivity of 98.6% and 0.64 kg/s, respec-
tively, were achieved using the conical thresher under a rotating speed of 1500 rpm and
a feeding rate of 1.4 kg/s.

3. The lowest required power of 5.45 kW was obtained using the conical thresher under
a rotational speed of 1100 rpm and a feeding rate of 0.8 kg/s.

4. It was concluded that the conical thresher was more effective than the cylindrical
thresher because it achieved a higher efficiency, a higher productivity, and a lower
power requirement.

5. This research provides a new method for assessing rice thresher performance and
presents a new threshing drum structure that will be more efficient for rice threshing
with a combine harvester.
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Abstract: Accurately obtaining the posture and spatial position of tea buds through machine vision
and other technologies is difficult due to the small size, different shapes, and complex growth
environment of tea buds. Therefore, end effectors are prone to problems, such as picking omission
and picking error. This study designs a picking end effector based on negative pressure guidance for
famous tea. This end effector uses negative pressure to guide tea buds in a top-down manner, thereby
correcting their posture and spatial position. Therefore, the designed end effector has deviation
tolerance performance that can improve the picking success rate. The pre-experiment is designed, the
tip of apical bud is referred to as the descent position, and the negative pressure range is determined
to be 0.6 to 0.9 kPa. A deviation tolerance orthogonal experiment is designed. Experimental results
show that various experimental factors are ranked in terms of the significance level of the effect on the
average success rate, and the significance ranking is as follows: negative pressure (P) > pipe diameter
(D) > descent speed (V). An evaluation method of deviation tolerance performance is presented,
and the optimal experiment factor-level combination is determined as: P = 0.9 kPa, D = 34 mm,
V = 20 mm/s. Within the deviation range of a 10 mm radius, the average success rate of the negative
pressure guidance of the end effector is 97.36%. The designed end effector can be applied to the
intelligent picking of famous tea. This study can provide a reference for the design of similar picking
end effectors for famous tea.

Keywords: famous tea; end effector; deviation tolerance; orthogonal experiment; evaluation method

1. Introduction

Tea is a natural health drink loved by people from all over the world [1,2]. Famous
tea has high drinking value and economic benefits and is the pillar of the tea industry.
At present, the picking of ordinary tea has been mechanized [3,4], whereas the picking
of famous tea still relies on manual labor. With the increasing shortage of the tea picking
labor force, the phenomenon of a “tea picker shortage” is becoming increasingly serious,
thereby limiting the development of the tea industry [5,6]. Realizing the mechanized
picking of famous tea is an objective requirement and inevitable trend for the sustainable
development of the tea industry.

At present, research on mechanized picking of famous and excellent tea is still in
the exploration stage, and the research direction mainly focuses on the identification and
location of tea buds. Early research methods are mainly based on the color, shape, texture,
and other characteristics of tea leaves to identify the tea buds [7–9]. Such methods have
poor robustness and low accuracy. Deep learning has developed rapidly. Many researchers
have begun to use network models, such as Faster R-CNN [10] and YOLO [11], to identify
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the tea buds and locate them on 2D images. However, many problems remain to be solved
due to the small size, different shapes, and complex growth environment of tea buds, and
the robustness, accuracy, and efficiency of algorithms need to be improved.

In the actual picking conditions, end effectors are prone to problems, such as picking
omission and picking error [12–14]. Thus, error compensation is required. Mehta and
Burks [15] proposed a hybrid translation controller based on pursuit guidance, with con-
trol accuracy of approximately 15 mm. Wang et al. [16] designed an efficient strawberry
harvesting end effector with large misalignment tolerance. This end effector can complete
picking within the positioning error of ±7 mm, and the success rate of the indoor picking
test was 97.7%. Ye et al. [17] proposed a dynamic positioning error analysis method to
guide the fault-tolerant design of an end effector, and the success rate of the experiment
was more than 90%. Zou et al. [18] designed a limited universal fruit-picking end effector,
and the success rate of indoor and outdoor picking experiments was more than 84% and
78%, respectively. Xiong et al. [19] designed a novel cable-driven gripper with perception
capabilities for strawberry-picking robots. The gripper is equipped with three infrared
sensors to correct the position error. In the field test, the success rate of picking isolated
strawberries was 96.77%. The abovementioned error compensation methods mainly in-
clude visual servo to expand the picking range of end effector and multisensor cooperative
positioning. However, they cannot meet the requirements of picking tea buds in terms of
the positioning accuracy and space occupation.

Different from many crops, the picking objects of famous tea are branches and leaves
rather than fruits. Traditional end effectors are difficult to apply. Thus, developing new
picking end effectors is necessary. Qin et al. [20] developed a picking end effector, and the
intact rate of tea buds harvested was approximately 76.6%. Hao et al. [21] developed a
bionic picking finger, and the picking success rate in the preliminary indoor experiment
was approximately 70%. Motokura et al. [22] used a three-finger gripper on the end of a
Kinova Jaco robotic arm to complete the tea picking action. Most of the existing picking
end effectors for famous tea adopt some simple mechanical structures and have poor error
compensation ability, which cannot ensure the success rate of picking and the intact rate of
tea buds. Therefore, a deviation tolerance design of picking end effectors for famous tea
is necessary.

This study aims to explore the picking technology of famous tea. The specific objectives
are: (1) to study the harvesting mechanism of famous tea and develop a picking end effector
with deviation tolerance performance based on negative pressure guidance; and (2) to
establish a set of deviation tolerance performance evaluation methods to provide a reference
for the design of similar end effectors.

2. Materials and Methods

2.1. Physical Properties of Tea

As shown in Figure 1, the picking object in this study was one-bud double-leaves,
namely, the tea bud above the third leaf node. Determining the relevant physical character-
istics of tea, including the overall dimension, shear force F, and average growth region area
SA, is necessary to make the end effector succeed in picking tea buds.
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Figure 1. Schematic of tea characteristic parameters. Overall dimension: a—first leaf span, b—
second leaf span, c—leaf width, d—node spacing.

The physical properties of tea were measured at the Lishui Comprehensive Test
Station of the National Tea Industry Technology System on 24 October 2020. As shown
in Figures 2 and 3, the measurement samples of the first five physical characteristics are
100 fresh tea leaves picked randomly, and the tea variety is tulip. The measuring tools are
an AIRAJ brand digital caliper and a stem shear characteristic measuring instrument. As
shown in Figure 4, the measuring tool of SA is a self-made square frame with a side length
of 400 mm. The measurement method is to place the frame on the canopy of the tea tree,
and the number of tea buds in the frame is x. SA can be calculated by using Formula (1),
and a total of 20 measurements are made.

SA =
400 × 400

x
, (1)

x—the number of tea buds in the frame.

 

Figure 2. Source of measurement samples.
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Figure 3. Measurement of the physical properties of tea.

Figure 4. Measurement of average growth region area.

The measurement results are statistically sorted, as shown in Figure 5 and Table 1. The
results show that large individual differences are found in the tea buds, thereby affecting
the effect of negative pressure guidance. Therefore, the end effector is required to have
strong adaptability. The growth density of tea buds is different. The average growth region
area of tea buds in the densest place is 3200 mm2, thereby requiring the end effector to
avoid the nontarget objects.

Table 1. Statistical table of the physical properties of tea.

Parameter Name
Statistical Parameters

Average Value Maximum Value Minimum Value Standard Deviation

a (mm) 26.90 43.70 14.70 6.13
b (mm) 59.78 89.50 38.80 10.30
c (mm) 11.39 20.80 7.00 2.97
d (mm) 13.55 22.80 7.10 3.17
F (N) 7.64 10.56 5.15 1.17

SA (mm2) 4017.51 4571.43 3200.00 360.68

a—first leaf span, b—second leaf span, c—leaf width, d—node spacing, F—shear force, SA—average growth region area.
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(a) (b) 

Figure 5. Frequency distribution of dimension parameters. (a) Frequency distribution of first leaf span a and second leaf
span b, (b) Frequency distribution of leaf width c and node spacing d.

2.2. End Effector Structure and Principle

In accordance with the growth characteristics of tea leaves, the tea buds are mainly
scattered on the canopy surface. Thus, the top-down picking method can reduce inter-
ference. A negative pressure guidance method was adopted in this study to solve the
positioning and random errors. Its principle is to attract the tea bud with the airflow
generated by the negative pressure. This condition can effectively improve the picking
success rate of the end effector.

The end effector was designed in combination with lightweight design requirements,
as shown in Figure 6, including the picking pipe, rope drive mechanism, and shearing
mechanism. As shown in Figure 7, the picking pipe was formed by 3D printing, and the
upper pipe opening was connected to a vacuum suction machine. The flange was fixed on
the moving platform of the parallel manipulator, one end of the wire rope pipe of the rope
drive mechanism was fixed on the flange, and the shear mechanism was fixed on the boss.
As shown in Figure 8, the rope drive mechanism included a mounting support, steering
gear, Arduino Mega 2560, wire rope pipe, and wire rope. Its function is to drive the shear
mechanism for completing the shearing work. Its advantage is that the driving source is
set on the frame, thereby reducing the burden of the parallel manipulator and avoiding
limiting the movement speed of the manipulator. As shown in Figure 9, the shearing
mechanism adopted a gear transmission, and two specially shaped blades were driven by
the wire rope to complete the shearing. Its advantages are simple driving, small volume,
and the blade being located directly below the lower pipe opening. Thus, interfering in the
initial and shear states is difficult.

During operation, the end effector first reaches above the specified shear point to
avoid interference. At this time, the vacuum suction machine begins to work, and negative
pressure is generated at the lower pipe opening of the picking pipe. The parallel manipula-
tor is driven to descend vertically so that the end effector reaches the shear point position.
In this process, the tea bud is guided into the picking pipe with the airflow generated by
negative pressure. The steering gear is controlled to rotate, and the wire rope is driven
to tighten so that the shearing mechanism can complete the shearing. The tea buds are
collected by negative pressure. At the same time, the steering gear is controlled to reset,
and the shear mechanism returns to the initial position under the action of the spring.

The working principle of the end effector was analyzed. When the negative pressure
guidance is successful, the probability of shear failure is minimal. Therefore, the success
rate of picking depends mainly on the success rate of the negative pressure guidance.
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Without considering the positioning error, the negative pressure of the vacuum suction
machine, the pipe diameter of the lower pipe opening, and the descent speed of the picking
pipe are the influencing factors of the negative pressure guidance.

The tea buds with a first leaf span less than 35 mm accounted for 92% of the samples,
in accordance with the statistical results. Considering that negative pressure guidance can
reduce the leaf span, the diameter of the lower pipe opening can be slightly smaller than
the first leaf span. Thus, the minimum diameter of the lower pipe opening is 30 mm. The
minimum value of the second leaf span was 38.8 mm. The maximum diameter of the lower
pipe opening was set to 38 mm to reduce the inhalation of nontarget objects, such as the
third and fourth leaves. Therefore, the pipe diameter range of the lower pipe opening was
determined as 30–38 mm, and the three levels were set as 30, 34, and 38 mm, respectively.

Figure 6. End effector.

Figure 7. Picking pipe.
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Figure 8. Rope drive mechanism.

Figure 9. Shearing mechanism.

2.3. Design of Experiment
2.3.1. Experimental Conditions

The experimental platform was set up, as shown in Figure 10. The experimental
equipment included the vacuum suction machine, parallel manipulator, digital vacuum
gauge, laptop, high-speed camera, and light source. The high-speed camera used in this
study was the Phantom VEO 340L (York Technologies Co., Ltd., Hong Kong, China). When
the resolution is 2560 × 1600, the FPS is 800. The vacuum suction machine utilized was the
6281D model (Shanghai Yili Electric Co., Ltd., Shanghai, China). After modification, the
maximum internal negative pressure is 0.9 kPa, which can be adjusted in a stepless manner
with a knob. The brand of the digital vacuum gauge is Japanese Sanliang and the model is
DP360. Its measuring range is ±10 kPa and the accuracy is 0.3%.
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Figure 10. Experimental platform.

As shown in Figure 11, a ruler, a guide pipe with pipe diameters of 30, 34, and 38 mm
(referred to as D30, D34, and D38, respectively), a fixed seat, end cap 1, end cap 2, and
a locating pin were required. The fixed seat was used to fix the tea leaves. As shown in
Figure 12, end cap 1 and the locating pin constitute location component 1, which can be
used to locate the center position of D30 and D38. End cap 2 and the locating pin constitute
location component 2, which can be used to locate the center position of D34.

Figure 11. Experimental supplies.
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Figure 12. Assembly diagram of locating components.

2.3.2. Pre-Experiment

Multiple groups of experiments should be conducted to avoid losing generality due
to the large individual differences of the tea buds. At the same time, uniformly regulating
the placement of tea leaves is necessary to avoid the influence of placement errors on
the test results. As shown in Figure 13, O-XYZ was the coordinate system of the parallel
manipulator. The tea placement principle is that the second leaf is located in the negative
direction of the X-axis, and the first leaf is located in the positive direction of the X-axis.
The line between the tip of the first leaf G1 and the tip of the second leaf G2 is parallel to
the XOZ plane.

 
Figure 13. Diagram of tea placement.

The descent position of the guide pipe affects the negative pressure guidance. The
first step is to determine the optimal descent position through the pre-experiment and
unify it in the subsequent experiment for obtaining a better experiment effect. Considering
the reliability of visual positioning and negative pressure guidance, the optimal descent
position should be located at the center of the first leaf span or the tip of the apical bud. In
other words, when tea leaves are placed, the tip of the locating pin should be located at the
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center of the first leaf span or the tip of the apical bud. The center of the first leaf span can
be determined with a ruler. The test steps are as follows:

1. Randomly picked tea leaves are placed in accordance with the placement principle
of tea leaves. The locating pin is used to align the center of the guide pipe with the
center of the first leaf span.

2. Turn on the vacuum suction machine, control the parallel manipulator to descent,
guide the tea buds with negative pressure, and use the high-speed camera to record
the guiding process.

3. After reposition, use the locating pin to align the center of the guide pipe with the tip
of the apical bud, and repeat step 2.

The negative pressure guidance process of two descent positions taken by the high-
speed camera is shown in Figures 14 and 15, and the image evaluation system used was
the Phantom Camera Control Application version 3.1. Whether the descent position is
the center of the first leaf span or the tip of the apical bud when the second leaf is guided
into the guide pipe, the first leaf moves some distances to the positive direction of the
X-axis. As shown in Figure 14d, when the descent position is the center of the first leaf
span, the first leaf is far from the guide pipe center. Thus, escaping from the range of
negative pressure guidance is easier than when the descent position is the tip of the apical
bud, resulting in the failure of guidance. Therefore, the tip of the apical bud was chosen as
the descent position, and the descent position was unified as the tip of the apical bud in
the follow-up experiment.

 
Figure 14. Descent position is the center of the first leaf span. (a) initial state, (b) Guidance start, (c)
During guidance, (d) End of guidance.

 
Figure 15. Descent position is the tip of the apical bud. (a) initial state, (b) Guidance start, (c) During
guidance, (d) End of guidance.
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The size of negative pressure directly affects the effect of negative pressure guidance.
Determining the range of negative pressure through a pre-experiment is necessary to ensure
the reliability of a deviation tolerance orthogonal experiment. The experiment samples
were 60 fresh tea leaves (one-bud four-leaves) randomly picked from the tea garden, and
the variety was tulip. The maximum internal negative pressure of the vacuum tea suction
machine used in this study was 0.9 kPa for a long time and could be increased to 1.1 kPa for
a short time. When the negative pressure exceeded 1.0 kPa, some tea leaves shook rapidly
during the negative pressure guidance, thereby damaging the tea buds. This condition
is attributed to turbulence formed by the fast-flowing air at the lower pipe opening. The
damage rates of tea buds were 5% and 20% when the negative pressures were 1.0 and
1.1 kPa, respectively. Therefore, the maximum negative pressure was set to 0.9 kPa by
considering the quality of tea bud picking and the stability of the equipment operation.
The function of negative pressure guidance is to guide the tea buds into the guide pipe. The
designed experiment steps to determine the minimum negative pressure are as follows:

1. The 60 randomly picked fresh tea leaves are divided into groups A, B, and C, which
are used as experimental samples of D30, D34, and D38, respectively. D30 is then
installed on the parallel manipulator.

2. Take the experiment samples of group A, and place the tea leaves in accordance with
the tea placement principle. Set the descent speed of the parallel manipulator to
20 mm/s (low speed is good for negative pressure guidance). Turn on the vacuum
suction machine, set the negative pressure to 0.2 kPa (the guiding effect is extremely
weak when negative pressure <0.2 kPa), and then control the parallel manipulator
to descent.

3. If the guidance is successful, the negative pressure is recorded to be 0.2 kPa. If it
fails, the negative pressure increases by 0.05 kPa each time until it is successful. The
negative pressure is recorded to be (0.2 + 0.05 q) kPa, and q is the times of negative
pressure increase.

4. Replace the tea leaves, then repeat steps 2 and 3, and complete 20 data records.
5. Replace the guide pipe and corresponding experimental sample, and then repeat

steps 2, 3, and 4.

Figure 16 shows the frequency distribution of the experiment results of the three
groups. All the negative pressure values in the D30 experiment group were less than or
equal to 0.6 kPa, and 95% of the negative pressure values in the D34 and D38 experiment
groups were less than or equal to 0.6 kPa. Therefore, 0.6 kPa was selected as the minimum
negative pressure, and the negative pressure range was 0.6–0.9 kPa.

Figure 16. Frequency distribution of minimum negative pressure.
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2.3.3. Design of Deviation Tolerance Orthogonal Experiment

The purpose of a deviation tolerance orthogonal experiment is to evaluate the devi-
ation tolerance performance of the end effector under different design parameters, that
is, the ability to guide the tea buds successfully when a deviation occurs in the descent
position of the guide pipe. The deviation tolerance orthogonal experiment was conducted
at the Lishui Comprehensive Test Station of the National Tea Industry Technology System
from 2 November to 5 November 2020. The experiment samples were 180 fresh tea leaves
(one-bud four-leaves) randomly picked from the tea garden, and the variety was tulip.
Only 5 fresh tea leaves were picked each time and collected again after the experiment to
avoid the water loss of fresh tea leaves, leading to great changes in physical properties and
affecting the experimental results. This process was performed due to the large amount
and time consumption of this experiment.

The deviation tolerance orthogonal experiment was conducted by using an L9(34)
orthogonal table array and performing 20 tests for each combination of test conditions.
The negative pressure range was 0.6–0.9 kPa, and the pipe diameter range was 30–38 mm.
The speed range of the parallel manipulator was 0–100 mm/s. Considering the picking
efficiency, the descent speed range was limited to 20–100 mm/s, and the factor level is
shown in Table 2. The descent position was arranged in accordance with Figure 17 in the
experiment, where origin O is the tip of the apical bud, the evenly distributed blue points
are the descent position, and the distance between adjacent points is 4 mm. If the descent
position of the guide pipe shifts to the point (4,4), then the lower pipe opening of D30,
D34, and D38 shifts to the position shown in the figure, which is unconducive to negative
pressure guidance. In the same direction, the farther from origin O, the higher the failure
probability of negative pressure guidance. The descent position that can be successfully
guided during each experiment is marked. The success rate of guidance at different descent
positions can be obtained for each group of experiments. This rate can be used to analyze
and evaluate the deviation tolerance performance of the end effector.

Table 2. Factor level of deviation tolerance orthogonal experiment.

Factors Level

Experimental Factors

Negative Pressure
P/(kPa)

Pipe Diameter
D/(mm)

Descent Speed
V/(mm/s)

1 0.60 30 20
2 0.75 34 60
3 0.90 38 100

Figure 17. Layout diagram of descent position.

38



Agriculture 2021, 11, 128

This study presents a deviation tolerance performance evaluation method that uses
contour maps to statistically analyze the test results. The evaluation indicators included
maximal guide area SM and average success rate RS. On this basis, the level combination
with less energy and time consumptions can be taken as the optimal choice. As shown
in Figure 18, the range with the marginal guidance success rate of zero is defined as the
maximal guidance range, and the area is SM. The set of end effector deviation positions
is defined as the deviation range, the deviation range center is located at the origin, the
radius is the maximum positioning deviation, and the area is SD. Four contour areas were
assumed to intersect with the deviation range in the contour map, which are A1, A2, A3,
and A4 from the outside to the inside, and the corresponding guidance success rates are E1,
E2, E3, and E4. The overlapping areas of each contour area and deviation range are B1, B2,
B3, and B4, and the corresponding areas are S1, S2, S3, and S4. The average success rate RS
can be calculated using Formula (2).

Rs = (E1 S1 + E2 S2 + E3 S3 + E4 S4)/SD, (2)

Figure 18. Schematic of evaluation method. A1, A2, A3, and A4—contour area, B1, B2, B3, and
B4—overlapping areas of each contour area (A1, A2, A3, and A4) and deviation range.

Similarly, when the number of contour areas intersecting with the deviation range is
n, the average success rate RS can be calculated using Formula (3).

Rs =

n
∑

j=1
EjSj

SD
, (3)

In field picking conditions, the machine vision positioning system used in this study
had a maximum positioning deviation of 10 mm in the XY direction. Thus, SD is equal to
314.16 mm2. In accordance with the definition, the larger the SM is, the larger the influence
range of negative pressure, and the easier it is to attract nontarget objects. The larger the RS
is, the higher the average success rate of negative pressure guidance within the deviation
range. SM should be determined and limited in accordance with the average growth region
area of tea buds to ensure the quality and efficiency of picking. When SM satisfies the
condition, the level combination of experimental factors with large RS is the best.
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3. Results and Discussion

Figure 19 shows the deviation tolerance effect of nine experimental groups based on
the contour map, verifying the influence of different design parameters on the deviation
tolerance performance of the end effector. The range with the marginal guidance success
rate of 95% is defined as the optimal guidance range. As clearly shown in Figure 19, when
P = 0.9 kPa, D = 34 mm, and V = 20 mm/s, the area of the optimal guidance range of the
end effector is the largest. When P = 0.6 kPa, D = 38 mm, and V = 100 mm/s, the area of
the optimal guidance range of the end effector is the smallest.

Figure 19. Diagram of deviation tolerance effect.

The results of the deviation tolerance orthogonal experiment are shown in Table 3,
where ki represents the average value of SM when the experimental factor is at the i level,
and ti represents the average value of RS when the experimental factor is at the i level,
where i = 1, 2, 3. Range R1 represents the difference between the maximum and minimum
values in k1, k2, and k3, and range R2 represents the difference between maximum and
minimum values in t1, t2, and t3. Their formulas are expressed as follows:

R1 = Max{k1, k2, k3} − Min{k1, k2, k3}, (4)
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R2 = Max{t1, t2, t3} − Min{t1, t2, t3}, (5)

Table 3. Results of deviation tolerance orthogonal experiment.

Experimental Number
Experimental Factors Evaluating Indicator

P D V SM RS

1 0.60 0.30 20 945.29 88.84%
2 0.60 0.34 60 930.24 79.31%
3 0.60 0.38 100 859.96 73.96%
4 0.75 0.30 60 1345.64 89.72%
5 0.75 0.34 100 832.16 82.64%
6 0.75 0.38 20 1055.53 84.39%
7 0.90 0.30 100 1316.43 94.15%
8 0.90 0.34 20 1023.58 97.36%
9 0.90 0.38 60 1018.39 85.32%

k1 911.83 1202.45 1008.13
k2 1077.78 928.66 1098.09
k3 1119.47 977.96 1002.85
t1 80.70% 90.90% 90.20%
t2 85.58% 86.44% 84.78%
t3 92.28% 81.22% 83.58%

R1 207.64 273.79 95.24
R2 11.57% 9.68% 6.61%

P—negative pressure, D—pipe diameter, V—descent speed, SM—maximal guidance area, RS—average success
rate, ki—average value of SM when the experimental factor is at the i level, ti—average value of RS when the
experimental factor is at the i level, R1—difference between the maximum and minimum values in k1, k2, and k3,
R2—difference between the maximum and minimum values in t1, t2, and t3.

The range R1 values of the three experimental factors are 207.64, 273.79, and 95.24,
respectively. Therefore, the order of primary and secondary factors affecting SM is pipe di-
ameter, negative pressure, and descent speed. As shown in column D of Table 3, k2 < k3 < k1
indicates that SM decreases first and then increases as the pipe diameter increases in most
of the cases observed. The main reason is that the air velocity at the lower pipe opening
decreases with the increase in pipe diameter. This condition leads to the weakening of the
guiding ability on the tea bud and reduces the maximal guidance range. However, the
coverage range of the pipe increases with the further increase in pipe diameter, so that the
maximal guidance range increases. As shown in column P of Table 3, k1 < k2 < k3 indicates
that SM increases as the negative pressure increases in most of the cases observed. The
main reason is that the air velocity at the lower pipe opening increases with the increase in
negative pressure. This condition enhances the guiding ability on the tea bud and attracts
further tea buds, thereby increasing the maximal guidance range. As shown in column V
of Table 3, k3 < k1 < k2 indicates that SM increases first and then decreases as the descent
speed increases in most of the cases observed. The main reason is that when the descent
speed is slow, the guidance time is sufficient, and the first leaf is prone to a large offset,
leading to the failure of guidance. With the increase in descent speed, the guiding time
decreases, and the first leaf of the tea bud is inhaled before it moves out of the guidance
range, slightly increasing the maximal guidance range. However, when the descent speed
continues to increase, the second leaf of the tea bud cannot deflect in time, probably leading
to the failure of the guidance and slightly reducing the maximal guidance range.

The range R2 values of the three experimental factors are 11.57%, 9.68%, and 6.61%,
respectively. Therefore, the order of primary and secondary factors affecting RS is negative
pressure, pipe diameter, and descent speed. As shown in column P of Table 3, t1 < t2 < t3
indicates that RS increases as the negative pressure increases in most of the cases observed.
As shown in column D of Table 3, t3 < t2 < t1 indicates that RS decreases as the pipe diameter
increases in most of the cases observed. As shown in column V of Table 3, t3 < t2 < t1
indicates that RS decreases as the descent speed increases in most of the cases observed.
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The main reason is that increasing the negative pressure or decreasing the pipe diameter
can increase the air velocity at the lower pipe opening. This condition can effectively
improve the guidance success rate of the tea buds near the lower pipe opening, thereby
increasing RS. Considering that guiding the tea buds requires time, reducing the descent
speed can allow the tea buds near the lower pipe opening to have sufficient time to be
guided, without excessive deviation. This condition can improve the guidance success rate
of the tea buds near the lower pipe opening, thereby increasing RS.

The optimal level combination of the end effector should be determined in accordance
with different tea picking conditions. In accordance with Section 2.1, the average growth
region area is 3200 mm2 in the place where the tea buds grow most densely. The boundary
is divided by a square, and the side length is 56.57 mm. As shown in Figure 20, the distance
of O1O2 is 10 mm. The maximal guidance range should be controlled within the boundary
to reduce the effect of negative pressure on nontarget objects. The maximal guidance range
is approximated as a circle, and the maximal radius of the maximal guidance range in the
figure is up to 18.285 mm, that is, SM needs to meet the following formula.

SM ≤ π × 18.2852 = 1050.36mm2 (6)

Figure 20. Limitation of maximal guidance range.

If the above conditions are satisfied, the level combined with the highest average
success rate is optimal. Therefore, the optimal experimental level combination is P3D2V1,
which is the eighth group. At this time, the maximal guidance area SM is 1023.58 mm2, and
the average success rate RS is 97.36%.

The level combinations that may be better than the eighth group in terms of RS are
P3D1V1 and P3D1V2. However, the SM of the two combinations should be greater than
1050.36 mm2, which does not meet the design requirements. The verification experiment
of level combination P3D2V1 was conducted to verify the stability of the orthogonal
experiment. The results are consistent with the orthogonal experiment. SM is 1009.51 mm2,
RS is 97.04%, and the error rates of the two indicators are 1.37% and 0.33%, respectively.
The reason for the error should be the different samples of tea buds. The verification test
shows that the results of the orthogonal experiment are stable and reliable.
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4. Conclusions

In this study, a picking end effector based on negative pressure guidance was devel-
oped to solve the visual positioning error of tea buds. On this basis, a deviation tolerance
performance evaluation method was presented to optimize the design parameters of the
end effector. The deviation tolerance performance of the end effector was verified through
experiments. The conclusions are as follows:

1. The developed picking end effector adopts a lightweight design to meet the require-
ments of the rapid movement of parallel manipulators and is suitable for intensive
picking operations. It also has the advantages of being simple, reliable, and low cost,
which is conducive to popularization and application.

2. The presented deviation tolerance performance evaluation method can optimize the
design of the corresponding end effector for different tea picking conditions. This
method can effectively improve the picking success rate of the tea buds and has
guiding importance.

3. The picking end effector based on negative pressure guidance has deviation tolerance
performance and can pick the tea buds in the case of a positioning deviation in
the XY direction. Under the optimal level combination condition, the area of the
maximal guidance range is 1023.58 mm2, and the average success rate of negative
pressure guidance within the deviation range with a 10 mm radius is 97.36%. These
findings can effectively improve the success rate of picking tea buds, reduce the visual
positioning requirements, and accelerate the development process of the tea industry.
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Abstract: In order to solve the problem where the amount of screw fertilizer distributor can only
be adjusted by rotating speed and poor fertilization uniformity at low rotational speeds, a blocking
wheel-type screw fertilizer distributor was designed. Single factor and L9(34) orthogonal simulation
tests based on EDEM software were carried out to optimize the distributor variables at a speed of
20 r/min. The bench verification test was built under the same conditions as the simulation tests to
verify the results of the simulation. Finally, the bench performance tests were carried out to evaluate
distributor performance. The results of simulation tests revealed that the minimum coefficient of
variation of fertilization uniformity (CVFU) was 19.27%, with the structural parameter combination
of the inner diameter (17 mm), pitch (45 mm), outlet distance (40 mm), and number of screw heads
(1). The verification test results showed that the changing trend and values of the CVFU were almost
the same as the simulation tests. The results of the performance test revealed that when the opening
width of the blocking wheel was 10–30 mm and the rotation speed was 20–60 r/min, the amount of
fertilizer per lap (FAPL) was in the range of 27.74–38.15 g/r; the maximum CVFU and the coefficient
of variation of fertilization stability (CVFS) were 29.43% and 2.18%, respectively, which met the
requirements of the industry standard. This research provides a good reference for optimizing the
screw fertilizer distribution and for researchers in the field of precision fertilization.

Keywords: screw fertilizer distributor; blocking wheel; discrete element method (DEM); fertilizing
performance; fertilization uniformity

1. Introduction

Mechanized precision fertilization is an effective way to improve the fertilizer utiliza-
tion rate and increase cost savings and efficiency during farming [1–4]. In order to solve
the impact of the variable forward speed of machines on fertilization accuracy, researchers
have developed machines using rotary encoders and Global Position System (GPS) to
measure the forward speed of the machines and adjust the fertilizer quantity rate to the
forward speed [5–7]. To meet the requirements of the different fertilizer amounts caused
by different soil fertilities, Meng et al. [8,9] and Jeong et al. [10] carried out a map-based
variable rate fertilizer application system. They used GPS to obtain the position information
and ground wheels to obtain the forward speed of the machine. Then, the fertilization rate
would be adjusted according to the forward speed, position information, and pre-stored
prescription map. Kim et al. [11], Chen et al. [12], and Cho et al. [13] used sensors to obtain
crop growth status or soil organic matter information to determine the fertilizer require-
ment. The fertilization rate was then be adjusted according to the fertilization requirements
and the forward speed of the machine. To improve the fertilizer discharging precision
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of the fertilizer distributor, Yuan et al. [14] used a controller based on Advanced RISC
Machines/Digital Signal Processor (ARM/DSP) to control the electric push rod to change
the effective working length of the groove wheel fertilizer distributor and to control the
speed of the direct-current (DC) motor to adjust the speed of the screw shaft. The research
referred to above is primarily concerned with speed control of the fertilizer distributor
and coordination with forward speed and other decision-making information. However,
the distributors were the basic components of the machines, which also had a significant
impact on the performance of the machines.

In recent years, researchers have continued to innovate and optimize the structure of
fertilizer distributor to improve their fertilization performance [15–18]. For example, to
improve the stability and uniformity of fertilizer distributor, researchers optimized the
structure of groove wheel [19], fertilizer tongue [20], and fertilizer guide devices [21]. Nev-
ertheless, this type of distributor was only suitable for granular fertilizers with good fluidity
and dryness, so its application has strong limitations. Because of its strong adaptability to
fertilizers with different fluidity, the screw fertilizer distributor has received more attention.
Nukeshev et al. [22] added a segment reflector and determined the screw diameter, the
number of screw heads, and the number of ripples of reflector to screw distributor to
solve the problem of unevenly discharging fertilizers. Chen et al. [23] used different kinds
of granular fertilizer and powder fertilizer to evaluate the performance of double-level
horizontal screw fertilizer distributor, which confirmed that the screw fertilizer distrib-
utor had high fertilization stability and adaptability to fertilizers with different fluidity.
Cao [24] optimized the structural parameters of screw fertilizer distributor and analyzed
the influence of screw speed on fertilizer distributing performance by DEM and bench test,
determining the optimal screw structure parameters and working speed. Dong [25] studied
the movement law of fertilizer in the vertical screw fertilizer distributor utilizing theoretical
analysis, numerical simulation, and tests, determined its optimal structural parameters
and working parameters, and proved that the vertical screw fertilizer distributor had
good fertilization stability and uniform rotating speed. In particular, the above research
examined the adaptability of the structure and working parameters of the screw fertilizer
distributor of different fertilizers. The analysis of the influence of law and mechanism on
the structure and working parameters of the screw fertilizer distributor on the fertilization
uniformity was not sufficient. The fertilizer amount of existing screw fertilizer distributors
can be only adjusted by the screw shaft rotation speed, and the uniformity of fertilizer
discharge is poor when the rotation speed is low, so it is difficult to meet the requirements
of precision fertilizer application.

Regarding the above-mentioned problems, this paper has designed a blocking wheel-
type screw fertilizer distributor. (1) Structural parameters of the distributor were optimized
by single factor and L9(34) orthogonal simulation tests at a low speed of 20 r/min based
on EDEM software. (2) Bench verification tests under the same conditions as the simu-
lation tests were carried out to verify the simulation results. (3) The performance of the
distributor was evaluated by bench performance tests. This research provides a useful
reference for the optimization of the screw fertilizer distributor and the research of precision
fertilization technology.

2. Materials and Methods

2.1. Structural Design

The structure of the blocking wheel-type screw fertilizer distributor is shown in
Figure 1. It consisted of a screw fertilizer transporting axis, a sleeve of screw, a pyramidal
feeding inlet, a spiral blocking wheel, and a fertilizer outlet. In the figure, D is the outer
diameter of the screw blade, d is the inner diameter of the screw blade, Pt is the pitch, b is
the average thickness of the screw blade, K is the spiral blocking wheel opening width, and
S is the outlet distance (short for distance between the end of screw blade and outlet).
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Figure 1. Structure of blocking wheel-type screw fertilizer distributor. 1. Screw shaft 2. Bearing cover 3. End cover of sleeve
4. Sleeve of screw 5. Pyramidal feeding inlet 6. Bearing seat 7. Spiral blocking wheel 8. Bearing 9. Fertilizer cleaning outlet
and its cover 10. Screw blade 11. Fertilizer buffering zone 12. Fertilizer outlet. Note: D is the outer diameter of the screw
blade, mm; d is the inner diameter of the screw blade, mm; Pt is the pitch, mm; b is the average thickness of the screw blade,
mm; K is the spiral blocking wheel opening width, mm; S is the outlet distance, mm.

2.2. Operation Principle

When working, the fertilizer particles fill the beginning screw section through the
feeding inlet under the action of their own gravity. With the rotation of the screw shaft,
fertilizers in the beginning section of the screw are moved to the end of the screw under
the action of the screw blade. Then they are discharged from the fertilizer outlet through
the fertilizer buffer zone between the end of the screw blade and the fertilizer outlet.

Compared with the existing screw fertilizer distributor, a fertilizer buffer zone is set
between the end of the screw blade and the fertilizer outlet, so that the fertilizer transported
to the end of the distributor can be slowly discharged from the fertilizer outlet, which
can improve the fertilization uniformity. The blocking wheel can be used to change the
fertilizer amount per lap (FAPL) of the screw fertilizer distributor. As a result of the low
target fertilization rate, the problem of low uniformity of fertilizer distributor can be
resolved by reducing the fertilizer amount per lap and increasing the working speed of the
screw shaft.

2.3. Force Analysis of Fertilizer Particles

The fertilizer particles in the fertilizer distributor are subjected to the combined effect
of gravity G, the friction force fw generated by the outer shell wall of the fertilizer distributor,
and the force of the screw blade on the fertilizer particles.

The force of the screw blade on the fertilizer particles is shown in Figure 2; the particles
are subjected to the tangential friction force fs and the normal pressure FN. Their resultant
force is F. Force F can be decomposed into an axial force P1 and a circumferential force P2.
The axial force P1 makes the fertilizer move to the outlet axially, and the circumferential
force P2 makes the fertilizer particles move in a circumferential direction. However, gravity
G and friction force fw overcomes this movement to make the fertilizer particles slide axially
in the fertilizer distributor.
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Figure 2. Force of screw blade on fertilizer particles. Note: F is the total force of screw blade acting
on fertilizer particles, N; FN is the normal pressure of screw blade on fertilizer particles, N; fs is the
friction force of screw blade on fertilizer particles, N; P1 is the axial component of F, N; P2 is the
circumferential component of F, N; α is the friction angle between blade and fertilizer, (◦); β is the lift
angle of screw blade, (◦); r is the distance between particles and axis of screw shaft, mm.

According to Figure 2, the force F is decomposed by Equation (1):

⎧⎪⎪⎨
⎪⎪⎩

P1 = F cos(α + β)
P2 = F sin(α + β)

α = tan−1 μ

β = tan−1 Pt
2πr

(1)

where F is the total force of screw blade acting on fertilizer particles, N; P1 is the axial
component of F, N; P2 is the circumferential component of F, N; α is the friction angle
between blade and fertilizer, (◦); β is the lift angle of screw blade, (◦); μ is the friction
coefficient between fertilizer particles and screw blade; Pt is the pitch of screw blade, mm;
r is the distance between particles and axis of screw shaft, mm.

2.4. Key Performance Parameters of Screw Fertilizer Distributor
2.4.1. Fertilizer Amount Per Lap (FAPL)

The FAPL is an important parameter to scale the fertilizer discharge capacity of the
fertilizer distributor. It is generally believed that under ideal conditions, fertilizer does not
move in a circle with the fertilizer screw, but only moves horizontally in the axial direction.
Then the FAPL can be calculated by Equation (2) [21]:

q =
[
π
(

D2 − d2
)

Pt/4 − ZbHLp

]
ρϕ × 10−3 (2)

where q is FAPL, g; D is outer diameter of screw blade, mm; d is inner diameter of screw
blade, mm; Pt is pitch of screw blade, mm; Z is the number of screw heads; b is the average
thickness of screw teeth, mm; H is the depth of screw teeth, H = D−d

2 , mm; Lp is the

average screw length of single circle, Lp =

√[
π(D+d)

2

]2
+ t2, mm; ρ is the density of

fertilizer, g/cm3; ϕ is the fertilizer filling rate of the fertilizer screw.
According to Equation (2), the main parameters affecting FAPL of the screw fertilizer

distributor are the outer diameter of screw blade D, inner diameter of screw blade d, pitch
Pt, and filling rate of the screw ϕ. Among them, the filling rate ϕ is the ratio of the volume
of fertilizer pushed by the blade to the volume formed by the blade for each revolution
of the screw, which is mainly related to the material characteristics of fertilizer (such as
particle shape, particle size, particle size distribution, and fluidity), blocking wheel opening
width, vibration of the distributor, rotation speed of screw shaft, and other factors. When
designing the structure parameters of the screw distributor according to FAPL, the outer
diameter of the screw blade D, inner diameter of the screw blade d, and pitch of the blade
Pt should be mainly considered.
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In actual operation, when the fertilizer exhauster works stably, the equation of FAPL
is as follows:

q =
60·Δm
n·Δt

(3)

where q is FAPL, g/r; Δt is the time interval between the beginning and the end of a
measurement, s; Δm is the total mass of discharged fertilizer during the period of Δt, g; n is
the rotation speed of fertilizer screw, r/min.

2.4.2. Coefficient of Variation of Fertilization Uniformity and Stability (CVFU and CVFS)

CVFU and CVFU are important indices for assessing the uniformity and stability of
the fertilizer distributor. Their test method in this research followed the China Industry
Standard NY/T 1003-2006 (Technical specification of quality evaluation for fertilization
machinery) [26].

The CVFU should be tested according to the following steps. First, ensure that
the fertilization machine passes through a working length of more than 10 m at normal
operating speed smoothly. Then take a length of 3 m from it, where the machine is
stably forward. Thirdly, divide the 3 m length of fertilizers into 30 sections continuously.
Fourth, the fertilizer quantity of each section should be weighed with an electronic balance
(measurement accuracy is not less than 0.1 g). Finally, the CVFU could be calculated by
Equation (4): ⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

m = 1
a

a
∑

i=1
mi

S =

√
1

a−1

a
∑

i=1
(mi − m)2

V = S
m × 100

(4)

where mi is the quantity of fertilizer in the i-th section (i = 1, 2, 3, . . . , 30), g; m is the average
value of fertilizer quantity of the 30 section, g; a is the total number of the sections, which is
equal to 30 when measuring the CVFU; S is the standard deviation of fertilizer quantity, g;
V is the CVFU, %.

The CVFS is also calculated by Equation (4), but the testing method is not the same. It
should be tested as follows. Firstly, take the fertilizer distributed by the distributor within
a period (not less than 2 min). Secondly, weigh the fertilizer quantity with an electronic
balance (measurement accuracy is not less than 0.5 g). Thirdly, repeat the above two steps
five times, and each test should last for a same period. Then, mi is the quantity of fertilizer
in the i-th test (i = 1, 2, 3, 4, 5), g; m is the average value of fertilizer quantity of the 5 tests,
g; a is the total number of the tests, which is set to 5 when measuring the CVFS; S is the
standard deviation of fertilizer quantity, g; V is the CVFS, %.

The equation for the calculation of CVFU and CVFS is the same. However, according
to the standard (NY/T 1003–2006), the number of samples required for calculating CVFU is
30, and the fertilization distance of each sample is 0.1 m. Thus, CVFU reflects the uniformity
and stability of the fertilization quantity over a short time and distance. On the contrary,
the number of samples required for calculating the CVFS is 5, and the measurement time
of each sample is not less than 2 min (if the machine moves forward at a speed of 0.5 m/s,
the fertilization distance is 60 m within 2 min). The CVFS therefore reflects the uniformity
and stability of the fertilization quantity over a long time and distance.

2.5. Methods of DEM Simulation Tests

In order to facilitate the research, this paper has fixed the outer diameter of the screw
blade to D = 45 mm and analyzed the influence of the parameters (inner diameter of the
screw blade d, pitch Pt, number of screw heads Z, outlet distance S, and the opening width
of the locking wheel K) on FAPL and CVFU. All the simulations were carried out at a low
screw shaft rotation speed of 20 r/min.
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2.5.1. Simulation Model and Parameter Setting

Studies have shown that the particles of compound fertilizer are mostly spherical
or ellipsoidal discrete elements, with high sphericity and no adhesion between the parti-
cles [27–29], so this paper chose the “Hertz-Mindlin (no slip)” contact model to simulate
the composite fertilizer particles. Referring to the existing research, the average particle
size fertilizer particles ds was set to 3.3 mm, the generation method of the particle size range
as “random”, with a setting range of 0.75–1.25. Then, the diameter of generated particles
was 2.475–4.125 mm [28,29]. The other simulation parameters are shown in Table 1.

Table 1. Simulation parameters.

Parameters Value

Poisson’s ratio of fertilizer 0.28
Density of fertilizer (kg/m3) 1511

Shear modulus of fertilizer (Pa) 1 × 107

Poisson’s ratio of ABS 0.394
Density of ABS (kg/m3) 1060

Shear modulus of ABS (Pa) 8.9 × 108

Coefficient of Restitution between fertilizers 0.35
Coefficient of Static Friction between fertilizers 0.4774

Coefficient of Rolling friction between fertilizers 0.21
Coefficient of restitution between fertilizer and ABS 0.359

Coefficient of Static Friction between fertilizer and ABS 0.1962
Coefficient of restitution between fertilizer and ABS 0.15

2.5.2. Calculation of CVFU in Simulation Tests

The test method in Section 2.4.2 made the simulation domain too large, which led to
low efficiency of the simulation test. To increase the simulation speed, this paper carried
out the simulation test according to the following method.

In the preparation step, a 3D model of the fertilizer distributor with a needed blocking
wheel width K was built in Solidworks software.

During the simulation model set-up step, the 3D model was imported into EDEM and
the rotation speed of screw shaft was set to 20 r/min. Other simulation parameters were
set referring to Table 1. Then a particle factory was built to add 1 kg of fertilizer particles to
the fertilizer box, and all the particles were generated within 1 s. The fertilizer screw was
rotated after the particles in the fertilizer box were steady.

After the simulation was done, the FAPL of the screw fertilizer distributor could be
calculated as follows. Firstly, a total mass sensor for remained fertilizer was built as shown
in Figure 3. Secondly, after the fertilizer had been distributed steadily, the timeline was two
different times and two total mass values and were obtained by the sensor, then the FAPL
could be calculated with Equation (3).

The CVFU of the screw fertilizer distributor could be calculated as follows. Firstly,
a cylindrical mass sensor for the fertilizers was built at the fertilizer outlet as shown in
Figure 3. Secondly, the mass of the fertilizer discharged from the fertilizer outlet was
obtained by the sensor for every 0.2 s. Thirdly, a continuous 6 s with 30 mass values could
be selected after the fertilizer was being discharged steadily, and Equation (4) could be
used to calculate the CVFU. This testing method was equivalent to the distributor passing
a 3 m discharging length at a steady forward speed of 0.5 m/s.
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Figure 3. Simulation model and mass sensors.

2.5.3. Single Factor Tests Method

According to the design requirements of the horizontal screw conveyor, the relation-
ship between screw pitch and its outer diameter was as follows:

Pt = k·D (5)

where Pt is the pitch, mm; D is the outer diameter of screw blade, mm; k is the pitch
coefficient, usually k is 0.5–1.

Therefore, the range of Pt was 22.5–45 mm calculated by Equation (5). As a result, the
pitch was set to 25, 35 and 45 mm, respectively.

When the fertilizer distributor is in a static state, to ensure the fertilizer particles are
fully accumulated in the fertilizer distributor, the outlet distance S should be calculated as
in Equation (6): {

S = r − Pt
r = D

sin θ

(6)

where S is the outlet distance, mm; Pt is the pitch, mm; r is the stacking radius, mm; D is
the outer diameter of screw blade, mm; θ is the fertilizer stacking angle, ◦.

The stacking angle of commonly used fertilizer is about 30◦ [30]. If the stacking height
is approximately equal to outer diameter D = 45 mm, then the outlet distance S should be
about 33 mm to ensure the full accumulation of fertilizer particles under static conditions
when the pitch Pt is 45 m. Considering the influence on the fertilizer accumulation of the
rotation of the screw shaft and the vibration of the fertilizer distributor, the outlet distance
S was set to a maximum value of 40 mm in the single simulation factor test.

Only one factor was changed for each test group, while the other factors were fixed,
as shown in Table 2. The structure of the screw shaft with different number of screw heads
is shown in Figure 4, and their pitch was 45 mm.

   
Z = 1 Z = 2 Z = 3 

Figure 4. Screw shaft with different number of heads.
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Table 2. Single factor simulation test table.

Test Group
Inner Diameter of
Screw Blade d/mm

Pitch of Screw
Pt/mm

Number of
Screw Heads Z

Outlet Distance
S/mm

Blocking Wheel
Opening Width K/mm

1 17, 24, 31 45 1 0 30
2 17 25, 35, 45 1 0 30
3 17 45 1, 2, 3 0 30
4 17 45 1 0, 20, 40 30
5 17 45 1 40 10, 15, 20, 25, 30

2.5.4. Orthogonal Simulation Tests Method

To further clarify the effect of outlet distance S, pitch Pt, and the blocking wheel
opening width K on fertilization uniformity of the screw fertilizer distributor, orthogonal
simulation tests of the above three factors were carried out. In the tests, the outer diameter
of screw blade D was set to 45 mm, the inner diameter of screw blade d was set to 17 mm,
the number of screw heads was set 1, and the rotation speed of screw shaft n was set to
20 r/min. The influence factors of the orthogonal test are shown in Table 3.

Table 3. Factors and levels of influence of the orthogonal test.

Level
Blocking Wheel Opening

Width K/mm
Pitch of Screw Pt/mm Outlet Distance S/mm

1 30 25 0
2 20 35 20
3 10 45 40

The CVFU was used as an evaluating index. Table L9(34) was selected for the orthogo-
nal test, and Minitab was used to deal with the results of the orthogonal test, test statistical
assumptions, and variance analysis. The experimental arrangement and results are shown
in Table 4.

Table 4. Orthogonal test results.

Test NO.
Factors

CVFU CV/%
K/mm Pt/mm S/mm

1 1 1 1 53.41
2 1 2 2 41.13
3 1 3 3 19.27
4 2 1 2 34.49
5 2 2 3 28.10
6 2 3 1 38.72
7 3 1 3 37.60
8 3 2 1 47.65
9 3 3 2 29.95

k1 37.94 41.83 46.59
k2 33.77 38.96 35.19
k3 38.40 29.31 28.32
R 4.63 12.52 18.27

Order S > Pt > K

2.6. Method and Metarial of Bench Tests
2.6.1. Test Bench and Fertilizer

According to the optimal structural parameters obtained from the simulation test
results (D = 45 mm, d = 17 mm, Pt = 45 mm, S = 40 mm), the FDM rapid prototyping
technology was used to trial-produce the distributor, and the test bench shown in Figure 5
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was built in the Engineering Training Base in Huazhong Agricultural University, China.
The bench consisted of a blocking wheel-type screw fertilizer distributor, a driving moto
(12V 60W), a moto driver (based on L298N), a photoelectric sensor (based on LM393 and
H2010 Optocoupler), a Raspberry Pi 3B, 5V and 12V batteries.

 

Figure 5. Testing bench.

The fertilizer used in bench test was Xiangyun high-sulfur-based compound fertilizer
(N-P2O5-K2O content was 15%-15%-15%, bulk density was 1.20 g/cm3 and moisture
content was about 7.35%).

2.6.2. Verification Test

In order to verify the results of the simulation tests, the CVFU of the optimized
distributor was tested under the same conditions of the simulation tests. In the test, the
rotation speed of screw shaft was set at 20 r/min, while the forward speed of the conveyor
belt was set to 0.5 m/s. The blocking wheel opening width K was set to 10, 20, and 30 mm,
respectively, and each test was repeated three times. After carrying out the test, the CVFUs
of the fertilizer distributor were calculated according to the method in Section 2.4.2.

2.6.3. Performance Tests of the Screw Fertilizer Distributor

When evaluating the performance of the optimized screw fertilizer distributor, the
CVFS and the FAPL were selected as the evaluating indexes, and blocking wheel opening
width K (which was set to 10, 20, 30 mm) and rotating speed of the screw shaft (which was
set to 20, 30, 40, 50, 60 r/min) were taken as the influence factors.

In the test, the distributor was operated according to the above specified parameters
first. After the fertilizer particles were discharged steadily, a collecting bucket was placed
under the fertilizer outlet. When the fertilizer was collected for 2 min, the bucket was
removed. Then the total mass of the collected fertilizer was weighted by an electronic
balance. Each step was repeated for five times. After the tests, FAPL and CVFS were
calculated according to the method in Sections 2.4.1 and 2.4.2, respectively.

2.7. Field Tests

Five screw fertilizer distributors were installed to a DAIDO DXZ830 rice seeding
machine (10 rice seeding rows, with a working width of 2.55 m), as shown in Figure 6. Each
screw fertilizer distributor corresponded to two rice seeding rows. The distributors were
driven by a motor (12 V 100 W), and the motor speed controlling system was the same as
the [31]. The speed of screw shaft could be synchronized with that of the (power-take-off)
PTO at a set transmission ratio (PTO: screw) by the controlling system, which was set
according to the target fertilizer amount of per unit area and the FAPL. In this research, it
was set to 11.7:1 (calculated with a target fertilizer amount of per unit area of 400 kg/hm2

and a FAPL of 39 g/r).
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Figure 6. Screw fertilizer distributors with DAIDO DXZ830 rice seeding machine.

The fertilizer used in field test was Guihu compound fertilizer (N-P2O5-K2O content
was 15%-15%-15%, bulk density was 1.11 g/cm3, and moisture content was about 3.71%).

The paddy field was divided into six experiment plots, each plot had a length of
40 m and a width of 2.55 m. The field test was repeated three times, each test fertilized in
two plots. After the test, the CVFS, variation coefficient of the fertilization consistency in
different rows (CVODR), and the relative error of fertilization amount were measured.

The CVODR was also calculated by Equation (4), where mi is the total quantity of
the i-th distributor during the test (i = 1, 2, 3, 4, 5), g; m is the average value of fertilizer
quantity of the 5 distributors, g; a is the total number of the distributors; S is the standard
deviation of fertilizer quantity of the 5 distributors, g; V is the CVODR, %.

The relative error of fertilization amount was calculated according to Equation (7)

γs = [10(W0 − W1)/A − T]/T × 100 (7)

where γs is the relative error of fertilization amount, %; W0 is the fertilizer amount added
into fertilizer box before the test, g; W1 is the fertilizer amount remaining in the fertilizer
box after the test, g; A is the working area; m2; T is the target fertilizer amount of per unit
area, kg/hm2.

3. Results

3.1. The Single Factor Tests
3.1.1. Inner Diameter of Screw Blade

The simulation test results showed that the FAPL of the screw fertilizer distributor
was 39.37, 32.86 and 24.05 g/r, and the CVFU was 36.65%, 40.44% and 38.77% respectively,
for the three different inner diameters of 17, 24, and 31 mm. When other factors were fixed,
the FAPL of the distributor decreased significantly, and CVFU did change within the error
tolerance with the increase of the inner diameter of the screw blade.

3.1.2. Pitch of the Screw

When the pitch was set to 25, 35, and 45 mm, the results showed that the FAPL was
20.08, 29.32, and 37.41 g/r and the CVFU was 53.41%, 47.27%, and 36.65%, respectively.
The results indicated that by keeping the screw diameter, the outlet distance, the rotation
speed, and the blocking wheel opening width constant and increasing pitch within the
range of 25–45 mm, the FAPL of the screw fertilizer distributor increased, but the CVFU
decreased. Therefore, when the outer diameter of the screw blade is 45 mm, the pitch
should be set to 45 mm, which could improve the fertilization uniformity of the screw
fertilizer distributor.

3.1.3. Number of Screw Heads

The results showed that when the number of screw heads was 1, 2, and 3, respectively;
the corresponding FAPL of fertilizer distributor was 39.37, 32.62 and 23.48 g/r, and the
CVFU was 36.65%, 53.83%, and 62.45%. The number of screw heads had a significant effect

54



Agriculture 2021, 11, 248

on both the FAPL and the CVFU. With the increase of the number of screw heads, the FAPL
decreased while the CVFU increased. The results showed that the best number of screw
heads was Z = 1 under the parameter setting of this study.

3.1.4. Outlet Distance

The simulation results showed that when the outlet distance S was 0, 20, and 40 mm, re-
spectively. The corresponding FAPL was 39.37, 38.34, 37.41 g/r, and the CVFU was 36.65%,
26.94%, and 19.27%, respectively. With the increase of the outlet distances, the change
of FAPL was not obvious, but the fertilization uniformity was significantly improved.
Therefore, the optimal fertilizer outlet distance is 40 mm.

3.1.5. Blocking Wheel Opening Width

Figure 7a showed the influence of the blocking wheel opening width K on the FAPL
within the range of the blocking wheel opening width K of 10–30 mm. There was a good
positive linear relationship between the FAPL and the blocking wheel opening width K.
The regression equation was q = 0.48K + 24.38, and the coefficient of determination (R2)
was 0.9557.

Figure 7b showed that when the range of the blocking wheel opening width K was set
to 10–30 mm, the CVFU decreased with the increase of the blocking wheel opening width.
However, the linear fitting degree was not very high, and the coefficient of determination
(R2) was 0.8932.

 

     (a)                                   (b) 

Figure 7. Effect of the blocking wheel opening width on the performance of fertilizer distributor.
(a) Effect on fertilizer amount per lap (FAPL), (b) effect on coefficient of variation of fertilization
uniformity (CVFU).

3.2. Orthogonal Simulation Test

The results of the orthogonal simulation test are shown in Table 4, the results of
statistical assumptions for variance analysis (normal distribution of CVFU, homogeneity
of variance, normal distribution of the residuals) are shown in Table 5, and the variance
analysis results are shown in Table 6.

Table 5. Statistical assumptions for variance analysis.

Item Test Method p-Value

Normal distribution of CV Anderson-Darling test 0.973

Homogeneity of variance
K and CV

Bartlett’s Test
0.344

Pt and CV 0.999
S and CV 0.828

Normal distribution of the residuals Anderson-Darling test 0.792
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Table 6. Variance analysis performed on the orthogonal test results of CVFU (CV%).

Source SS df MS F Value Significant

Pt 258.06 2 129.03 6.23 *
S 510.98 2 255.49 12.34 **

K
e

}
eΔ 39.01

43.80

}
82.81

2
2

}
4 19.51

Sum 851.85 8
Critical value of F-test: F0.1 (2,4) = 4.32; F0.05 (2,4) = 6.94. * means the factor is significant when α = 0.1, ** means
the factor is significant when α = 0.05.

The results of statistical assumptions for variance analysis showed that the p value
of all the items was higher than 0.05. The data of CVFUs were normally distributed, the
variances were homogenous between factors and CVFU (K and CV, Pt and CV, S and CV),
and the residuals were also normally distributed.

In the variance analysis, since MSK < MSe, when the blocking wheel opening width K
was included in the error term, then the corrected error eΔ was obtained.

Orthogonal simulation test and variance analysis results showed that the order of
each factors on CVFU was ranked as: S > Pt > K. Among them, outlet distance S had an
extremely significant effect on CVFU, the pitch Pt had a significant effect on CVFU, and the
blocking wheel opening width K had no significant effect.

The best combination of orthogonal test was KxPt3S3 at a pitch Pt of 45 mm and an
outlet distance S of 40 mm. Combined with the single factor test results of the blocking
wheel opening width K, when the blocking wheel opening width K was 30 mm at a rotating
speed of 20 r/min, the CVFU was the smallest, which was 19.27%.

3.3. Bench Tests
3.3.1. Verification Tests

The results of verification tests showed that the corresponding CVFU was 29.43%,
20.40%, and 19.20% when the blocking wheel opening width K was 10, 20, and 30 mm,
respectively. The CVFU decreased with the increase of the blocking wheel opening width
K. Within the allowable error range, the simulation test results were consistent with the
bench test results.

3.3.2. Performance Tests of the Screw Fertilizer Distributor

The performance testing results of the blocking wheel-type screw fertilizer distributor
are shown in Tables 7 and 8 and Figure 8.

Figure 8. Effect of the rotation speed on the fertilizer amount per minute.
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Table 7. Results of coefficient of variation of fertilization stability (CVFS) determination tests.

CVFS CV/%
Blocking Wheel Opening Width K/mm

30 20 10

Rotation speed
n/(r/min)

20 0.81 1.15 1.24
30 0.76 0.85 0.84
40 1.4 0.82 1.29
50 0.67 1.72 0.49
60 0.47 0.24 2.18

Table 8. Results of FAPL determination tests.

FAPL q/g·r−1
Blocking Wheel Opening Width K/mm

30 20 10

Rotation speed
n/(r/min)

20 38.33 35.03 28.49
30 38.11 35.45 27.44
40 38.19 34.81 27.43
50 38.23 35.21 27.54
60 37.90 35.13 27.79

Average 38.15 35.13 27.74

Variation coefficient of FAPL/% 0.42 0.67 1.60

The results of the CVFS determination tests showed that within the range of the
blocking wheel opening width K of 10–30 mm and the rotating speed of screw shaft of
20–60 r/min, the maximum CVFS of the screw fertilizer distributor was only 2.18%.

The results of FAPL determination tests showed that the FAPL was not significantly
affected by the rotating speed when the rotating speed of the screw shaft changed within
the range of 20–60 r/min. This result indicated that there was a strict linear proportional
relation between the fertilizer discharging rate and the speed of screw shaft.

In the range of 10–30 mm of the blocking wheel opening width K, the adjusting range
of FAPL was 27.74–38.15 g/r and the FAPL increased with the increase of the blocking wheel
opening width K. It realized the design goal of adjusting the FAPL by the blocking wheel.

3.4. Field Test

The results of field tests were shown in Table 9. It showed that the maximum CVODR
was 3.13%, the maximum relative error of fertilization amount was 3.95%, and the maxi-
mum CVFS of five screw distributors was 2.36%. Figure 9 showed that the fertilizers were
uniformly distributed in the fertilizer ditch by the optimized screw distributor.

 

Figure 9. Presentation of paddy field after fertilization.
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Table 9. Results of field tests.

Test NO.
Fertilization Amount of Each Screw Distributor (W0 − W1)/kg CVODR

CV/%

Relative Error
γs/%1 2 3 4 5

1 1562.34 1587.45 1545.34 1530.98 1611.34 2.06 3.95
2 1624.15 1593.56 1538.64 1520.54 1580.12 2.66 3.71
3 1557.22 1650.97 1517.40 1555.22 1569.48 3.13 3.80

CVFS CV/% 2.36 2.18 0.95 1.16 1.37

4. Discussion

4.1. Effect of Inner Diameter of Screw Blade on FAPL and CVFU

Figure 2 showed that when the fertilizer screw rotates, the change in the inner diameter
of the screw has little effect on the stress of the fertilizer particles that have been filled into
the distributer, and the filling rate will not change. The screw blade inner diameter has
little impact on the CVFU, but the volume formed by the blade for each revolution of the
screw will change and the volume of particles filled into the distributor will be changed, so
the FAPL will be strongly affected by the screw inner diameter d.

It has been concluded that when designing a screw distributor, the inner diameter of
the screw blade is a useful parameter to adjust the FAPL to the required value.

4.2. Effect of Pitch of Screw on FAPL and CVFU

According to Figure 2 and Equation (1), when the outer diameter of screw blade D
was fixed, the lift angle of screw blade β increased with the increase of screw pitch Pt, the
friction angle α did not change, the axial component force P1 decreased, and the circumfer-
ential component P2 increased as well. Within a certain reasonable range, fertilizer particles
moved along the axis and the of FAPL increased. However, the screw pitch Pt increased to
gravity G and the friction force f w generated by the outer shell wall of the fertilizer distrib-
utor was not enough to overcome the trend of fertilizer particles moving in a circle with
the blade. In this situation, the efficiency of fertilizer particle axial transportation decreased
gradually, until they were moving completely in the circumferential direction without axial
movement. It is the reason why the pitch coefficient k was assigned a maximum value of 1
in Equation (5).

In addition, when the outer diameter D was fixed, increasing the pitch Pt within
a reasonable range, the angle between the horizontal plane and the cut plane of the
screw blade decreased and the sliding speed of fertilizer particles from the screw surface
decreased. At the same time the FAPL increased, so that in a rotating cycle, the time for
fertilizer flowing out of the fertilizer outlet was prolonged and the time of no fertilizer
discharging was reduced to improve the fertilization uniformity.

4.3. Effect of Number of Screw Heads on FAPL and CVFU

When the outer diameter D, inner diameter d, pitch Pt, outlet distance S, and the
rotation speed n were fixed, with the increase of the number of screw heads Z there would
be two main changes. On one hand, the axial force P1 of screw blades on fertilizer particles
did not change, but the circumferential force P2 increased. On the other hand, the fertilizer
transported in one cycle was discharged several times. All these changes would affect the
CVFU of the fertilizer distributor.

In addition, with the increase of the number of screw heads Z, the total volume of screw
blade increased and the proportion of fertilizer particles moving along the circumferential
direction also increased, which led to a decrease of FAPL.

4.4. Effect of Outlet Distance on FAPL and CVFU

The outlet distance S does not affect the FAPL of a screw fertilizer distributor but affects
the CVFU of it. When the outlet distance S is enough, fertilizer can be fully accumulated in
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the buffer zone. The friction between the fertilizer particles and the shell of the fertilizer
distributor, the screw shaft, and other particles will form a repose angle θ, as shown in
Figure 10. At this time, the fertilizer will move axially with the rotation of the screw shaft.
When the overall transport distance of the fertilizer reaches δ, the tangential component
force Fσ produced by the gravity G of fertilizer particles in the shadow area outside the
fertilizer pile will be greater than the friction force f, and the fertilizer within the scope of δ
area will collapse freely from the bottom and flow out of the fertilizer outlet. The steadiness
of the collapse will improve the CVFU.

If outlet distance S is not enough, the accumulation of fertilizer in the buffer zone will
be not sufficient, the unstable accumulation will be formed in the area outside the angle of
θ, and the fertilizer will slide unsteadily, which will reduce the fertilization uniformity.

 

Figure 10. Effect of outlet distance on fertilizer amount uniformity.

4.5. Effect of Blocking Wheel Opening Width on FAPL and CVFU

When other parameters were kept constant, by reducing the blocking wheel opening
width K the space of the filling section of the screw fertilizer distributor became smaller,
therefore the fertilizer filling rate ϕ of the fertilizer conveying section was reduced. The
FAPL of the screw fertilizer distributor q decreased according to Equation (2).

With the increasing of the blocking wheel opening width K, the fertilizer filling rate ϕ in
the conveying section was increased, the fertilizer accumulated more fully, and the stability
of fertilizer free collapsing was improved, so the fertilization uniformity was improved.

4.6. Effect of Rotation Speed of Screw Shaft on FAPL and CVFU

In theory, there is a critical speed n0 of the screw shaft when the screw fertilizer
distributor is working; that is, the highest speed at which the filling rate can maintain
the maximum value when the fertilizer enters into the fertilizer distributor by gravity.
If the rotation speed of the screw shaft is higher than n0, the fertilizer filling rate will
decrease with the increase of the rotation speed, which will lead to the decrease of the
FAPL of the distributor. To ensure that the FAPL is less affected by the rotation speed, its
working rotation speed should be less than the critical speed n0. According to the structural
characteristics of the screw fertilizer distributor, when the rotating speed is lower than
the critical speed n0, the higher the rotating speed, the higher the uniformity of fertilizer
quantity. This research only optimized the fertilizer distributor at a low speed of 20 r/min
to make the CVFU meet the requirements of the industry standard (NY/T 1003-2006).

5. Conclusions

(1) A blocking wheel-type screw fertilizer distributor was designed. Its working principle
and the affecting force of fertilizer particles were explored in this research.

(2) Single factor and L9(33) orthogonal simulation tests based on EDEM software were
carried out to optimize the parameters of the distributor at a low speed of 20 r/min.
The results showed that when the outer diameter of the screw blade was set to
D = 45 mm, the optimal parameters were: inner diameter of screw blade d = 17 mm,
screw pitch Pt = 45 mm, outlet distance S = 40 mm, number of screw heads Z = 1, and
the blocking wheel opening width K = 30 mm. The minimum CVFU value was 19.27%
at the optimal parameters. The blocking wheel opening width K had no significant
effect on CVFU but had a significant effect on FAPL.
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(3) According to the optimal structure parameters obtained from the simulation test, the
FDM rapid prototyping technology was used to trial-product the fertilizer distributor,
and the verification bench test was carried out under the same conditions as the
simulation. The results showed that the structural parameters of the distributor were
the same as those obtained by EDEM.

(4) Furthermore, bench and field tests were carried out to evaluate the performance of the
distributor. The bench test results showed that the range of FAPL was 27.73–38.15 g/r
when the blocking wheel opening width K was 10–30 mm and the screw shaft rota-
tion speed was 20–60 r/min. The FAPL was significantly affected by the blocking
wheel opening width K, but less regulated by rotation speed of screw shaft. More
importantly, the maximum CVFU and CVFS was 29.43% and 2.18%, respectively. The
field test results showed that when setting the target fertilizer amount of per unit area
to 400 kg/hm2, the maximum CVODR was 3.13%, the maximum relative error of fer-
tilization amount was 3.95%, and the maximum CVFS of five screw distributors was
2.36%. All these indexes are significantly better than the requirement in the “NY/T
1003–2006”. The standard stipulated that the CVFU, CVFS, and CVODR should not
be higher than 40%, 7.8% and 13%, respectively. This research solved the problems
of the traditional screw fertilizer distributor only adjusting the fertilizer amount by
rotating speed, and the fertilizer uniformity being poor at a low speed. It provided a
meaningful reference for the optimization of the screw fertilizer distributor.

6. Patents

Two patents have been applied in China for the blocking wheel-type screw fertilizer
distributor reported in this manuscript (Patent No. CN212436347U and Application No.
CN111837549A).
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Abstract: Existing devices for dry direct-seeded rice with film mulching in northern China have
limitations such as imprecise sowing, unadjustable sowing depth, and seeding device blocking.
In this regard, this study proposes a combined seeding method of ‘mini shovel + telescopic pipe’
for dry direct-seeded rice with film mulching. A precision seeder for dry direct-seeded rice with
film mulching was developed through theoretical calculations, discrete element modelling (DEM)
simulations, and field experiments. The configuration and diameter of the rollers were obtained.
Twelve telescopic pipes were evenly distributed on the circumference of the roller, with a contact
ratio exceeding one. This ratio reduced the slip rate of the roller effectively. Subsequently, DEM
was used to develop a 33 central composite design. The response surface was established with the
sowing depth as the response value. According to agronomic requirements, the sowing depth was
set to 20 mm. The optimal combination of working parameters was obtained by optimizing the
regression equation. The field experiments showed that the performance of the precision seeder
for dry direct-seeded rice with film mulching satisfied the requirements of agricultural production,
working stably and reliably. The developed device represents a useful solution for dry direct-seeded
rice with film mulching.

Keywords: film mulching; mini shovel; telescopic pipe; discrete element modelling; hill-drop sowing

1. Introduction

Rice transplanting is a conventional rice cultivation technology in Asia consisting
of four basic steps: nursery bed preparation, seedling raising, seedling uprooting, and
transplanting the seedling into the field. All of these steps are highly labor-intensive
and water-intensive [1,2]. However, with the rapid economic development in China,
the phenomenon of labor shortage appears, leading to the rising of labor wages and
production cost in agriculture. Thus, rice production is becoming less profitable [3]. Fur-
thermore, water scarcity is becoming more severe and widespread for rice cultivation [4].
Direct-seeded rice is a feasible alternative method to deal with the shortages of water and
labor [5]. Direct-seeded rice consists of directly sowing seeds into the field and represents
a simplified cultivation technology, which is a trend toward the future of rice cultiva-
tion [6–8]. Xu et al. [9] compared the effects of rice transplanting and direct-seeding rice on
yield. The results showed that direct-seeding rice could produce comparable yields to rice
transplanting, but direct-seeded rice was exposed to more risks such as weed encroachment
and extreme weather. Kakumanu et al. [10] reported that direct-seeded rice was efficient in
terms of reducing impacts of climate, water use, increasing grain yield, and better returns
to farmers.
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In recent years, dry direct-seeded rice with film mulching technique has been adopted
to improve water utilization rate, reduce herbicide usage, and improve soil temperature
after sowing in rice areas of northern China, which could effectively solve and mitigate
the risk of direct-seeding rice [11–13]. Jabran et al. [14] reported that plastic film mulching
improved the soil moisture retention, and enhanced rice water productivity, grain yield,
and rice quality. Li et al. [15] showed that plastic film mulching with no flooding could
provide higher rice yield under appropriate water condition and change the soil nutrient
cycle. Row drilling and hill-drop drilling are the main sowing methods for direct-seeded
rice. Specifically, hill-drop drilling is beneficial for improving field permeability, leaf
photosynthesis, and photosynthetic productivity [16,17]. In this regard, hill-drop drilling is
the better sowing method for dry direct-seeded rice with the film mulching technique due
to its low film-breaking rate.

Currently, the dry direct-seeded rice with film mulching devices are mainly based on
the duckbill-type roller seeder, which is a modified design from seeders for other crops, such
as wheat and corn seeders. However, these devices cannot obtain precise seeding because
of the differences between rice and other crops in terms of the flowability and triaxial
size of seeds. The duckbill-type seed-metering device has a disadvantage: the sowing
depth cannot be adjusted. Moreover, stone and caking soil are present in seeding beds
in some parts of northern China, causing obstructions in the duckbill-type seed-metering
device, leading to miss-seeding, reseeding, or even sparse failures, which seriously affect
the rice yield. Various studies have been conducted to solve or mitigate the risks of the
duckbill-type seeder. A CAM mechanism was added into the duckbill-type seed-metering
device to change the passive opening into the active aperture of the seed-metering device,
which alleviated the miss-seeding caused by the failure of the duckbill-type seeder to open
in the case of hard objects [18]. The length and shape of the duckbill seeder were optimized
to reduce the size of the film hole and avoid the formation of plastic film hanging on the
duckbill-type seeder [19]. The internal seed-taking structure of the duckbill-type seeder
was optimized, improving the seeding accuracy [20]. All the above studies have played a
positive role in improving the performance of the duckbill-type roller seeder, achieving
good results. However, the problems such as blocking of the duckbill seeder and inability
to adjust the sowing depth remain unsolved.

In this study, to overcome these limitations, the ‘mini shovel + telescopic pipe’
combination-seeding method was proposed, and a precision seeder for dry direct-seeded
rice with film mulching was developed. The mechanism was developed based on the previ-
ous studies and through the analysis of the traditional artificial sowing process (including
three steps: dig a hole with a shovel→seed pitching by reaching out hand→take back
hand and shovel) and considering the technique of seeding in dry soil and drip irrigation
for emergence.

The proposed rice precision seeder combines a type-hole seed-metering device to
realise precision sowing and adjust the seeding quantities [21,22]. The mini shovel pushes
aside the soil and hard materials within the seeding area to form a cavity. Subsequently,
the telescopic pipe stretches out like a hand to cast seeds, which effectively prevent the
telescopic pipe from being blocked. The extension length of the telescopic pipe controls
the sowing depth adjustment by changing the upper and lower position of the drive
slideway. Optimal design of the critical component was conducted, and experimental
analysis of the working performance and operation effect was performed to obtain the
optimal combination of working parameters. The field experiments contribute to providing
a new machine for dry direct-seeded rice with film mulching of high quality, without
blockage of the telescopic pipe, as well as the development of precision agriculture.

2. Structure and Working Principles of the Proposed Seeder

2.1. Machine Structure

Figure 1 illustrates the overall structure of the developed precision seeder for dry
direct-seeded rice with film mulching. The rice precision seeder consists of frame, suspen-
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sion system, control, drive systems, combined type-hole seed-metering device, roller, mini
shovel, telescopic pipe, and other key components.

Figure 1. 3D model of the novel precision seeder for dry direct-seeded rice with film mulching: (a) Axonometric drawing of
the entire machine; (b) Partial enlarged view. 1. Seed tank 2. Control box 3. Frame 4. Suspension system 5. Chain drive
system 6. Stepping motor 7. Roller 8. Dividing seeds box 9. Touch switch 10. Micro CAM 11. Crank 12. Drive slideway 13.
Seed tube 14. Telescopic pipe 15. Reset spring 16. Mini shovel 17. Protection plate 18. Rubber ring 19. Combined type-hole
seed-metering device.

2.2. Working Principle

The precision seeder for dry direct-seeded rice with film mulching has two rows, which
are connected to the traction device using a trifilar suspension system. The movement
of the traction device drives the roller rotation, and the mini shovel enters the soil as the
roller rotates. The soil and hard materials within the seeding area are pushed aside to
form a cavity simultaneously, and the telescopic pipe sticks out under the action of the
drive slideway. Seeds are dropped into the cavity through the telescopic pipe after the top
end of the telescopic pipe touches the crank. The crank drives the micro CAM to rotate
so that the touch switch is on. The control system commands the stepping motor to drive
the combined type-hole seed-metering device to rotate 45◦ to seed to the dividing seeds
box for the next sowing. After sowing, the telescopic pipe returns quickly to detach the
adhesive attachment under the action of the reset spring. The mini shovel leaves the soil,
and the seeding operation finishes. The extension length of the telescopic pipe controls the
sowing depth adjustment by changing the upper and lower position of the drive slideway.

2.3. Structural Design of Critical Component
2.3.1. Roller and Contact Ratio

The roller is the supporting part of the seed-throwing mechanism and provides
power for moving components. According to the preliminary experiments and referring
to previous studies, the diameter of the roller was selected as 410 mm [23–25]. The
agronomic requirement of holes distance is 140 ± 10 mm. According to the preliminary
simulated experiments, the length of the mini shovel is 70 mm, which can satisfy the
seeding performance and increase the roller torque; thus,

N = π(D + 2H)/S (1)

N—Number of mini shovels;
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D—Diameter of the roller, mm;
H—Length of the mini shovel, mm;
S—Hole spacing, mm.
Substituting the parameters into Equation (1), considering N = 12.3, rounded to

N = 12, and isolating the holes distance separation from Equation (1), a hole spacing of
S = 143.9 mm is obtained, which satisfies the agronomic requirements of holes distance.

A certain sliding phenomenon exists in the operation of the roller; that is, the roller
changes from rotating to sliding, which will affect the stability of the holes distance separa-
tion and reduce the performance of the device. The slip rate of the roller will reduce if a
certain degree of contact ratio between the mini shovels and the soil is present. As shown
in Figure 2., point A is the entry point, while point B is the exit point. The contact ratio (ε)
is the ratio of the mini shovel angle of rotation (θ1 + θ2) to the center angle corresponding
to two adjacent mini shovels (θ0). If the contact ratio (ε) is higher than one, the slip rate
will reduce, and the adverse effects will reduce.

θ1 = θ2 = cos−1 R
R + H

(2)

θ0 =
2π

N
(3)

Figure 2. The contact ratio of the mini shovels.

Then:
ε =

θ1 + θ2

θ0
=

N
π

cos−1 R
R + H

(4)

θ0—Center angle, ◦;
θ1, θ2—Angle of rotation of the mini shovel;
ε—Contact ratio;
N—Number of mini shovels;
R—Roller radius(D/2), mm;
H—Length of mini shovel, mm.
The parameters R, H and N are substituted into the above equation; thus, ε = 2.7868 > 1.
The contact ratio is ε = 2.7868 > 1 when the roller diameter is 410 mm, the number

of mini shovels is 12, and the length of each mini shovel is 70 mm. These parameters
provide a useful configuration to reduce the slip rate of the roller and ensure stable holes
distance separation.

2.3.2. Drive Slideway

The drive slideway is the core part of the device that ensures the stable displacement
of the telescopic pipe and adjusts the extension length of the telescopic pipe; that is, the
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sowing depth. According to its function, the drive slideway can be divided into two parts:
the drive and holding sections.

When the telescopic pipe touches the drive slideway in the drive section, it gradually
stretches out during the roller rotation. The telescopic pipe moves following the spiral of
the law of Archimedes. The position equation of the contact point between the telescopic
pipe and the drive slideway is:

{
x = [85 + 0.5(θ − 15)] cos θ
y = [85 + 0.5(θ − 15)] sin θ + (35 − H1)

(5)

θ—Angle of rotation of the telescopic pipe, ◦, θ ∈ [15, 220];
x, y—mm;
H1—Telescopic pipe stretching out length, mm.
The telescopic pipe rotates with the roller and no longer extends in the holding section,

thus, maintaining a fixed extended length. As shown in Figure 2, this section is mainly the
interval between the entry point A and the exit point B; the position equation of the contact
point between the telescopic pipe and the drive slideway is:

{
x = 180 cos θ
y = 180 sin θ + (35 − H1)

(6)

θ—Angle of rotation of the telescopic pipe, ◦, θ ∈ [220, 300];
x, y—mm;
H1—Telescopic pipe stretching out length, mm.
The smooth extension and small vibration impact of the telescopic pipe driven by

the drive slideway is an essential performance of the drive slideway, which guarantees
the operation quality. In this study, motion simulation function in SolidWorks is used to
perform kinematic analysis of the operation process. The preset extended length of the
telescopic pipe is 35 mm, the forward speed of the traction device is 0.4 m/s, and the
motion curve of the telescopic pipe is shown in Figure 3.

Figure 3. The motion curve of the telescopic pipe: (a) The path of the telescopic pipe; (b) Linear
velocity radial component of the telescopic pipe.
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As shown in Figure 3a, the motion path of the telescopic pipe under the preset motion
condition is smooth, with a convex point in the return, which is basically consistent with
the design goal. The convex point is due to the rapid return of the telescopic pipe under
the action of the reset spring when it detaches from the drive slideway.

As shown in Figure 3b, velocity bulges are visible near the starting point and the point
the telescopic pipe detaches from the drive slideway. Except for that, the change in velocity
is flat without sudden impacts; thus, the vibration is reduced to a certain extent, and the
seeder reliability and sowing quality are effectively guaranteed.

2.3.3. Mini Shovel and Telescopic Pipe

The mini shovel and telescopic pipe are crucial parts in contact with the soil, which
directly determine the performance of the device. The mini shovel has two functions:
pushing aside the soil and hard materials within the seeding area to form a cavity and
increasing the torque of the roller. The structure and size of the mini shovel are obtained
according to experience and pre-tests, as shown in Figure 4a. The arc at the top of the mini
shovel helps to cut the mulch film and reduce the possibility of scraping the mulch film.

Figure 4. The seeds throwing mechanism: (a) Mini shovel; (b) The structure of telescopic pipe.

The telescopic pipe is the part performing the sowing, and the extended length of
the telescopic pipe determines the sowing depth, as shown in Figure 4b. However, it is
not equal to the sowing depth. The sowing depth is related to factors such as the forward
speed of the traction device, the extended length of the telescopic pipe, the height of the
lower oblique section of the telescopic pipe, and the soil characteristics. Thus, determining
the parameters of the telescopic pipe is a complicated process. No accurate model can
directly determine the optimal values of these parameters; therefore, the discrete element
method (DEM) is used to simulate and analyze the operation process of the telescopic pipe.
Section 3.1 presents the detailed information and procedures used in this study.
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2.3.4. Electronic Control System

The electronic control system is an essential part of the device that directly affects the
performance of the machine. Eight holes are evenly distributed on the wheel circumference
of the combined type-hole seed-metering device. The average center angle is 45◦, that is,
rotating 45◦ to sow once. As shown in Figure 5, this study considers an MCU (single-chip
microcomputer) as the control core to ensure the accuracy of the rotation angle. Moreover,
a stepping motor is selected to drive the combined type-hole seed-metering device. Others
external affecting factors are also reduced. In this regard, stepping motors able to self-
lock are selected to prevent rotation when non-system instruction after the system starts
and improve the sowing quality. The system has self-protection function; thus, when the
stepping motor is overloaded, the system stops sending pulse instructions to the stepping
motor and starts the alarm device. The control flowchart is shown in Figure 6.

Figure 5. Schematic diagram of electronic control system.

Figure 6. Control flow chart.
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The system consists of a closed-loop control, where the rotation speed of the roller
is obtained through the speed sensor in real-time. When the rotation speed exceeds or is
lower than the preset range, the system adjusts the rotation speed of the stepping motor in
real-time to arrange the sowing time and guarantee the filling performance of the combined
type-hole seed-metering device.

A direct current voltage transducer was installed to provide power to the control box,
stepping motor, and alert and speed sensors. The device obtains the direct current voltage
from the battery of a tractor and converts it to the required voltage.

3. Materials and Methods

3.1. DEM Simulation

The kinematic and dynamic modelling of the device in the soil layer is complex; thus,
it is difficult to perform a theoretical analysis. As a useful numerical computation approach,
the DEM is increasingly being applied to the research between discrete units and machinery
in agricultural mechanization production [26–28]. Therefore, this study adopted DEM to
simulate the sowing process. In particular, the discrete element simulation software EDEM
2018 was used to perform the simulation experiments. The purpose of the DEM simulation
is to establish the regression equation of sowing depth and determine the structure size of
the telescopic pipe through the study of the sowing process.

3.1.1. Simulation Model and Parameters

The simplified solid assembly model of the dry direct-seeded rice with film mulching
device was imported into the software preprocessing module, illustrated in Figure 7a.
Multi-spherical polymerization was selected considering the characteristics of rice shapes,
and a total of 25 sphere models with various diameters were connected to construct the rice
particle model for the long and irregular shape of the rice (as shown in Figure 7b). The soil
particle model considered spheres with diameters of 2 mm. The Hertz–Mindlin (no-slip)
contact model included in EDEM was used for the simulation analysis, and the material
physical and contact mechanical properties parameters are presented in Table 1.

Figure 7. Simulation model: (a) The simplified model of the device; (b) Rice and rice particle model.
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Table 1. Simulation experiments parameters.

Materials Parameters Value

Rice
Density (kg·m−3) 1147

Poison ratio 0.25
Shear modulus (Mpa) 108

Soil
Density (kg·m−3) 1914

Poison ratio 0.38
Shear modulus (Mpa) 1

Steel
Density (kg·m−3) 7850

Poison ratio 0.3
Shear modulus (Mpa) 79,000

Rice-Rice
Elastic restitution coefficient 0.13

Static friction coefficient 0.52
Rolling friction coefficient 0.1

Soil-Soil
Elastic restitution coefficient 0.11

Static friction coefficient 0.6
Rolling friction coefficient 0.4

Rice-Steel
Elastic restitution coefficient 0.41

Static friction coefficient 0.48
Rolling friction coefficient 0.01

Soil-Steel
Elastic restitution coefficient 0.12

Static friction coefficient 0.3
Rolling friction coefficient 0.05

Rice-Soil
Elastic restitution coefficient 0.08

Static friction coefficient 0.9
Rolling friction coefficient 0.7

3.1.2. Central Composite Design

According to the actual device shape and size, the particle factory was statically
developed to form a soil tank of 600 × 300 × 150 mm (length × width × height), the seeder
working ground speed ranged from 0.4 to 0.6 m/s, and the fixed time step was set to 20%
of the Rayleigh time step (8.86 × 10−7 s). A single simulation was run for 15 s to ensure the
consistency of the sowing process.

In the simulation experiments, the forward speed of traction device (V), the extended
length of the telescopic pipe (h1), and the height of the lower oblique section of the tele-
scopic pipe (h2) were considered as the design variables, while the sowing depth (Y) was
considered as the objective function. Preliminary combined factor experiments were con-
ducted to determine the range of the experimental factors. The central composite design
simulation experiment with three factors and three levels was performed using Design-
Expert software [29], and the 0-level experiment was repeated five times. The code value
of simulated experimental factors is shown in Table 2, while the simulation experiment
scheme is shown in Table 3.

Table 2. Code of simulation experiment factors.

Code Value
Forward Speed V

(m·s−1)
Extended Length h1

(mm)
Height of the Lower

Oblique Section h2 (mm)

1 0.6 25 15
0 0.5 20 10
−1 0.4 15 5
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Table 3. Simulation experiment scheme and results.

No.
Forward Speed

V (m·s−1)
Extended

Length h1 (mm)
Height of the Lower

Oblique Section h2 (mm)
Sowing Depth

Y (mm)

1 −1 −1 −1 18.8
2 1 −1 −1 23.6
3 −1 1 −1 27.9
4 1 1 −1 29.4
5 −1 −1 1 17.7
6 1 −1 1 21.5
7 −1 1 1 31.7
8 1 1 1 32.1
9 −1 0 0 22.5
10 1 0 0 24.6
11 0 −1 0 21
12 0 1 0 34.2
13 0 0 −1 26.1
14 0 0 1 26.9
15 0 0 0 25.8
16 0 0 0 26.3
17 0 0 0 22.7
18 0 0 0 23.7
19 0 0 0 26.3

3.2. Field Experiment

The working performance of the device for dry direct-seeded rice with film mulching
was tested on 12 September 2020, in Gexinzhuang Village, Yilunbu Township, Renqiu City,
Cangzhou City, Hebei Province (38◦42′30′′ N, 116◦10′30′′ E, altitude 8 m). The qualified rate
of sowing depth, the rate of empty seed, the qualified rate of seeds, the stagger rate, and
the qualified rate of hole spacing, were investigated. In order to facilitate the observation of
the operation effect of the device and the collection of data, the white polyethylene plastic
film with a thickness of 0.01 mm was used in the field experiment. When sowing, the soil
was soft, and the average soil compatibility of 100 mm soil layer was 283.5 kPa; the soil
layer contained small quantities of soil blocks and stones; the soil moisture was 15.23%,
which was slightly higher than the normal soil moisture during the seeding period. The
tractor power was 29.42 kW. On average, there were 12 rice seeds in each hole. Before the
field experiments, the rice precision seeder operating parameters were adjusted to achieve
the optimal combination determined from the response surface optimization of the above
simulation experiments: forward speed of tractor V= 0.494 m/s, the extended length of the
telescopic pipe h1 = 15 mm, and the height of the lower oblique section of the telescopic
pipe h2 = 15 mm. Three rows were sown, and a single row was 30 m in length. The field
experiments were conducted in accordance with Chinese Agriculture Industrial Standard
NY/T 987-2006 ‘Operating quality grain film-covering hill-drop drill’ for data collection
and device performance evaluation.

3.3. Data Analysis

The DEM simulation was focused on obtaining the sowing depth of different exper-
imental combinations and establishing the response surface with the sowing depth as
the response value. The images of the simulation results exported from the EDEM 2018
software were imported into CAD software to measure the sowing depth. The regression
equation was analyzed through the variance and quadratic optimized. Data processing
and analysis were performed using Microsoft Excel and Design Expert software.

4. Results and Discussion

4.1. Simulation Experimental Results

The results of the simulation experiments are shown in Table 3. The Quadratic model
was used to establish the regression equation of the sowing depth. The results of the
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analysis of variance for the regression equation showed a p-value of less than 0.0001. As a
p-value greater than 0.05 indicates a lack of fit, the obtained regression equation is extremely
significant; thus, the regression equation is effective. Among the three experimental factors,
V is very significant, h1 is extremely significant, and h2 has a tiny effect. Regarding the
interaction terms, only h1 and h2 items have a significant effect on the sowing depth,
while the interaction of other terms is not significant. Concerning the quadratic term
of factors, V2 has a significant effect on sowing depth, while h1

2 has an effect. After
removing the terms with no effect, the regression equation of sowing depth was obtained
by the quadratic optimization of the regression equation, as shown Equation (7), and
the determination coefficient of the regression equation R2 = 0.9433, and the adjustment
determination coefficient R2

adj = 0.9072. The variance analysis of the optimized regression
equation is shown in Table 4.

Y = −29.745 + 253.572V − 1.789h1 − 0.882h2 − 1.65Vh1 + 0.048h1h2 − 207.972V2 + 0.0797h1
2, (7)

Table 4. ANOVA of the modified regression model for the central composite design.

Source Sum of Squares df Mean Square F-Value p-Value

Model 329.28 7 47.04 26.14 <0.0001 *
V 15.88 1 15.88 8.82 0.0127 *
h1 278.31 1 278.31 154.66 <0.0001 *
h2 1.52 1 1.52 0.8453 0.3776

Vh1 5.44 1 5.44 3.03 0.1098
h1h2 11.52 1 11.52 6.4 0.028 *
V2 13.65 1 13.65 7.58 0.0188 *
h1

2 12.53 1 12.53 6.96 0.023 *
Residual 19.79 11 1.8

Lack of Fit 8.84 7 1.26 0.4612 0.8251
Pure Error 10.95 4 2.74
Cor Total 349.08 18

R2 = 0.9433; R2
adj = 0.9072; CV = 5.28%; Adequate precision = 17.8366; Note: * shows the term is significant

(p < 0.05).

According to the requirements of agronomy, the sowing depth should be 15 to 25 mm.
If the mean sowing depth is 20 mm, the target value is Y=20 mm. Subsequently, the optimal
combination of V = 0.494 m/s, h1 = 15 mm and h2 = 15 mm was obtained by optimizing
the regression equation. Simulation verification experiments (as shown in Figure 8.) were
performed for the optimal combination under the target value; the average sowing depth
was 21.35 mm, which was consistent with the predicted value.

Figure 8. Simulation validation experiments of optimal combination.

4.2. Interactive Analysis and Discussion

According to the analysis of variance of the regression equation Equation (7), the
following factors interact with each other: forward speed V, extended length h1, and height
of the lower oblique section h2. The response surface analysis was conducted to account
for the interaction between the factors. Three factors were considered; one factor was set
to zero level to evaluate the interaction analysis between the two other factors. Figure 9
shows the response surface analysis.
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Figure 9. Interaction effect between factors: (a) Interaction between the forward speed and the extended length; (b) Interac-
tion between extended length and height of the lower oblique section.

The response surface analysis of the interaction between the forward speed V and
extended length h1 is shown in Figure 9a. When the extended length h1 was constant,
the sowing depth increases with the forward speed V, and then the sowing depth tends
to decrease. The maximum sowing depth occurs when the current feeding speed ranges
from 0.5 to 0.55 m/s. This is because, as the forward speed V increases, the time when
the telescopic pipe is in the soil decreases. Meanwhile, when the forward speed V is
excessively high, the rice seeds cannot fall into the soil timely, and they would fall into
the soil from the telescopic pipe during the excavation process, thus reducing the sowing
depth. The sowing depth increases with the extended length h1. Furthermore, an increase
in the sowing depth caused by the extended length h1 is faster than that caused by the
forward speed V. The extended length h1 presents a more significant effect on the sowing
depth than the other factors.

As shown in Figure 9b, when the extended length h1 is constant, the sowing depth
slightly increases with the height of the lower oblique section h2. The sowing depth
increases with the extended length h1. The extended length h1 increases rapidly and has a
significant effect on the sowing depth, while the height of the lower oblique section h2 does
not present a significant effect on the sowing depth.

4.3. Field Experiment Results

On 12 September 2020, a field experiment was conducted with the experimental
combination of V = 0.494 m/s, h1 = 15 mm, and h2 = 15. The experimental site was located
at the experimental field of Hebei Zhengrong Agricultural machinery Manufacturing
Company. The developed device and operation effects are shown in Figure 10.

As shown in Table 5, the experimental results indicate that the device has achieved
the design objectives and the agronomic requirements of dry direct-seeded rice with
film mulching.

Table 5. Experiment result statistics.

Parameters
Right Rate of Hill

Distances/%

Stagger Rate of
Film Hill and

Hill/%

Right Rate of
Depth of Sowing

under Film/%

Right Rate of
Seeds Per Hill/%

Rate of No Seed
Hill/%

Value 100 4.8388 95 83.33 3.2258
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Figure 10. Field experiments: (a) The developed device; (b) The effect of sowing.

5. Conclusions

Aimed at improving the technique of seeding in dry soil and drip irrigation for
emergence, we proposed the combination seeding method of ‘mini shovel + telescopic
pipe’ for dry direct-seeded rice with film mulching. The device for dry direct-seeded rice
with film mulching was developed by theoretical calculation, DEM simulations, and field
experiments. The research results showed that:

(1) The precise rice sowing was obtained by selecting the combined type-hole seed-
metering device. Moreover, the sowing depth can be adjusted within the range of 15
to 40 mm to satisfy the agronomic requirements of different sowing depths. The drive
slideway converted passive sowing to forced sowing, and the mini shovel pushed
away from the soil and obstacles in the seeding area, thus reducing the possibility
that the telescopic pipe would be clogged.

(2) DEM allowed the simulation of the device sowing process. Moreover, a regression
equation was established with the sowing depth as the dependent variable, and the
forward speed of the traction device, the extended length of the telescopic pipe, and
the height of the lower oblique section of the telescopic pipe as the independent vari-
ables. The simulation experiments and field experiments showed that the regression
equation could predict the sowing depth accurately.

(3) Field experiments were conducted according to agronomic requirements. The experi-
ment results showed that the right rate of hill distances, stagger rate of film hill and
hill, right rate of depth of sowing under film, right rate of seeds per hill, and rate of
no seed hill were 100%, 4.8388%, 95%, 83.33%, and 3.2258%, respectively. The experi-
mental results showed that the rice precision seeder with trepanning in the plastic
film could achieve the design and agronomic requirements for actual production.

The field experiments of the proposed precision seeder achieved the desired effect;
however, the sample size and scope of the field experiments are not substantial enough to
understand the adaptability of the device to different regions and soil environments. The
adaptability of the device should be verified in the future.
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Abstract: As a promising and convenient numerical calculation approach, the discrete element
method (DEM) has been increasingly adopted in the research of agricultural machinery. DEM is
capable of monitoring and recording the dynamic and mechanical behavior of agricultural materials
in the operational process of agricultural machinery, from both a macro-perspective and micro-
perspective; which has been a tremendous help for the design and optimization of agricultural
machines and their components. This paper reviewed the application research status of DEM in
two aspects: First is the DEM model establishment of common agricultural materials such as soil,
crop seed, and straw, etc. The other is the simulation of typical operational processes of agricultural
machines or their components, such as rotary tillage, subsoiling, soil compaction, furrow opening,
seed and fertilizer metering, crop harvesting, and so on. Finally, we evaluate the development
prospects of the application of research on the DEM in agricultural machinery, and look forward to
promoting its application in the field of the optimization and design of agricultural machinery.

Keywords: discrete element method (DEM); agricultural machinery; agricultural materials; model; in-
teraction

1. Introduction

In order to improve the operation performance and efficiency of agricultural machines
and satisfy the production requirements of modern agriculture, it is necessary to upgrade,
update, design, and optimize agricultural machines and their components [1,2]. Theoret-
ical analysis, numerical calculation, and experiment are the three most commonly used
approaches in the design and optimization process [3]. Computer simulation, which shows
the great advantages of a short cycle, low cost, and being free from the farming season
compared with experiments, has been popularly used in recent years in the research of
agricultural machinery [4,5].

There are two generally adopted computer simulation methods, the finite element
method (FEM) and the discrete element method (DEM). FEM has been mostly used in
the research of continuous mediums but most agricultural materials are discrete, such
as soil particles and crop seeds; therefore, FEM shows limitations in the study of soil
flow and mixture, failure and deformation, and the motion of seed flow [6,7]. Whereas
DEM, a numerical calculation approach for the analysis of complex dynamic discontinuous
mechanical discrete systems [8,9], has shown its advantages in the research of agricultural
machinery.

In DEM, research targets are divided into the discrete elements of particles and walls.
In the simulation of operational process of agricultural machinery, agricultural materials
can be modeled by particles or particle agglomerates, while agricultural machinery or its
components can be modeled by a combination of walls. The trajectory, movement, and
mechanical behavior of the agricultural materials and the resistance of the agricultural ma-
chinery and its components can be recorded in real time, so as to conduct an in-depth study

Agriculture 2021, 11, 425. https://doi.org/10.3390/agriculture11050425 https://www.mdpi.com/journal/agriculture79



Agriculture 2021, 11, 425

of the interaction mechanism between agricultural materials and agricultural machinery,
and offer guidance for the design and optimization of agricultural machinery.

Recently, many kinds of DEM software have been developed, such as EDEM, PFC,
Pasimodo, Agridem, Yade-DEM, DEMeter++, and so on [10–13]. Using this software, many
kinds of agricultural material models with high accuracy have been established, and with
these established models, many simulation studies of the interaction processes between
agricultural machinery and agricultural materials with high reliability and high fidelity
have been carried out [14,15].

The aim of this review is to introduce the application research progress of DEM
in agricultural machinery, including the model establishment of common agricultural
materials and the typical operational process simulation of agricultural machinery and its
components. The prospects of DEM’s application in research on agricultural machinery are
then proposed, while looking forward to promoting the application of DEM in the field of
the optimization and design of agricultural machinery.

2. DEM Model Establishment and Parameter Calibration of Agricultural Materials

Accurate and reliable DEM models of agricultural materials are the foundation of
the high fidelity simulation of agricultural machinery operation processes. Agricultural
materials mainly include soil, crop seed, straw, and fertilizer, etc.

2.1. Soil Model Establishment and Parameter Calibration

Soil is one of the basic research objects in agricultural machinery. Affected by geo-
graphical location, climate, soil texture, and many other factors, the soil in different regions
shows a great variance in physical and mechanical properties. As listed in Table 1, vari-
ous contact models have been developed in DEM to represent the contacts between soil
particles with different physical and mechanical properties, providing the basis for the
establishment of a soil model. To establish a soil model, a suitable contact model needs
to be established first, then the key parameters that affect the mechanical and dynamic
behavior of the soil need to be calibrated.

2.1.1. Establishment of Soil Contact Model

A DEM soil model can be classified into a cohesive model or a cohesionless model,
based on whether the soil has cohesion [16]. In the modeling of cohesionless soil, the Hertz–
Mindlin contact model (HMCM), in which the deformation at the contact point is assumed
to be non-linear elastic, can simulate the movement of cohesionless soil and the resistance
of the agricultural machinery with a certain accuracy, but only the elasticity behavior of the
soil can be modeled [17–19]. Ucgul et al. [20] developed a hysteretic spring contact model
(HSCM), consisting of linear elasticity and cohesion, where the contact between particles
of this model showed a linear elasticity when the stress was low, once the stress exceeded
the threshold value, particle contact behaved in a plastic way. Experiment results showed
that compared with HMCM, HSCM improved modeling accuracy in operation resistance
under different travelling speeds, especially in vertical resistance [21]. Moreover, in order
to simplify the calculation process, the contact between soil and machine mainly adopted a
cohesionless contact model such as the Hertz–Mindlin (no slip) model [22,23].

Soil shows cohesion due to the existing liquid bridge. The parallel bond contact model
(PBCM), which takes cohesion into consideration based on HMCM, is often adopted in
DEM software PFC (Itasca Consulting Group, Inc., Minneapolis, MN, USA) [24,25]. The
cohesion between soil particles was represented by a cylinder material, through which both
force and moment can be delivered. When the distance between two adjacent particles
was smaller than the preset value, the parallel bond was created spontaneously; when the
stress exceeded a threshold value, the parallel bond broke off, and the two particles were
separated, so as to mimic the soil breaking behavior. PBCM has mostly been adopted in
sandy soil or sandy loam soil models, but only cohesions between soil particles can be
simulated [26,27]. By adding cohesion and adhesion in a normal direction in the HSCM,
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the adhesion between soil and machinery can be modeled [28]. Experiments showed
that the improved HSCM with LCM (liner cohesion model) could predict resistance more
accurately under different moisture contents and pressures [29,30]. The Hertz–Mindlin
with bonding model, one of the most used models in EDEM software (DEM Solutions
Ltd., Edinburgh, UK), employed an “adhesive glue” to stick soil particles together. Shear
and normal displacement could be carried with the “adhesive glue” until the shear stress
reached the maximum value, then the “adhesive glue” breaks, in this way soil breaking
behavior in rotary tillage, subsoiling, and separation of soil and potatoes and so on could be
simulated [31–33]. However, this model was only appropriate for soils with low cohesion,
because the soils with a high cohesion show more cohesive and plastic behavior in a
macroscopic view [34]. The Hertz–Mindlin with JKR cohesion model uses JKR (Johnson–
Kendall–Roberts) normal elasticity contact force to represent soil cohesions [35]; with this
model, Xing et al. [36] established a model of lateritic soil in hot areas of Hainan Province.
The soil breaking resistance error was 3.43%; Li et al. [34] simulated a clayey black soil in
the Northeast Plain in China, and the soil aggregation phenomenon when moisture content
exceeded 12% could be simulated.

All the above-mentioned soil models were constituted by spherical particles with
the same physical and mechanical properties. However, soil composition is complex in
real fields. Soil properties show distinctions at different soil depth, and are often mixed
with straw, stubble, and other materials. Current studies have established a compound
model of different soil layers and a compound root–soil model. In the establishment of
a compound soil model of different soil layers, one method is to set different colors as
different soil depth layers (Figure 1a) [37–39]; the other is determining the soil contact
and constitutive parameters according to the soil structure, such as the tillage layer, plow-
pan layer, and subsoil layer for subsoiling (Figure 1b) [23]. These models can be used to
simulate the movement of soil particles at different depths and the resistance produced by
specific soil layers on the tillage device. In the study of a root–soil model, Liu et al. [40]
established a maize root model with bonded DEM particles and fixed the root model with
soil particles. The model could be broken off by external forces (Figure 1c); the root–soil
model established by Frank et al. [41] used sphere particles to model soil and flexible
cylinders to model stubble, the stubble could bend and stretch, and the soil could be broken
off. This root–soil model could be used in the study of tillage processes in a no-till field.
These compound models offer new concepts for the modelling of complex soil.

   
(a) (b) (c) 

Figure 1. Compound soil model. (a) Compound soil model with different layers; (x,y,z reperesents the axes of the 3D DEM
model) (b) Soil model for subsoiling [23]; (c) Root–soil model [40]. 1. Tillage layer 2. Plow-pan layer 3. Subsoil layer.

2.1.2. Calibration of Physical, Contact, and Constitutive Parameters of a Soil Model

In order to predict the movement of soil particles and resistance in the operation of
agricultural machinery accurately, the DEM parameters of a soil model should be calibrated.

There are two kinds of DEM parameter, namely physical parameters, such as porosity
and density, and contact and constitutive parameters, such as the friction coefficient, particle
strength and stiffness, and bond strength and stiffness [19]. Most research has modeled soil
particles with sphere particles, while Tekeste et al. [42] scanned the soil profile with a 3D
scanner (Artec Space Spider model, Artec Studio, Luxembourg), then imported the profile
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data into a 3D modeling software ANSYS SpaceClaim (SpaceClaim Corp., Concord, MA,
USA) and combined spherical particles to create a soil particle model that resembled the
real profile. The radius of soil particles has a vital influence on the modeling accuracy and
time spent. Many studies found that a decreased particle radius could improve modeling
accuracy, with an increase in the time spent [21,28,43]. For the purpose of reducing the time
spent, it was common to increase particle radius, so long as it could still ensure modeling
accuracy [44–47]. When the particle radius is changed, other parameters need adjustment
at the same time. Ucgul et al. [20] found that when soil particle radius was increased from
4 to 9 mm, the collision coefficient of restitution, static friction coefficient, rolling friction
coefficient, and time step all increased; Thakur et al. [48] found that in order to match the
macroscopic motion behavior with real experiments, particle stiffness should be increased
after the increase of particle radius.

There are two common methods for calibrating the contact and constitutive parame-
ters [15,49]. The first is determining the parameters directly with test apparatus; the second
is comparing the simulated dynamic or mechanistic behaviors with the experimental ones
through a repose angle test (Figure 2a), direct shear test (Figure 2b), triaxial pressure test
(Figure 2c), and tillage test, by changing the parameter value until the error between the
simulation and experimental results was controlled in a limited range, optimal parameter
values could be obtained [17,27,29,50–52].

   
(a) (b) (c) 

Figure 2. Typical calibration method for soil model parameters. (a) Repose angle test [29]; (b) Direct shear test [20];
(c) Triaxial compression test.

Friction coefficient is one of the most important parameters influencing soil dynamic
behavior, including the static and rolling friction coefficient between soil particles, and
the static and rolling friction coefficient between soil particles and the contact materials.
The repose angle test was the most commonly used method to calibrate friction coefficient
between soil particles. First, a repose angle experiment was conducted to obtain the real
repose angle; second, the friction coefficient value of the DEM model was changed until
the simulated repose angle was approximately that of the experiment value, then the
friction coefficients could be calibrated [53,54]. Friction coefficients between soil particles
and the contact material could be obtained directly with a sliding test on a slope or flat
sliding test [53]. The collision coefficients of the restitution between soil particles and
contact material were generally determined by collision test [55]. Soil cohesion was mostly
affected by particle stiffness, particle strength, bond stiffness, and bond strength [56–60].
Mak et al. [22] found that the operation resistance of a simple soil engaging tool increased
with the increase of particle normal and shear stiffness, the soil disturbance area increased
with bond shear strength, and the optimal DEM parameter values varied with soil type.
Chen et al. [53] calibrated particle stiffness for three kinds of soil by comparing the draft
force, vertical resistance, and soil disturbance in a furrow opening test; the relative error
was smaller than 10%. Pue et al. [58] calibrated the soil Young’s modulus, Poisson’s ratio,
and bond shear and normal stiffness with a triaxial compression test.

Table 1 summarizes the commonly used soil contact models and key model parameters
in the published literature.
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2.2. DEM Model Establishment of Crop Seed and Parameter Calibration

The profile of crop seeds is usually irregular, the main process of model establishment
is: determine the profile and establish a 3D outline model; establish a DEM seed model with
particles; calibrate the key parameters affecting seed dynamic and mechanistic behaviors
and verify the results with experiments. Common crop seeds have no cohesion between
each other in the operation of agricultural machinery; a Hertz–Mindlin (no slip) model,
which has no cohesion, has been widely adopted [4].

2.2.1. 3D Model Establishment of Crop Seeds

There were three common approaches to determining crop seed profile: direct deter-
mining, slice modeling, and 3D-scanning. The direct determining method means determine
the length, width, and thickness of crop seeds with a micrometer or vernier caliper directly,
and calculating the equivalent diameter and degree of sphericity [61–63]. Based on the
difference of seed profile and size, a model can be established by classification [64–66]. The
slice modeling method slices crop seeds into a certain thickness and collects an outline
profile of each section, then imports them into 3D modeling software to establish a 3D
model [67,68]. The 3D-scanning method uses 3D laser scanner or minitype CT scanner
to scan the seed profile and obtain the point cloud data, then imports the data into 3D
modeling software. This was more accurate than the other two approaches [69,70]. By these
methods, crop seed models of wheat, maize, rice, potato, flax, oilseed rape, soybean, and
black pepper have been established in recent studies, as listed in Table 2 [64,65,67,71–79].

A crop seed model is usually established by a particle agglomeration method, and
most studies found that the simulation accuracy increases with the increase of particle
quantity of the model, but the time spent increased simultaneously [69,80]; however, some
researchers found that specific crop seed models were more accurate when the particle
number was less [71,81].

2.2.2. The Contact and Constitutive Parameters of a Crop Seed Model

Apart from outline profile, the DEM parameters of a crop seed model also include
contact parameters such as friction coefficient, elasticity modulus, and so on. The repose
angle test was widely used to determine the static and rolling friction coefficient between
crop seeds, and its calibration process was similar with the soil parameters. As listed in
Table 1, the static and rolling friction coefficients of many kinds of crop seed have been
calibrated [78,82–92]. The static and rolling friction coefficients between crop seeds and
contact materials were usually determined with a slope sliding method or self-made coeffi-
cient determining apparatus [64]; collision coefficients of restitution were calibrated with
seed dropping tests and collision tests [74,75]. Using a static compression test, stiffness co-
efficient, elasticity modulus, Poisson’s ratio, and shear modulus were calibrated [62,72,93].
Some other studies calibrated the damping coefficient with a uniaxial loading test [94–96].
Common crop seed models and the key DEM parameters are listed in Table 2.

In real operation processes, air resistance and magnetic forces may also exist.
Binelo et al. [77] established an aerodynamic engine, through which the seed suspending
velocity, drag coefficient, orientation, and projection area were added in the model. In
this way, the air friction of the total seed could be calculated. In order to model the
magnetic force of seeds coated with magnetic powder, Wang [97] and Hu et al. [98]
created a force plug-in with C programming language using numerical fitting, then
loaded the magnetic power through an API interface of EDEM software (DEM Solutions
Ltd., Edinburgh, UK) to model the magnetic attraction behavior. Yu et al. [99–101] estab-
lished a maize-ear model with Agridem software, which they developed. A corncob was
modeled by particles with connections, and special balls were set between the niblet and
corncob particle to connect them together, the connections could be broken off, so that
the breakage of the corncob and maize threshing process could be simulated.

84



Agriculture 2021, 11, 425

T
a

b
le

2
.

D
EM

m
od

el
an

d
ke

y
pa

ra
m

et
er

s
of

co
m

m
on

cr
op

se
ed

s.

S
e

e
d

T
y

p
e

3
D

M
o

d
e

l

K
e

y
D

E
M

P
a

ra
m

e
te

rs

C
o

e
ffi

ci
e

n
t

b
e

tw
e

e
n

S
o

il
P

a
rt

ic
le

s
C

o
e

ffi
ci

e
n

t
b

e
tw

e
e

n
S

o
il

P
a

rt
ic

le
s

a
n

d
C

o
n

ta
ct

M
a

te
ri

a
l

E
la

st
ic

it
y

M
o

d
u

-
lu

s

D
a

m
p

in
g

C
o

e
ffi

ci
e

n
t

S
ta

ti
c

F
ri

c-
ti

o
n

R
o

ll
in

g
F

ri
ct

io
n

C
o

ll
is

io
n

R
e

st
it

u
-

ti
o

n
S

ta
ti

c
F

ri
ct

io
n

R
o

ll
in

g
F

ri
ct

io
n

C
o

ll
is

io
n

R
e

st
it

u
-

ti
o

n

W
he

at

[7
1,

72
]

[7
1,

82
]

[7
1]

[8
2]

St
ee

l[
82

]
Lo

w
-c

ar
bo

n
st

ee
l

[7
1]

Lo
w

-c
ar

bo
n

st
ee

l
[7

1]
[8

2]
Be

tw
ee

n
w

he
at

se
ed

;w
he

at
se

ed
an

d
st

ee
l[

82
]

M
ai

ze

[6
4–

67
]

[6
4,

83
]

[6
4,

71
,

83
]

C
ry

lic
ac

id
[8

3]
Lo

w
-c

ar
bo

n
st

ee
l

[7
1]

C
ry

lic
ac

id
[8

3]
A

lu
m

in
iu

m
;

O
rg

an
ic

gl
as

s
[9

0]
Lo

w
-c

ar
bo

n
st

ee
l

[7
1]

R
ic

e
[7

3]

 
[7

4]

[7
4]

[7
4]

[7
4]

Po
ta

to
se

ed
Sp

he
re

;b
ig

el
lip

so
id

pa
rt

ic
le

;s
m

al
l

el
lip

so
id

[6
5]

[8
4]

[6
5]

St
ee

l;
pl

as
ti

c
[6

5]
St

ee
l;

pl
as

ti
c

[8
4]

St
ee

l[
65

]

Fl
ax

 
[7

5]

[7
5]

[7
5]

[7
5]

O
rg

an
ic

gl
as

s;
A

lu
m

in
um

cy
lin

de
r

[7
5]

O
rg

an
ic

gl
as

s;
A

lu
m

in
um

cy
lin

de
r

[7
5]

O
rg

an
ic

gl
as

s;
st

ee
l

[7
5]

[7
5]

R
ap

es
ee

d
 

[7
6]

[8
5,

86
]

[8
5,

86
]

[8
5]

A
bs

;a
lu

m
in

iu
m

al
lo

y
[8

5]
O

rg
an

ic
gl

as
s

[8
7]

A
bs

;a
lu

m
in

iu
m

al
lo

y
[8

5]
O

rg
an

ic
gl

as
s

[7
6,

87
]

A
bs

;a
lu

-
m

in
iu

m
al

lo
y

[8
5]

[9
5]

[9
5]

85



Agriculture 2021, 11, 425

T
a

b
le

2
.

C
on

t.

S
e

e
d

T
y

p
e

3
D

M
o

d
e

l

K
e

y
D

E
M

P
a

ra
m

e
te

rs

C
o

e
ffi

ci
e

n
t

b
e

tw
e

e
n

S
o

il
P

a
rt

ic
le

s
C

o
e

ffi
ci

e
n

t
b

e
tw

e
e

n
S

o
il

P
a

rt
ic

le
s

a
n

d
C

o
n

ta
ct

M
a

te
ri

a
l

E
la

st
ic

it
y

M
o

d
u

-
lu

s

D
a

m
p

in
g

C
o

e
ffi

ci
e

n
t

S
ta

ti
c

F
ri

c-
ti

o
n

R
o

ll
in

g
F

ri
ct

io
n

C
o

ll
is

io
n

R
e

st
it

u
-

ti
o

n
S

ta
ti

c
F

ri
ct

io
n

R
o

ll
in

g
F

ri
ct

io
n

C
o

ll
is

io
n

R
e

st
it

u
-

ti
o

n

So
yb

ea
n

[7
7,

78
]

[7
8]

[7
8]

[7
8]

Bl
ac

k
pe

p-
pe

r
[7

9]

[7
9]

[7
9]

st
ee

l[
79

]
st

ee
l[

79
]

[7
9]

86



Agriculture 2021, 11, 425

2.3. Other Agricultural Materials

The establishment of a straw model has been the latest development in DEM research.
Straws physical structure is complicated; in the preliminary stage, a rigid straw model
was mostly studied, which could be used to analyze the straw movement, burying, and
distribution in the operation of soil tillage [102–106]. By adding contact points or a stick
key between two rigid straw models, moment and force could be transferred, and a flexible
straw model with elasticity was established [107–109]. Furthermore, Schramm et al. [110],
Wang et al. [111], and Liu et al. [112] calibrated the Young’s modulus, cohesion damping
coefficient, elasticity modulus, and cohesion parameters through a cantilever beam test and
three point bending test. For the straw cutting behavior, Guo [113] and Zhang [114]
modeled the cutting process of rattan straw and maize straw scarfskin, respectively.
Liao et al. [115,116] established fodder rape straw models in the bolting stage and early pod
stage, respectively, and calibrated the friction coefficient and cohesion parameters through
a repose angle test and straw cutting test. Using a straw compression test and cutting test,
Zhang et al. [117] calibrated the key mechanic parameters of Young’s modulus, bending
strength, and elasticity modulus of a BPM (bonded particle model) straw model; the model
could simulate the four straw forms of short, standard, long, and unbroken straw after
being crushed [118–120]. Table 3 summarizes the established straw models and their key
DEM parameters in the literature.

Fertilizer models were mostly represented by single spherical particles: the static and
rolling friction coefficient between urea particles and the static and rolling friction coeffi-
cient between urea particles and ABS (acrylonitrile-butadiene-styrene) and PVC (polyvinyl
chloride) material were calibrated through repose angle test and slope sliding test [121,122];
and the terminal velocity of large particle urea, DAP (diammonium phosphate), and
potassium sulfate was determined through CFD-DEM coupling simulation [123]. Based
on the mix uniformity of three fertilizers after fertilizing, Yuan et al. [124] calibrated the
rolling friction coefficient between nitrogen fertilizer, phosphate fertilizer, and potassic
fertilizer, and calibrated the static and rolling friction coefficient between the fertilizer and
a conveyor.

There have also been studies that established a DEM model of fodder, vermicompost-
ing nursery substrate, and pig manure organic fertilizer treated with Hermetia illucen,
and calibrated the contact and constitutive DEM parameters [125–127]. Coetzee and Lom-
bard [128] established a grape model to predict the removal of berries from the stems
(Figure 3); grape berries were modeled by single DEM particles, and the stem was modeled
by a branch of particles that stick together and which could be broken off, and the model
could simulate the grape picking and stem breaking process.

 
Figure 3. Grape picking process modeling [128].
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3. DEM Simulation of Agricultural Machinery Operation Processes

The interaction relationship between agricultural material and agricultural machinery
during its operational process has been the focus of DEM modeling research [14]. The DEM
simulations of typical agricultural machinery operation processes are as follows:

3.1. Simulation of Tillage and Soil Preparation
3.1.1. Simulation of Rotary Tillage

DEM could record the resistance and torque of a rotary blade in a small time interval,
the variation trends of the simulated working resistance curve in all directions were drawn,
and they were found to be similar to the theoretical resistance curve and the soil bin
experimental results [129–131]. For torque requirements, the change of key stages can be
obtained and typical variation curves can be illustrated with DEM (Figure 4) [130,132–134].
The experiment curve had a second peak value, while the simulation one did not, indicating
the simulation remains to be improved [135].

 

Figure 4. Typical torque variation curve during rotary tillage soil cutting process [132].

For the aspect of soil and straw disturbance, DEM software can monitor the path,
contact force, displacement, velocity, and accelerated velocity of single particles, and
analyze their dynamic characteristics under different working depths and rotating speeds
microscopically [31,102] (Figure 5a). It can also record the soil and straw disturbance
produced by a rotary tillage device quantitatively in a macroscopic view [60,103], as shown
in Figure 5c,d; Zheng et al. [136] marked soil blocks in different colors in a DEM model and
found that a rotary blade could shear, tear, overturn, and throw the soil block so as to make
the tillage layer flat, comminute, and loosen. Zhao [137] compared velocity vector maps of
different types of rotary blade (Figure 5d) and found that when the blade was tilted with
the travel direction, straw could be thrown aside so that the seedbed could be cleaned up.

3.1.2. Simulation of Subsoiling

The purpose of subsoiling is to break up the plow-pan and loosen the soil. Zeng et al. [3]
used a built-in measuring sphere in DEM to monitor the internal stress and porosity, with
which the break up performance of a plow-pan was evaluated; while Ding et al. [32] eval-
uated the soil breakage performance by calculating the number of broken bonding keys
of a DEM cohesive soil model (Figure 6a). Huang et al. [138] analyzed the microcosmic
movement and macroscopic disturbance of soil particles in different positions, and clarified
the soil dynamic principles during a subsoiling process (Figure 6b). By combining a DEM
simulation with an orthogonal test method, the effect of the structural parameters of the
subsoiler, such as if it has a wing, the install height of the wing, the distance between two
subsoilers, and the operational parameters (subsoiling depth, travel speed on working re-
sistance, and soil disturbance) have been studied [139–142]. Based on the above-mentioned
results, various subsoilers, such as a polyline soil-breaking blade subsoiler and convex
blade subsoiler (Figure 6c), have been developed [23,143–146].
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(a) (b) 

  
(c) (d) 

Figure 5. Monitoring soil and straw disturbance in the rotary tillage process (x,y,z reperesents the
axes of the 3D DEM model). (a) Soil particles [60]; (b) Straw [60]; (c) Soil disturbance in DEM [60]; (d)
Straw velocity vector map in DEM [137].

   
(a) (b) (c) 

Figure 6. Simulation of a typical subsoiling process [32]. (a) Simulation of bonding breakage. (b) Soil disturbance in vertical
direction [138]. (c) Simulation of soil particle velocity [144].

3.1.3. Simulation of Plowing

The aim of plowing is to bury the surface soil and straw into the deeper soil layer. With
the established compound soil model with different layers, Ucgul et al. [45,47] recorded
soil particle movement at different depths. It was found that when the plowing depth was
300mm, only 10% of the surface soil remained at a 100 mm depth, 53% soil particles were
buried at 200–300mm depth, and the simulation results were verified with field experiments.
Saunders et al. [147] studied the relationship between the soil burying performance of
a moldboard skimmer and the drag force, and found that DEM could predict working
resistance more accurately than the other existing theoretical models.

3.1.4. Simulation of Interrow Tillage

In the simulation research of interrow tillage, by monitoring soil particle movement
and the breakage of bonding keys, Cheng [148] analyzed the influence of rotary speed,
travel speed, bending angle of the hiller blade, number of hiller blades, angle of the shell
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and soil breakage, number of soil particles being thrown upward, and distribution of the
thrown soil. Liu [149] studied the influence of tillage depth, working speed, and angle
of sweep wing on soil breakage rate, hilling height, and hilling width. This research was
helpful for understanding the interrow tillage mechanism and provided reference for the
design and optimization of structures and operation parameters of its key components.

3.1.5. Simulation of Soil Compaction and Traction

Soil is compacted during the operation of agricultural machinery. DEM could model
the compaction of tires on soil, the sinkage of the tire, and the resistance and torque
requirement of the tire [150,151]. Difficulties lie in the modeling of the pressure delivered
from the tire to the soil surface, and three approaches are commonly adopted at present.
The first was to model the pressure delivery with a built-in Sohne model (Figure 7a), with
which the stress distribution could be simulated [152–154]. The second established a tire
model with a particle agglomeration method, so that the tire has gravity and its sinkage
could be simulated (Figure 7b) [155]. The third was with the help of a CFD (computational
fluid dynamics)–DEM coupling method, where a tire was modeled with CFD and the soil
was modeled with DEM (Figure 7c), and the dynamic characteristics of the tire on a sandy
soil road could be simulated [156,157].

(a) (b) (c) 

Figure 7. Three typical soil compression modeling methods. (a) Preinstall stress in the model [154]; (b) Particle agglomerate
method [155]; (c) CFD–DEM coupling method [156].

Traction performance can be simulated and evaluated by DEM. Nakanishi et al. [158]
investigated the effect of lug height, lug thickness, number of lugs, and wheel diameter on
the net traction of a wheel. Zeng et al. [159] predicted the tire rutting, vertical force, tractive
force, and sinkage of a tire–sand interaction with DEM–FEM, and it was in good agreement
with soil bin experiment. Nishiyama et al. [157] proposed a FEM–DEM coupling method
for tire traction analysis, in which the soil model was transferred from a FEM to DEM
model only when the tire was approaching, once the tire left, the model became a FEM
model again. With this approach, the simulation time could be reduced significantly.

3.2. Simulation of Seeding
3.2.1. Simulation of Furrow Opening

With the help of DEM, recent studies have conducted single parameter tests to an-
alyze the effect of working depth, rake angle, and travel speed on furrow opening per-
formance and resistance [160–162]. By establishing opener models with different struc-
tures: Tamas et al. [53] compared the operation performance of different furrow openers;
Tekeste et al. [40] studied the effect of worn openers with different surface profiles on
working resistance; and Ucgul et al. [28,163] studied the effect of soil characteristics on
furrow opening performance by changing the moisture content and compaction level of
the soil model. Combined with an orthogonal test, Zhang et al. [164] and Liu et al. [165]
optimized the key structure parameters of an opener and the moldboard shape of a furrow
opening device, respectively.
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3.2.2. Simulation of Seed Metering

In DEM simulation, the motion state of seed flow can be monitored in real time, and
the effect of structure parameters and operation parameters of metering device on the
metering performance can be evaluated [166] (Figure 8); for example, the effect of structure
and operation parameters of a metering wheel on the beginning angle and ending angle
of seed cleaning performance [167], and the motion states of maize seed groups being
affected by vibration in field operations [168]. The force transfer of seed flow can also
be monitored. Tian [169] studied the variation of the maximum force of rice seed in the
seed taking stage of an ejection ear spoon device, which was difficult to obtain through an
experiment method, and analyzed the reason for seed miss-filling and re-filling. Taking
the metering percentage of a pass as the response target, a lot of structure and operation
parameters have been designed and optimized with the help of DEM, such as depth, length,
and section size of the model-holes of a hill-seeding centralized metering device [170]; and
the arc radius, center angle, and lateral spacing of the middle plate of the seed taking claw
of a garlic seed-picking device [171].

  
(a) (b) 

Figure 8. Typical seed metering process simulation. (a) Seeding filling process of a maize seed
metering device [166]; (b) Seed taking process of a garlic metering device [171]. 1.Upper shell. 2. Seed
cleaning device. 3. Lower shell. 4. Metering disc. 5. Seed pushing board. 6. Seed delivery tube. I.
Seed filling zone. II. Seed cleaning zone. III. Seed guidance zone. IV. Seed pushing zone.

The CFD–DEM coupling method, which models airflow with CFD and models crop
seeds with DEM, could monitor not only the airflow velocity and distribution in the meter-
ing device and metering tube, but also the movement of seeds in the airflow, so as to analyze:
the effect of the structure of a pressurized tube on seed motion, and airflow in the tube of
an air-assisted centralized metering device for rapeseed and wheat (Figure 9) [72,172]; the
effect of the structure of three different metering discs of inside-filling air-blowing seed
metering device on the drag force of the seed in a large circular shape [173]; the effect of the
diameter and length of metering tube on airflow and motion of seed flow [174]; the seed
filling performance in the adsorption, removing, and separation stages of a pneumatic seed
metering service, with guided assistant filling [175], providing references for the design
and optimization of air-assisted metering devices.

92



Agriculture 2021, 11, 425

 

(a) (b) 
Figure 9. The coupling simulation of the metering process of a metering device for wheat and rapeseed [72] (a) CFD–DEM
coupling simulation of airflow; (b) CFD–DEM coupling simulation of seed flow.

3.2.3. Simulation of Fertilizer Metering

In DEM, it is convenient to record the trajectory of fertilizer particles in the metering
process, determine the spatial distribution position, distribution evenness index, etc. With
the obtained data, a set of factor influencing the movement of fertilizer particles and
fertilizer metering performance can be analyzed, such as the feeding rate, feeding angle
and feeding position angle’s effect on the distribution in lateral distance of a fertilizer
spreader with centrifugal swing disk [176] (Figure 10a); the effect of the inner diameter
of the screw blade, screw pitch, outlet distance, number of screw heads, and the blocking
wheel opening width on the coefficient of variation of fertilization stability [177].

With CFD–DEM coupling simulation, Gao [178] studied the effect of the rotary speed
of a metering shaft on the metering quantity of a metering device, and analyzed the effect of
position of the maximum airflow velocity and airflow velocity in the entrance on the move-
ment of fertilizer in the tube; Liu et al. [179] analyzed airflow distribution and movement of
a fertilizer group under different inlet velocities by monitoring the fertilizer accumulation
performance through DEM, and evaluated the injection performance (Figure 10b).

 
 

(a) (b) 
Figure 10. Simulation of fertilizer metering processes. (a) Simulation of fertilizing evenness [176]; (b)
Simulation of fertilizer particle movement in the airflow [179]. 1. Feeding angle 2. Feeding zone 3.
Feeding position angle.

Zeng et al. [5] monitored the dynamic characteristics between cotyledon and soil
particles in soybean seedling emergence in DEM. Zhou et al. [180] analyzed the contact
between seed and soil in a quantitative way, by monitoring their contact numbers, and
providing new ideas for the understanding of seedbed preparation.
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3.3. Simulation of Crop Harvesting
3.3.1. Simulation of Material Transfer

DEM modeling of the crop harvesting process includes material transfer, threshing,
and cleaning. In order to analyze the wheat harvesting process, Wang et al. [181] adopted a
coupling simulation method with EDEM–Recurdyn (EDEM, DEM Solutions Ltd., Edin-
burgh, UK; Recurdyn, FunctionBay Inc., Seoul, Korea), in which the wheat was simulated
by DEM and the harvest combine was simulated by FEM, and the translate characters,
velocity in an axial direction, and regional flow rate of material quantity in the continuous
delivery process of the wheat were analyzed (Figure 11). Wang et al. [182] modeled rice
plants with connected balls and simulated the transfer process from the conveyer to the
threshing units of a combine harvester.

  
(a) (b) (c) 

Figure 11. Simulation of wheat movement in a conveyor system [181]. (a) Wheat in the spiral conveyor; (b) wheat in the
incline conveyor; (c) wheat in the feeding head of a spiral roller.

3.3.2. Simulation of Threshing

With the established corncob DEM model, Yu [100] modeled the maize threshing pro-
cess of a drum-type corn threshing device (Figure 12), and analyzed the effect of rotating
speed and feeding rate on the threshed rate and force of the corncob. Mou et al. [183]
modeled the breaking process of maize kernels in a silage harvesting process, and ob-
tained the optimal parameter combination of teeth number, blade depth and crushing
gap, and the rotary speed of the knife roll of the threshing device. With the threshing
simulation of rice, the large deformation and fragmentation of the rice plants was modeled
by Wang et al. [182].

    
(a) (b) (c) (d) 

Figure 12. Simulation of a maize threshing process [100]. (a) Generation of corncob; (b) start of
threshing; (c) during threshing; (d) end of threshing.

3.3.3. Simulation of Cleaning

To study the separation of straw and grain in the screening process, Lenaerts et al. [107]
analyzed the properties of straw and grains on screening speed (Figure 13a). Li et al. [184]
and Wang et al. [185] effectively analyzed the influence of the operation parameters of
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vibrational amplitude, frequency, and direction angle on screening time and efficiency.
Han [186] and Ma et al. [187] optimized the structure of separation sieves (Figure 13b).

 
 

(a) (b) 

Figure 13. Simulation of grain screening process. (a) Simulation of grain–straw separation [107]; (b)
simulation of sieving process of maize grain [187].

Using a CFD–DEM coupling method, the movement of particles in the air-screen
cleaning was monitored, and the effect of inlet airflow velocity on the longitudinal velocity
and vertical height of grains and short straws was investigated [188]. Xu et al. [189]
studied the centroid velocities of grains, stems, and light impurities in the air-and-screen
cleaning process, and monitored their degree of dispersion. With these data, the cleaning
performance was analyzed.

Wei et al. [33] modeled the separation of soil and potatoes during the potato harvesting
process and clarified the effect of structure and operation parameters of a wavy separating
sieve on the collision between potatoes and soil clod breakage.

3.4. Simulation of Post-Harvest Processes
3.4.1. Simulation of Grain Conveying

With a DEM simulation, it was observed that the rotation angles of paddy grains
increased with the increase of feeding direction. Adjusting the grain vertical direction into
the hulling region by controlling the feeding angle could increase the one-time hulling ratio
and reduce the breakage ratio (Figure 14) [190]. Chen et al. [191] also found that paddy
rice, not only has a translational motion, but also rotates due to the shear of grain flow,
which leads to a change in the orientation angle, which was determined by the depth of the
grain layer. This study could provide guidance for the design and optimization of feeding
systems.

Figure 14. Simulation of rice grain conveying and hulling [190] (x,y,z reperesents the axes of the 3D
DEM model).

Wang et al. [192] studied the effect of the inclination angle of returning plate and
belt travel speed on particle return rate of wheat granules in a returning device for a
fully enclosed belt conveyor; the returning mechanism was clarified and the optimal
combination parameters of the two factors was obtained.
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3.4.2. Simulation of Storage and Discharge of Seed in Silos

With DEM, the discharge process of a hopper was studied, it was found that the
shape of the particle had a significant influence on discharge rate [193]. Using the sum of
vertical forces exerted by rapeseed particles on the walls and floor of a receiving container, a
difference in the mass flow rates was observed [87]. By recording the position, velocity, and
force of wheat particles in a silo with DEM, the location of the front of the rarefaction wave
was inferred [194]. Then the formation and propagation of the wave in the discharging
process was analyzed. Zaki et al. [195] studied the influence of orifice shape on the
discharging process of a flat-bottomed cylindrical silo. Horabik et al. [196] studied the
effect of particle shape and filling method on the radial profile of the normal pressure on
the bottom of a shallow silo.

3.4.3. Simulation of Grain Separation

Separators were used to separate grains from stones or other impurities. Kan-
nan et al. [197] simulated the separation process of the discarding of a heavy product
(stones) and accumulation of a light product (grains) on the deck of a destoner. Then, the
effect of deck inclination vibration speed and fluidizing air velocities at the surface on
the segregation performance was investigated and their optimal combination value was
obtained [198].

Meng et al. [199] conducted simulation research on the separation of whole and broken
rice in an indented cylinder separator; the motion trajectory of whole and broken rice with
different rotational speed ratios was recorded, and the effect of indent number on the
escape angles was investigated. Then the optimal angle of the trough was decided.

4. Research Prospects

DEM could conveniently establish simulation models of agricultural machines and
their components, and it was possible to quickly adjust structure and operation parameters
within DEM to conduct simulations and collect movement and dynamic data of agricultural
materials. Therefore, DEM has become an important approach to help with the design and
optimization of the structure and working parameters of agricultural machines and their
components. However, the application of research on DEM still remains in its infancy, its
application breadth and depth should be developed further.

The DEM modeling accuracy of agricultural materials should be promoted to a higher
degree. Most of the existing DEM models of agricultural materials show isotropy and
were constituted by spherical particles with the same mechanical properties. However, the
construction of agricultural material is usually complicated, and differences exist between
different parts of the seed, maize straw cortex and flesh, grape fruit and stem, etc. These
differences make agricultural materials isotropic, due to which the physical and mechanical
characters remain to be studied further and the models need to be improved accordingly to
promote accuracy and reliability, such as the establishment of compound root–soil models.
The studies of deformation, failure, and breakage of crop grains and straws are still in a
primary stage, and the contact model and model parameters need to be studied further with
simulation research of movement and dynamic behaviors, and considering the bending,
twisting, cutting, smashing, and damaging behaviors of agricultural materials.

There are also challenges in improving the basic theories of DEM. The contact models
in DEM are hypothetical models which approximate the real materials. Certain differ-
ences of mechanical relationships exist from the real situation, for example, the adherence
between soil particles and tillage equipment still lacks a reliable contact model. To this
end, the DEM needs to be improved in its fundamental theories, to make the nonlinear
mechanical and dynamic behavior produced by simulations better match the real states.
One of the main advantages of DEM is that it is less time consuming, but in the data
obtaining process, the mechanical and dynamic information of each DEM particle needs to
be calculated. When the DEM particle number is increased, the time spent may increase
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in a many-fold manner; therefore, how to carry out the calculations more effectively, and
improve simulation efficiency is one of the most important research issues.

There is also a need to conduct coupling research along with other methods. DEM is
mainly suitable for the research of discrete materials, however, in the interaction process
between agricultural materials and agricultural machinery, both discrete materials and
continuous mediums should be used. By solid–fluid coupling, complex field situations
could be modeled with the consideration of moisture content, air resistance, magnetic force,
and so on, with the help of FEM and many-body dynamics. Through solid–solid coupling,
the monitoring of the specific resistance of different positions of agricultural machinery
components may be realized, and the complex motion of agricultural machinery parts
could be modeled; and thus, the agricultural machinery structures could be better designed
and optimized.
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Abstract: Rapidly warming climate, tightening environmental requirements, an aging society, rising
wages, and demand for organic products are forcing farming to be more efficient and sustainable.
The main aim of this study was to perform an analytical analysis and to determine the energy
use and GHG emissions of organic sugar beet production using different weed control methods.
Seven different methods of non-chemical weed control were compared. Mechanical inter-row
loosening, inter-row cutting and mulching with weeds, weed smothering with catch crops, and
thermal inter-row steaming were performed in field experiments at the Experimental Station of
Vytautas Magnus University (Lithuania, 2015–2017). The other three, namely, automated mechanical
inter-row loosening with cameras for row-tracking, inter-row loosening with a diesel-powered robot,
and inter-row loosening with an electric robot were calculated analytically. The results showed
that the average total energy use of organic sugar beet production was 27,844 MJ ha−1, of which
manure costs accounted for 48–53% and diesel fuel for 29–35%. An average energy efficiency ratio
was 7.18, while energy productivity was 1.83 kg MJ ha−1. Analysis of GHG emissions showed that
the total average GHG emissions to the environment from organic sugar beet production amounted
to 4552 kg CO2eq ha−1, and the average GHG emissions ratio was 4.47. The most sustainable organic
sugar beet production was achieved by using mechanical inter-row loosening with a diesel-powered
robot for weed control.

Keywords: energy indicators; GHG emissions; organic farming; sugar beet; non-chemical weed
control; robots

1. Introduction

1.1. Weeds in Sugar Beet Production

Weeds are one of the main problems in crop production because they compete with
major field crops for vital resources such as water, nutrients, space, and light [1–4]. As a
result of this competition, the yield is significantly reduced, its quality deteriorates, and it
is harder to harvest. Depending on the crops, weeds can reduce crop productivity by up to
40% [5–8].

The most common annual weed species in sugar beet crops in Lithuania are
Chenopodium album, Sinapis arvensis, Echinochloa crus galli, Stellaria media, and perennial
weed species dominates by Taraxacum officinalis, Elytrigia repens, and Plantago major [9].

Sugar beet is particularly sensitive to weed competition, which can reduce the yield
of sugar beet roots by 26 to 100% [2,4,10–15], even at low weed density of five weeds
per 1 m2 [16,17]. Therefore, weed control is very important and can significantly increase
the yield of sugar beet [11,18]. Although organic farms tend to require more labor and
investment, organic farming is becoming increasingly more popular across the EU, with
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the main countries growing organic beets being Germany (52% of the European organic
farmland) and Austria (23%) [19]. Sugar beet is also an important crop in local Lithuanian
industry as the main raw material for white sugar.

The problem of weeds is particularly relevant in organic crops, where the yield is
already 25–50% lower compared to traditional farming [1]. Detailed literature analysis
by Seufert et al. [20], comparing the yield data from ecological and traditional practices,
showed that the yield of organic plants is generally lower, ranging from 5 to 34% of
traditional system yields. Therefore, the weed control method chosen, and good farm
management practice, have a huge impact not only on crop productivity and its quality
but also on the impact on the environment.

1.2. Ecological Weed Control Methods

The conventional method of weed control using chemical herbicides is not acceptable
in organic farming practices. Therefore, mechanical weed control is an alternative to
chemical weed control [2,4,21,22]. In addition, chemical weed control is not only expensive
but also has a negative impact on the environment [11]. Weed control based on chemical
treatment has increased costs and made some weeds resistant to herbicides [23]. Mechanical
weed control removes weeds physically by eradicating them, i.e., by shredding all plants
or by separating weed stems and leaves from their roots [2,15]. The scientific literature
presents a variety of positive and negative results from studies related to mechanical
weed control [24]. Kunz et al. [17] found that mechanical inter-row loosening alone or in
combination with herbicides results in a similar sugar beet yield to conventional spraying.

Mulching is another method of weed control that can also be used in organic crops.
Plant mulch residues on the soil surface alter the physical and chemical environment
of weed seeds, thereby inhibiting weed germination and growth. As an alternative to
mechanical weed control, thermal weed control with heat, electricity, flame, hot water, and
foam can be used [4,25]. The work of Kunz [26] revealed that the use of a living mulch in
sugar beet production can reduce the amount of herbicide by up to 65% and the number of
weeds by up to 83%.

Often, a mechanical method of weed control requires large investments in energy, labor,
and time, and its speed and accuracy are limited by a lack of staff skills and experience [27].
In some cases, a mechanical method of weed control alone may not be enough, as such a
method is not always able to eradicate weeds growing very close to sugar beet. In such
cases, a manual weed control method is often still used. Due to the potential risk of crop
damage, especially when weed control is performed in crop row between the plants, it is
necessary to use precise mechanical tools [28,29]. Accurate position control of implements
or tools based on digital technologies such as various types of cameras (RGB, hyperspectral,
multispectral, etc.), sensors, RTK-GPS, and machine learning [4,14,18,24,30–33] provide the
ability to control weeds in crop rows close to plants without damaging the crop. These
technologies allow not only the control of weeds in a specific field location in real time, but
also the very accurate classification of crop plants and weeds. Automated precise weed
control by self-propelled robots has been rapidly evolving and has become one of the key
areas of agricultural robotics research over the past decade [18,32,34–39]. Kunz et al. [14]
evaluated camera-steered mechanical weed control and found that such an approach
improved the mechanical efficiency of weed control in sugar beet, maize, and soybean
crops. Automated inter-row weeding controlled by cameras killed 78% of weeds, while
manual control killed only 65%. Automated steering with the help of visual cameras allows
the operator not only to direct the cultivator’s working parts closer to the main crop rows,
but also to increase the driving speed from 4 km h−1 in manual steering to 7–10 km h−1

with automated steering. Automated and robotic techniques facilitate the operator’s work,
reduce labor time costs, and increase the efficiency of mechanical weeding compared to
conventional weed control methods [17]. In addition, the smaller dimensions and weights
of robots compared to traditional heavy tractors result in lower soil compaction [38–40].
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1.3. Energy Use and GHG Emissions

Sustainable development requires management of energy use and greenhouse gas
(GHG) emissions in all production processes [41]. Haciseferogullari et al. [42] examined
the energy balance of sugar beet production and found that the total energy input, total
energy output, output/input ratio, and net energy consumed in chemical production
were 19,760 MJ ha−1, 378,491 MJ ha−1, 19.15, and 18.15, respectively. Meanwhile, Yousefi
et al. [43] showed that, for sugar beet growing in Western Iran, the total input and output
was 49517 and 1,095,360 MJ ha−1, respectively. The calculated energy use efficiency was
22.12 and the carbon efficiency ratio of sugar beet was 10.95. Dimitrijevic et al. [44]
estimated the energy efficiency of sugar beet production and found that 0.93 MJ kg−1 of
energy was needed to produce one kilogram of product. The results of Šarauskis et al. [45]
showed that energy consumption could be 10 to 70% lower in organic farming compared
to conventional farming practices.

Agriculture makes a significant contribution to GHG emissions, with as much as
24% of total net GHG emissions coming from Agriculture, Forestry, and Other Land Use
(AFOLU) [46]. Tzilivakis et al. [47] estimated energy consumption and GHG emissions from
sugar beet production in the UK and reported that the average global warming potential
(GWP) per ton of sugar beet grown was 0.024 tons of CO2 t−1. Pishgar-Komleh et al. [41] es-
timated that the total GHG emissions from cucumber production were 82724 kg CO2eq ha−1,
with the highest emissions from diesel (61%), electricity (19%), and manure (14%). Or-
ganic crop production is associated with lower average GHG emissions per hectare than
conventional farming [19,47].

Substantial research can be found in the scientific literature, providing indicators of
energy and GHG emissions from different crops. However, no research demonstrating an
analysis of energy use and GHG emissions in organic sugar beet production, investigating
different weed control methods involving robots, has been found. Therefore, the aim of this
study is to analyze, evaluate, and compare the impact of conventional as well as robotic
weed control methods regarding the energy and environmental performance in organic
sugar beet production. Mechanical and thermal weed control methods were performed
in field experiments, and automated and robotic weed control systems were calculated
analytically.

2. Materials and Methods

2.1. Description of Weed Control Methods

This study examines seven different weed control methods in organic sugar beet
crops. The baseline data needed for this study concerning four non-automated weed
control methods—inter-row loosening (E1), inter-row cutting and mulching with weeds
(E2), inter-row cutting and mulching with catch crop (E3), and inter-row steaming (E4)—
were obtained after experimental research at the Experimental Station of Vytautas Magnus
University in 2015–2017. To avoid repetition, the location and conditions of the research
are described in detail in Romaneckas et al. [48]. The other three weed control methods
for comparative analysis—automated inter-row loosening with cameras for row-tracking
(E5), inter-row loosening with a diesel-powered robot (E6), and inter-row loosening with a
solar-powered robot (E7) (Figure 1)—were based on analytical theoretical methods. All
weed control treatments were performed three times per season.

The electric robot (E7) is designed for weed control and sowing of crops sown in wide
rows. The robot operates fully automatically using highly accurate GPS technology and is
independent of cameras or sensors to detect plants and weeds. Because the robot knows
the position of each seed, it can start weeding at a very early stage—before the crop begins
to germinate. Robots using camera systems that need to recognize crops and weeds do not
have this capability. Three weeding wires in each row ensure weed removal between rows.
Weed control in rows between crops is performed by a weeding arm. The electric motor
pulls its weeding arm in and out of the row [49]. The diesel-powered robot (E6) controls
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weeds by recognizing them with the help of cameras. Such systems use weed detection
algorithms and generate weed maps.

The technical data of the automated inter-row loosening (E5) machine were taken from
the manufacturer’s specification, and the working speed (7.2 km h−1) was selected based
on the results of tests performed by Kunz et al. [17]. One of the robots used to control weeds
was powered by a diesel engine [50]. The inter-row loosening machine supplied with the
robot was selected according to the power requirement specified by the manufacturer. The
operating speed (5 km h−1) of the diesel-powered robot (E6) was selected following the
manufacturer’s recommendations for the weed control operation. Another robot compared
in the study was powered by electricity with solar modules and batteries (E7). This robot
can work 8 h or more without interruption [49]. Its working speed (1.0 km h−1) was the
lowest of all the weed control machines.

 

Figure 1. Scheme of weed control methods for comparative analysis. Note: (x3)—Technological
operations were performed three times per season.

2.2. Calculation of the Energy Input/Output

This study examines the energy input for an area of 20 hectares of organic sugar beet
production. In order to compare the energy efficiency of different weed control methods,
energy input (agricultural machinery, fuel, working hours, etc.) and energy output were
calculated. Energy input and technological indicators were assessed for each weed control
method, including all organic sugar beet growing operations in accordance with the recom-
mendations of the Lithuanian Institute of Agrarian Economics for agricultural companies,
farmers, and other enterprises providing agricultural services [51]. Energy output was
calculated using the results of sugar beet root yield, excluding leaf biomass left on the soil
surface after harvest. In order to unify different units of measurement of agricultural input,
a conversion method was applied. It uses input energy equivalents of fuel, human labor,
agricultural machinery, seeds, etc., which are presented in Table 1.
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Table 1. Energy equivalents used for the calculation of energy input and output.

Input/Output Energy Equivalent Unit Reference(s)

Human labor 1.96 MJ h−1 [52,53]
Diesel fuel 56.31 MJ L−1 [53–55]

Propane 50.80 MJ kg−1 [56,57]
Machinery 357.2 MJ h−1 [58]
Electricity 11.93 MJ kWh−1 [59,60]

Seed (sugar beet) 50.00 MJ kg−1 [42,55,61,62]
Seed (catch crop, i.e., mustard) 34.20 MJ kg−1 [62,63]

Manure 0.47 MJ kg−1 (FM) [64,65]
Output—Sugar beet yield 17.28 MJ kg−1 [62,66]

FM—fresh matter.

Energy input was calculated following the equation:

Energy input (MJ ha−1) = ∑n
i=1 Agricultural input (unit ha−1)∗Energy equivalent (MJ unit−1) (1)

2.3. Energy Use Efficiency

Various energy efficiency parameters were calculated to evaluate and to compare
different weed control methods. The energy efficiency ratio (Equation (2)) was determined
by dividing the energy output of sugar beet (MJ ha−1) by the total energy consumption
(MJ ha−1) [44,55,61,67]. Energy productivity (kg MJ−1) is an indicator showing how many
kilograms of sugar beet can be grown using one MJ of energy [44,55]. Net energy gain
(MJ ha−1) is expressed as the difference between the energy output and input [44,55,68,69].
Non-renewable energy includes diesel and machinery. Renewable energy consists of
human labor, seeds, electricity, and manure.

Energy efficiency ratio =
Energy output (MJ ha−1)

Energy input (MJ ha−1)
(2)

2.4. Fuel Consumption

One of very important direct energy inputs of sugar beet production is fuel. Diesel
fuel consumption for the E1–E5 weed control methods was determined based on data
published by LIAE [51]. For E6, fuel consumption was calculated according to the engine
performance curve provided by the manufacturer [70], assuming that the robot was operat-
ing in economy mode and the engine crankshaft speed did not exceed 1600 min−1 (engine
RPM did not exceed 1600 min−1). Diesel was not used for the E7 method, but the energy
use per hectare of weed control was calculated based on the hourly electricity consumption
of the robot [49].

2.5. Assessment of GHG Emissions

Typically, GHG emissions into the atmosphere are expressed in carbon dioxide equiv-
alent (CO2−eq). The conversion factors presented in Table 2 were used to estimate GHG
emissions from different organic sugar beet production systems. The GHG emissions
from each sugar beet production process were calculated by estimating the input of diesel,
propane gas, electricity, seeds, fertilizers, and machinery and multiplying them by the
corresponding GHG factors—Equation (3):

GHG emission (kg CO2eq ha−1) = ∑n
i=1 Agricultural input (unit ha−1) ∗ GHG coefficient (kg CO2eq unit−1) (3)

The sustainability of different weed control methods for organic sugar beet production
was assessed using the ratio of the output of the obtained production to the total input of
GHG emissions—Equation (4) [71]:
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GHG emission ratio =
GHG emission output (kg CO2eq ha−1)

GHG emission input (kg CO2eq ha−1)
(4)

Table 2. GHG coefficients (kg CO2−eq unit−1) of agricultural input and output.

Particulars Description of Input and Output Unit GHG Coefficient Reference(s)

A. Input

Machinery Tillage, sowing, crop care, harvesting, and
transportation MJ−1 0.071 [41,60,72,73]

Diesel fuel Tillage, sowing, crop care, harvesting, and
transportation L−1 2.76 [41,60,71,73]

Electricity Weed control with electric-powered robot kWh−1 0.78 [60,74]
Propane Weed control with thermal inter-row steaming kg−1 0.63 [71]

Seeds (sugar beet) Main sowing material kg−1 3.54 [75]
Seeds (catch crop, i.e.,

mustard) Inter-row sowing material kg−1 2.63 [76]

Manure Farmyard manure as the main organic fertilizer kg−1 0.126 [41,77]
B. Output
Sugar beet Yield of sugar beet roots kg−1 0.40 [78]

2.6. Sugar Beet Yield

The yield of organic sugar beet roots in experiments E1–E4 was determined by the
weighing method, expressed in tons per hectare (t ha−1). Sugar beet yield for automated-
robotic weed control methods was assumed based on the yield obtained using traditional
mechanical inter-row loosening (E1). It was assumed that the sugar beet yield in automated
mechanical inter-row loosening (E5) was 11% higher due to automation [17]. Kunz et al.
reported that precision hoeing technologies increased the yield of sugar beet by 37%, while,
after conventional hoeing, it increased by only 26% [17]. For robotic loosening methods
(E6, E7), due to lower soil compaction, the sugar beet yield was assumed to have an
additional increase of 7% [79] compared to the sugar beet yield obtained with traditional
mechanical loosening (E1). This percentage increase was used based on the presentation
by Shockley and Dillon [79] that, due to the light configuration of the autonomous vehicles,
soil compaction could be reduced, leading to a 7% increase in crop yields.

2.7. Statistical Analysis

Data from the research in organic sugar beet production was statistically processed
using the Tukey HSD test [80]. Significant differences in sugar beet energy and GHG
emissions, as well as the differences in yield between the weed control methods analyzed,
were determined by calculating the least significant difference for a 95% level of confidence
(p < 0.05). Different letters in the figures (a, b, c, etc.) indicate a statistically significant
difference.

3. Results

3.1. Fuel Consumption for Sugar Beet Production

For all weed control methods, except for inter-row cutting and mulching, the same
working width of the machines was chosen—3.0 m. Other technological indicators of the
machines differed because the implementation of different inter-row farming practices
requires different power and working time and unequal field productivity. These factors
also led to differences in fuel consumption. The main technological indicators of the weed
control technological operations are presented in Table 3.
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Table 3. Technological indicators of weed control operations (calculated by the authors, according to [51]).

Inter-Row Farming
Practice

Machinery
Power (kW)

Working
Width (m)

Field Capacity
(ha h−1)

Working Time
(h ha−1)

Fuel Consumption
(L ha−1)

Inter-row
Sowing 45 3.00 1.48 0.68 6.60

Cutting and mulching 67 4.00 2.12 0.47 4.21
Steaming 45 3.00 0.52 1.92 11.5

Loosening (conventional) 54 3.00 0.80 1.25 5.04
Loosening (automated) 83 3.00 1.92 0.52 3.71

Loosening (robot,
diesel-powered) 54 3.00 1.50 0.67 5.19

Loosening (robot,
electric-powered) 1 3.00 0.27 3.75 3.00 *

* kWh ha−1.

Sugar beet production requires high fuel input due to the intensive use of machinery
for soil preparation, weed control, harvesting, and transportation. The total fuel consump-
tion for sugar beet cultivation ranged from 150.7 to 185.3 L ha−1, depending on the weed
control method applied (Figure 2).

Figure 2. Total fuel consumption of organic sugar beet production using different weed control methods. E1—mechanical
weed control (inter-row loosening), E2—mechanical weed control (inter-row cutting and mulching with weeds), E3—
smothering weed control (inter-row cutting and mulching with catch crop), E4—thermal weed control (steaming), E5—inter-
row loosening (automated), E6—inter-row loosening (robot—diesel powered), and E7—inter-row loosening (robot—electric
powered).

3.2. Sugar Beet Yield

Crop care and the chosen method of weed control affect the yield of sugar beet.
Analytical calculations showed that the highest average sugar beet yields (65.2 t ha−1) were
predicted in the variants using robotic weed control methods (E6, E7), when mechanical
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inter-row loosening is performed with diesel and electric robots (Figure 3). The lowest
average sugar beet yield (33.5 t ha−1) in 2015 and 2017 was obtained by applying inter-row
cutting and mulching with weeds (E2), and in 2016 it was obtained by applying inter-row
cutting and mulching with catch crop (E3) (36.4 t ha−1). Such large differences in yields
between the years were caused by meteorological conditions. Significant differences in
the yield of organic sugar beet (p < 0.05) were found only by comparing mechanical weed
control methods with other methods—E2, E3, and E4, except for E1 and E4. No significant
difference was found in the assessment of sugar beet yields between years.
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Figure 3. Sugar beet yield in average under different weed control methods.

3.3. Energy Indicators

The total average energy consumption for sugar beet production over the three-year
period, regardless of the weed control method, ranged from 26671 MJ ha−1 to 29615 MJ ha−1

(Figure 4). The largest share of energy consumption was accounted for by 48–53% for
manure and 29–35% for diesel fuel. The energy consumption of agricultural machinery
averaged 14.7% of the total energy consumption and depended on total working time per
hectare.

 

Figure 4. The impact of weed control methods on the energy consumption of organic sugar beet
production.
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The energy consumption of working time, electricity, sugar beet, and catch crops
accounted for an insignificant share of the total energy consumption—2.4%. In our study,
the average net energy gain was 171879 MJ ha−1 and the average energy productivity
of sugar beet production was 1.83 kg MJ−1. Application of the E6 weed control method
resulted in the highest energy productivity—2.41 kg MJ−1, achieved when the average
three-year sugar beet yield was 65.2 t ha−1. The ratio of renewable energy sources to
total energy consumption was the highest (53.7%) when applying automated inter-row
loosening with cameras (E5). Renewable energy sources can be reused and are non-
consumable. However, they are limited and have a probability of exhaustion [81]. The
ratio of non-renewable energy sources was the highest (51.4%) when applying thermal
inter-row loosening (E4).

Assessment of the energy efficiency ratio indicates whether a plant production tech-
nology gains energy (>1) or loses energy (<1) [44]. When applying different weed control
methods for organic sugar beet production, the highest energy efficiency ratio (Figure 5)
was achieved by mechanical inter-row loosening with a diesel-powered robot E6 (9.16) and
the lowest—by E2 (5.19).

Figure 5. The impact of weed control methods on energy efficiency ratio.

3.4. Greenhouse Gas Emissions

The results of calculated GHG emissions are presented in Figure 6. An evaluation
of different weed control methods in organic sugar beet production revealed that, due to
high nitrogen concentration, organic fertilizers were the most important factor. Total GHG
emissions from organic sugar beet production ranged from 4471 to 4693 kg CO2eq ha−1,
depending on the weed control method applied.

The best GHG emissions ratios, showing the sustainability of organic sugar beet
production technologies, were achieved when applying mechanical inter-row loosening
with a diesel-powered robot (E6), an electric robot (E7), and automated inter-row loosening
(E5), 5.80, 5.56, and 5.49, respectively (Figure 7).
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Figure 6. The impact of weed control methods on GHG emissions into the environment.

Figure 7. The impact of weed control methods on GHG emissions ratio.

4. Discussion

This section discusses the impact of seven different mechanical, thermal, and intel-
ligent robotic weed control methods on fuel consumption, energy consumption, GHG
emissions, and yield in organic sugar beet production. The main limitation of this study
was that it was not possible to perform research on all methods under the same conditions.
Four weed control methods E1–E4 were investigated in an experimental field and the
results were obtained under real soil and climatic conditions. Meanwhile, for comparison,
for the automated and robotic weed control methods, E5–E7, due to lack of equipment in
the country, sugar beet yield and the other results required for this study were calculated
using previous results obtained by other researchers.

4.1. Fuel Consumption

The most fuel-intensive technological operation was transportation, accounting for
about 35.5% of total input, followed by harvesting (26.9%) and ploughing (13.6%). The
remaining fuel input for land preparation, manure spreading, sowing, and weed control
accounted for about 24% of the total input. The E7 weed control method had the lowest fuel
consumption due to the electric robot. Automated inter-row loosening had the lowest fuel
consumption compared with the other diesel-powered methods, as using visual cameras
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for row-tracking allows operating at higher speeds. The results of a study by Gerhards
et al. [82] demonstrated that automatic camera-controlled weeding was 7 to 15% more
efficient at 8 km h−1 compared to 4 km h−1. The most polluting method of weed control
from an environmental point of view was the thermal inter-row steaming (E4) due to
low working speed. Erdal et al. [61] obtained very similar results (170.3 L ha−1) when
determining the fuel consumption for sugar beet production.

Analyzing the percentage of diesel fuel consumption for weed control, it was found
that the highest fuel consumption of 18.65% was in the E4 treatment with inter-row steam-
ing. Others behind it were the diesel-powered E6 and conventional E1 treatments, which
consumed 9.36 and 9.12% of the total fuel used in sugar beet production, respectively.

4.2. Sugar Beet Yield

The average yield of organic sugar beet in the European Union is about 50 t ha−1 [19].
In our study, it was found that the sugar beet yield depended on the weed control method
and varied from 65.2 t ha−1 using robots E6 and E7 to 33.5 t ha−1 using the mechanical
weed control method E2 with inter-row cutting and mulching with weeds. Researchers
from other countries have obtained similar results for the yields of sugar beet. Majidi
et al. [12] showed that the yield of sugar beet roots ranged from 27.2 to 73.7 t ha−1 when
using chemical weed control methods, and the lowest root yield was obtained in the control
(20.7 t ha−1). The study of Jursik et al. [10] of sugar beet crop in the Czech Republic when
applying manual weed control revealed that the yield of sweet roots can vary on average
from 38.9 to 63.2 t ha−1. Gerhards et al. [13] found that the losses of crop yield might vary
depending on the sugar beet growing region. Field tests in Germany and the Russian
Federation showed that the sugar beet yields were higher in Germany (82.9–95.0 t ha−1)
compared to those obtained in Russia (37.9–54.6 t ha−1).

The lowest sugar beet yields in cutting and mulching treatments E2 and E3 can be
explained by the fact that the rate of weed growth compared to crops is very fast, and
if weeds are not destroyed and managed, they can begin to dominate throughout the
field [83]. Although weeds in a sugar beet farm reduce crop yield and quality, they can
also lead to higher labor and material losses [18]. Analysis of previous research data has
shown that inter-row crops such as weeds and catch crops compete with sugar beet and
negatively affect its root yield and sucrose content [84].

An important factor in the application of different weed control methods is soil com-
paction, which has a significant impact on crop growth. The low weight of the robots
compared to traditional large and heavy machines makes it possible to reduce soil com-
paction. Sugar beet is sensitive to soil pressures due to reduced leaf area, final yield, and
root quality parameters in compacted soils. A visual indicator of soil compaction is the
depth of the roots, which is influenced by the pressures of the wheels of agricultural tractors
and machines on the soil. Control of the frequency and position of agricultural machinery
through the field on well-defined tracks can help reduce the impact of compaction on
the soil [85]. Soil compaction has negative consequences such as decreased soil porosity,
decreased aeration [86], decreased saturated hydraulic conductivity, and increased soil
resistance to root penetration [87]. Typically, soil compaction results in negative crop
growth conditions due to high mechanical root resistance, decreased soil aeration, and
reduced water accumulation [88].

4.3. Energy Assessment

Assessment of energy consumption for different weed control methods applied
revealed that the highest energy consumption was in the E7 (29,615 MJ ha−1) and E4
(29,499 MJ ha−1) variants. It was caused by the fact that working speed and work produc-
tivity were the lowest when working with a solar-powered robot and applying thermal
weed control methods (E7—0.27 ha h−1; E4—0.52 ha h−1). For comparison, when applying
conventional inter-row loosening (E1), work productivity was 0.80 ha h−1.
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Both Dimitrijevic et al. [44] and Erdal et al. [61], 28.9 and 24.2%, respectively, identified
diesel fuel as the second most intensive energy user in sugar beet production. Other authors
confirm that the thermal weed control method reduced productivity by 10% due to the
additional time required to replenish propane gas tanks [89].

The estimated total average energy consumption of 27844 MJ ha−1 falls within the range of
energy consumption values determined by other researchers: 11,100–35,800 MJ ha−1 [62,67].
Dimitrijevic et al. [44], after a three-year study in Serbia, obtained almost identical average
energy consumption for sugar beet production (27849 MJ ha−1). Other scientists’ research
showed that, in Turkey, at a sugar beet yield of 68 t ha−1, the energy productivity was
1.98 kg MJ−1 [90]. Serbian researchers, studying the energy and economic indicators of
sugar beet production, determined the energy productivity of sugar beet to be 1.57 kg MJ−1

when the yield was 48.2 t ha−1 [44].
The energy efficiency ratio indicator was mainly influenced by the sugar beet yield.

A significant difference in energy efficiency (p < 0.05) was found between the automated-
robotic inter-row loosening methods E5–E7 and E2 and E3. A significant difference was
also found between the E4 and E5–E6 weed control methods. Šarauskis et al. [91] com-
pared conventional and organic sugar beet cultivation methods and found that the energy
efficiency ratio in organic crops was significantly lower, ranging from 4.02 to 8.21. In this
study, the overall energy efficiency ratio of all sugar beet growing technologies was 7.18.
Tzilivakis et al. [47] studied sugar beet production in the UK and found that sugar beet, on
average, produces 9.7 times more energy than it consumes. Asgharipour et al. [55] found
the energy efficiency ratio for chemical sugar beet production to be 13.4. In the studies of
other researchers, significantly higher input-output ratios were obtained and ranged from
15.4 [62] to 26.45 [44]. This was mainly due to the use of more intensive chemicalized sugar
beet growing technologies, which allowed the reduction of energy inputs and increased
the yields. Organic sugar beet production uses more energy for weed control and organic
fertilizers.

In some cases, a mechanical weed control method alone may not be sufficient. This
method is not always able to eradicate weeds growing very close to sugar beets. In such
cases, a manual weed control method is often still used.

4.4. GHG Emissions

Manure accounted for the largest share of GHG emissions, averaging about 83%
of total emissions. On a lesser scale, but still significant, the environment was polluted
by diesel, machinery, and seeds; 10%, 6.4%, and 0.4%, respectively. Electricity and LPG
accounted for an insignificant share of GHG emissions. Other authors obtained similar
research results. Šarauskis et al. [45] found that the largest source of GHG emissions when
growing winter wheat and spring barley in organic and sustainable farming systems was
usage of manure. It ranged from 74% of total emissions in small farms (2 ha) to 82% in
large farms (80 ha). Yousefi et al. [43] found that, in sugar beet production, systems using
irrigation electricity accounted for the largest share of GHG emissions (73%), followed by
nitrogen fertilizers (15%) and diesel (7%).

Assessment of the environmental impact of weed control methods revealed that the
largest impact on GHG emissions was related to machinery and diesel fuels. In terms of
GHG emissions from fuel, the cleanest weed control methods were using an electric robot
(E7) and automated mechanical inter-row loosening (E5) with GHG emissions from fuel
being 416 and 447 kg CO2eq ha−1, respectively. Assessment of the environmental impact
of the machinery alone showed that the lowest pollution was observed with the E2 and
E5 weed control methods, 226 and 230 kg CO2eq ha−1, respectively, and the highest was
with E7 (476 kg CO2eq ha−1). This was mainly caused by the very low productivity of an
electric robot (0.27 ha h−1).

The GHG emissions ratio results are due to higher sugar beet yields associated with
the automation of the process and lower GHG costs. A slightly lower GHG emissions ratio
(4.87) was obtained using conventional mechanical inter-row loosening (E1). There were

116



Agriculture 2021, 11, 449

no significant differences between these weed control methods. A significant difference
was found only when comparing weed control methods E1, E5, E6, and E7 with the other
methods—E2, E3, and E4, except for E1 and E4. The total average GHG emissions ratio was
4.47. The studies of Yousefi et al. [43], evaluating the efficiency of sugar beet production for
environmental pollution, indicated that the GHG emissions ratio was 10.95.

5. Conclusions

In this study, an analytical analysis was performed to determine the energy use and
GHG emissions in organic sugar beet production. It was estimated that, on average,
organic sugar beet production consumes 27844 MJ ha−1 of energy, while energy output
was 199724 MJ ha−1. Manure (50.6%) and diesel (33.6%) accounted for the largest share of
energy consumption. After evaluation of the efficient use of energy resources by applying
different weed control methods, it was found that sugar beets could be grown in the
most energy efficient way by using a diesel-powered robot. Energy efficiency, energy
productivity, and net energy gain were equal to 7.18, 1.83 kg MJ−1, and 171879 MJ ha−1,
respectively. The share of renewable and non-renewable energy input in total energy
consumption was 51.7% and 48.3%, respectively.

The results showed that the lowest total energy consumption (26671 MJ ha−1) was
obtained when using an automated method of mechanical inter-row loosening with cam-
eras. Meanwhile, the highest energy efficiency ratio (9.16) was achieved when using a
diesel-powered robot.

The highest yield of organic sugar beet roots (65.2 t ha−1) was found in those variants
where sugar beet was grown when applying weed control with diesel and electric robots,
and the lowest (33.5 t ha−1), when applying inter-row mulching with weeds.

Analysis of GHG emissions revealed that the total greenhouse gas emissions ranged
from 4471 to 4693 kg CO2eq ha−1, depending on the weed control method applied. The
main source of GHG emissions was manure, which accounted for over 80% of all pollution.
The highest sustainability of organic sugar beet production was achieved when applying
inter-row loosening with a diesel-powered robot.

The study found that intelligent robotic weed control methods, compared to conven-
tional ones, can reduce energy costs, increase crop yields, and reduce GHG emissions
into the environment, while improving the quality of the environment and the supply
of organic food. Summarizing the results of the analysis, we can draw the important
conclusion that reduction of the consumption of diesel fuel and organic fertilizers, such
as manure, is the most important factor in controlling GHG emissions in organic sugar
beet production. Due to the high precision and low weight of the machines, the use of
automated and robotic methods in weed control has a promising future. However, the
cost-effectiveness, technological reliability, and ease of use of robotic weed control methods
in farms are important aspects that still need to be investigated in future research. New
experimental studies are needed to compare changes in soil properties and compaction
processes using robotic and conventional crop care machines. It is also important to assess
and compare the effects of robotic weed control methods in real soil and meteorological
conditions on differences in weed control efficiency, working time, energy consumption,
and GHG emissions.
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Abstract: Potato is one of the most important crops in the world to ensure food security for the
world’s fast-growing population. Mechanized planting is crucial for improving production and
per unit area yield of potato. To meet the agronomic requirements of potato planting, various
types of potato planters have been developed according to the existing differences in geographical
environment, cropping system, farm scale, and economic status among different countries and
regions. This paper summarizes the research progress and application status of potato planters
all over the world. Specifically, the seed-metering devices of potato planters are classified firstly.
Then, potato planters are classified into three types: potato planters for manual/animal, two-wheel
tractor, and four-wheel/crawler tractor traction. Furthermore, the characteristics of some typical
commercial potato planters are discussed. Finally, some suggestions are proposed in order to promote
the development of potato planters.

Keywords: potato planter; seed metering device; mechanization; research progress

1. Introduction

Potato (Solanum tuberosum L.), the world’s third most important crop and first most
important non-cereal food crop, has been regarded as a key source to ensure food security
for the world’s fast-growing population [1–3]. According to data from FAO, the potato
industry is undergoing major changes. Before the early 1990s, potatoes were mostly grown
and consumed in Europe, North America, and the former Soviet Union. Since then, there
has been a dramatic increase in potato demand and production in Asia, Africa, and the
Americas, where the output rose from less than 30 million tons in the early 1960s to more
than 261 million tons in 2019. Furthermore, FAO data show that since 2005, production in
developing countries has exceeded that from developed countries, and it is estimated that
potato has provide nutrition for over a billion people [4]. Nowadays, potato has been the
vital economic crop in many countries. For example, potato contributes 2.9% to agricultural
gross domestic product (GDP) in India. In Egypt, the potato is the second most important
strategic crop, accounting for about 25% of total Egyptian agricultural exports, and has
been ranked as one of the most important vegetable crops [5].

At present, global potato production and food security are being greatly affected by
many factors, such as arable land, climate, population, and resources [6–8]. Therefore, it
is important to achieve a high quality, high yield, improved efficiency, and sustainability
of potato production and to accelerate potato industrialization to ensure long-term food
security [9–11]. As can be seen in Figure 1, the world has witnessed a continuous increase
of potato production since 2000, and potato production showed a 14.7% increase from 2000
to 2009, from 322.8 million tons (Mt) to 370.4 Mt. However, the overall potato harvested
area showed a 38.2% decrease from 2000 to 2019, from 19.9 million ha (Mha) to 17.3 Mha.
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Therefore, it can be confirmed that the per unit area yield of potato has been increasing
steadily [12].

 
Figure 1. Production/yield quantities of potatoes in the world, 2000–2019. Date from reference [12].
Copyright 2021 FAO.

From 2000 to 2019, the top five highest average potato production countries were
China, India, the Russian Federation, Ukraine, and the United States of America. Moreover,
as can be seen from Figure 2, during this 20-year period, production in China and India has
increased dramatically, while potato production has kept a dynamic balance in the Russian
Federation, Ukraine, and the USA. In the 2019 rankings of the top ten potato producing
countries, China and India occupy the first and second places, while the Russian Federation
occupies the third.

Figure 2. Potato production variation of the top five potato producing countries during the period
2000–2019. Date from reference [12]. Copyright 2021 FAO.

As can be seen from Figure 3, during 2000 to 2019, Asia has been the major producer
of potatoes, with 45.13% of the global potato production during that period, and Europe is
ranked a close second with a portion of 35.49%. The Americas and Africa rank third and
fourth with 12.55% and 6.31%, respectively, while Oceania only has 0.51% of the global
production share of potatoes, which ranks as last. Across the world, more than 17 Mha
of farmland are devoted to potato production, with a yield of about 21.36 t/ha in 2019.
According to Table 1, by analyzing the data from 2000 to 2019, it can be confirmed that the
growing area has been decreasing while potato quantity has increased in the regions of the
Americas, Europe, and Oceania, and the yield has increased simultaneously. In addition,
potato quantity has increased along with the growing area in the regions of Africa and
Asia, which also saw yield growth at the same time. Consequently, the world’s potato per
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unit area yield achieves steady growth without considering the decline in the growing area
of potato, which is in good concordance with the above analysis and results.

Figure 3. Global production share of potatoes in different continents during 2000–2019. Date from
reference [12]. Copyright 2021 FAO.

Table 1. Yields of potato in different continents. Date from ref. [12]. Copyright 2021 FAO.

Harvested Area
2000 (Mha)

Harvested Area
2019 (Mha)

Quantity 2000
(Mt)

Quantity 2019
(Mt)

Yeild 2000
(t/ha)

Yeild 2019
(t/ha)

World 19.89 17.34 322.77 370.44 16.23 21.36
Africa 1.25 1.76 13.18 26.53 10.54 15.07

Americas 1.92 1.54 42.19 45.08 21.97 29.27
Asia 7.97 9.30 121.49 189.81 15.24 20.41

Europe 8.70 4.70 144.20 107.26 16.57 22.82
Oceania 0.54 0.43 1.70 1.74 3.15 4.05

There are several factors that affect the global potato production, among which mech-
anization is crucial for improving production and per unit area yield of potato. Planting,
cultivating, and harvesting are the three main components of potato production. Among
potato production components, planting is one of the most important steps, which is
complex, labor-intensive, and difficult to mechanize, influencing the production quality
and final output of potato greatly [13,14]. The entire planting operation can be divided
into tillage, ditching, spraying, seeding, fertilizing, ridging, etc. Depending on the method
employed for planting, these functions are performed by different machines, or even by one
machine in a single pass over the field. Reducing labor intensity, improving working effi-
ciency, and ensuring seeding quality are advantages of mechanized potato planting [15,16].
Therefore, potato planters are especially significant for the development of the potato
industry. This paper aims to analyze the research progress and application status of potato
planters in the world. Firstly, the seed metering device of potato planters was clarified.
Then, potato planters were classified into three types according to the drive mode: potato
planters for manual/animal, two-wheel tractor, and four-wheel/crawler tractor traction
(Figure 4).
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Figure 4. Schematic diagram of categories of potato planter.

2. Review of Seed Metering Devices of Potato Planters

The seed metering device is the key part of a potato planter [17,18]. According to the
planting method, this paper summarizes the structural characteristics of the potato seed
metering devices and classifies them as follows: cup, pneumatic, belt, rotating disc, pickup
finger, needle-stabbed, etc.

2.1. Cup-Type Seed Metering Device

The cup-type seed metering device (Figure 5) is the most widely used seeding device
for potato planters around the world [13,16,19]. The metering process of the cup-type
potato metering device can be divided into five phases: seed filling, seed transporting, seed
cleaning, seed translocation, and seed dropping. Under gravity, the potato seeds flow to
the bottom of the seed box, where seed filling occurs. The driving pulley, which is powered
by the potato planter’s land wheel, drives the seed metering device. The seed metering
belt/chain close to the seed filling area moves upward, and each metering cup installed
on the seed metering belt/chain scoops 1–2 potato seeds in turn. When the cups move to
the seed cleaning area, the surplus potato seeds that lay in the cups will be cleaned up by
the seed cleaning device and fall back into the seed box. Once the cup reaches the highest
point and crosses the driving pulley, the potato seeds fall on the back of the next cup. The
two spoons adjacent to each other have a separate space, which guarantees there is only
one potato seed on the back of each cup. Potato seeds are carried by the cups to the seed
release point, then drop into the bottom of the seed ditch, and finally the whole seeding
process is completed [20,21].
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Figure 5. Cup-type seed metering device. Reprinted with permission from ref. [19]. Copyright 2016
Chinese Heilongjiang Agricultural Commission.

According to the transporting mode, the cup-type seed metering device can be divided
into belt-cup and chain-cup types. Compared with the chain-cup-type metering device,
the belt-cup type has a simple structure, which is not expensive and its working speed
can be adjusted easily, but it is more likely to slip during the operation process, leading
to poor reliability of transportation and making it difficult to guarantee seeding space
uniformity. For the chain-cup-type metering device, the transportation quality is good, but
it has a high damage rate of potato seeds, leading to yield loss [16,19]. Several studies were
conducted on improving the working performance of the cup-type seed metering device.
For example, Buitenwerf et al. [13] built a mathematical model to predict the planting
accuracy and planting capacity of cup-belt seed metering devices. Lü et al. [22] designed a
belt-cup-type seed metering device, which was suitable for seeding whole potato seeds
or sliced potato seeds. In order to solve the problem of sowing loss in the chain-cup-type
seed metering device, Sun et al. [23] and Niu et al. [24] designed a sowing loss monitoring
and compensation system, respectively. Laboratory tests showed good performance of
the system. To improve the efficiency and seeding precision of potatoes, Zhang et al. [25]
designed a novel vacuum and spoon belt combination metering device.

2.2. Pneumatic-Type Seed Metering Device

The pneumatic-type seed metering device (Figure 6) operates with high negative
pressure to attract and hold potato seeds when removing them from the seed box, and the
redundant seeds will be cleared away by a related seed cleaning device and returned to the
seed box again for later use. The remaining seeds are released in a suitable area (with no
negative pressure) and drop into the seedbed. There are several advantages of pneumatic-
type seed metering devices, such as low seed damage rate, high metering quality, high
adaptation to seeds of different sizes and shapes, and high operation speed [26,27]. Due to
these advantages, a series of studies were conducted on the design and optimization of the
pneumatic-type seed metering devices.

McLeod et al. [6] designed a prototype pneumatic seeding device to select and deliver
a single true potato seed to a specific location. Lü et al. [15,20] proposed a novel design
scheme for potato air-suction metering. Field test results confirmed that the working per-
formance met the requirements of precision seeding. Lai et al. [28,29] designed a vibrating
feeding pneumatic disc metering device for mini-tuber through theoretical calculation
based on the physical properties of mini-tuber. Mao et al. (2013b) [30] designed and opti-
mized a precision pneumatic metering device with declined disc for virus-free mini-potato
seed. This type of device not only improved the working efficiency but also reduced the
damage on seed potato.
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Figure 6. Pneumatic-type seed metering device. Reprinted with permission from ref. [31]. Copyright
2019 Chinese Society for Agricultural Machinery.

2.3. Belt-Type Seed Metering Device

The belt-type seed metering device uses a belt to capture, deliver, and sow potato
seeds. This kind of seed metering device can be divided into two forms: moving-belt type
and cup-belt type.

2.3.1. Moving-Belt-Type Seed Metering Device

The main components of moving-belt-type seed metering devices are the seed box,
seed transportation device, side belt, mid-belt, etc. Potatoes are dropped from the seed
box to the mid-belt through the seed transportation device. Both sides of the mid-belt are
arranged with a side belt, and the direction of the linear speed between the mid-belt and
side belt is converse. Potatoes on the mid-belt are sorted into a single row, then transported
to the seed-throwing area, and finally drop into the seedbed. The redundant potatoes are
removed from mid-belt to side-belts. The side belts transport the potatoes to the end sides
and prepare them for moving to the mid-belt again for single-row sorting and seeding.
This kind of seed metering device has a simple structure, small size, low rate of seed injury,
and stronger adaptability to various shapes of potato seeds [32].

There are several studies about moving-belt-type seed metering devices. For example,
He. [32] designed a belt type of potato seed sowing device; theory, analysis, and experiment
were conducted and confirmed that the design satisfied the requirements of precision
seeding. Liu et al. [33] developed a mechanical planting technology and designed a
related seeding device based on the principle of forced vibration, which could promote the
mechanization level of potato micro-seed planting. Nowadays, some commercial planters
have applied this kind of seed metering device (Figure 7), such as Standen Engineering
Ltd., Grimme UK Ltd., Trinkel Ltd., etc.

Figure 7. Moving-belt-type seed metering device used in commercial planter.
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2.3.2. Cup-Belt-Type Seed Metering Device

The seed conveyor belt (Figure 8) is designed with grooves, the grooves are arranged
in equal uniform spacing, which guarantees seeding space uniformity. Potatoes are filled
into the grooves, relying on the flowability, by hand. The grooves move with the movement
of the seed conveyor, and potato seeds drop from the grooves into the seedbed at the
seed-dropping mouth. This type of seed metering device has a simple structure and is easy
to operate. Isher Engineering Works Ltd. (Meerut, India) and Vasilios Kelidis & Co (Kato
Nevrokopi, Greece). use this kind of seed metering device to plant whole or sliced potato
seeds. However, this type of seed metering device needs to employ humans to put the
potato seeds into the grooves, which leads to high labor strength and cost.

Figure 8. Cup-belt-type seed metering device. Reprinted with permission from ref. [31]. Copyright
2019 Chinese Society for Agricultural Machinery.

2.4. Rotating Disc Seed Metering Device

For the rotating disc seed metering device (Figure 9), the main components are a rotating
disc, transaction system, seed box, cover plate, and seed tube. Certain numbers of round
holes or grids with the same diameter/dimensions are arranged uniformly around the center
of the rotating disc. The rotating disc is nested within the cover plate, and the cover plate
is fixed upon the frame. Moreover, the seed tube is set underneath the rotating disc and
penetrates through the cover plate, and a seed dropping mouth is generated at the point of
the joint parts of the seed tube and cover plate. Seeds are filled into the round holes/grids
successively by hand from the seed box. When the round holes/grids turn to the position of
the seed dropping mouth, potato seeds located in the round holes/grids will fall into the seed
tube under gravity. Finally, potato seeds drop into the seedbed through the seed tube. The
characteristics of this device are as follows: (1) high adaptability (it is suitable for irregularly
shaped seeds); (2) no seed damage and blocking; (3) low rate of miss/multiple seeding index;
(4) high intensity of labor force, resulting in high operation costs.

Figure 9. Revolving disc seed metering device.
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There were several applications of patents related to the rotating disc seed metering
device in the 1990s, such as the patents of US S736981 A [34], US 744984 A [35], US 997674
A [36], US 2642909 A [37], etc. As this type of seed metering device is suitable for seeding
irregularly shaped seeds, Lü et al. [38] designed a rotating disc seed metering device which
could plant the sliced and whole potatoes with the same seed metering device. Nowadays,
with its applicability in planting whole or cut potato seeds, the rotating disc seed metering
device has been widely used by many international agricultural machinery enterprises,
such as F.lli Spedo, Ferrari Costruzioni Meccaniche, US Small Farm Equipment, Garmach,
and Ganesh Raj Industries.

2.5. Pickup Finger Seed Metering Device

For the pickup finger seed metering device (Figure 10), a vertical disk equipped with
a certain number of spring-loaded fingers are rotating in a seed box. The fingers touch the
vertical disk under elastic force and open in sequence when traveling to the bottom of the
seed box, and each finger picks up a single potato seed. Then, the potato seeds are carried
by the fingers with the rotation of the vertical disk and open in sequence again when
traveling to the seed dropping area, and release seeds above the seed furrow. This kind of
metering device is suitable for seeding whole or cut potato seeds. In order to improve the
seeding performance of the pickup finger seeding device, Chen S.Y. [39] designed a novel
device, in which the finger closes and opens along with peripheral direction. Field tests
indicated that it has a good performance.

Figure 10. Pickup finger seed metering device. Reprinted with permission from ref. [31]. Copyright
2019 Chinese Society for Agricultural Machinery.

2.6. Needle-Stabbed Seed Metering Device

For the needle-stabbed seed metering device (Figure 11), elastic plastic needles are
mounted on the edge of a vertical disk and rotate with the vertical disk in a seed box. Each
needle stabs and grabs one seed in sequences in the seed feeding area. Potato seeds are
carried by needles with the rotation of the vertical disk, and then the needles are pulled
out from the potato seed as they travel to the seed dropping area and seeds are dropped
into the seedbed. Due to the mechanical structure of the needle-stabbed seeding device,
the shape and size of potato seeds have little impact on its planting spacing uniformity.
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Figure 11. Needle-stabbed seed metering device. Reprinted with permission from ref. [31]. Copyright
2019 Chinese Society for Agricultural Machinery.

Seeding performance is an important factor for the seed metering device. Misener G.C. [40]
evaluated the seed piece distribution patterns achieved by cup- and needle-stabbed-type
potato planters through a large number of trials. Results indicated that the needle-stabbed
seed metering device operated slightly more effectively than the cup type. Furthermore,
based on the premier research, Misener G.C. [41] studied the effect of seed size and type
on seeding performance of potato planters. It was concluded that the size of the seed had
little effect on the miss/multiple seeding index, and whole potato seeds had a smaller
miss-seeding index than the cut potato seed.

3. Application Status of Potato Planter

This section summarizes currently available potato planters around the world and
classifies these machines into three categories: potato planters for manual/animal, two-
wheel tractor, and four-wheel/crawler tractor traction.

3.1. Manual/Animal-Powered Potato Planters

Potato planters for human/animal power represent the most basic form of mecha-
nization. In order to enhance productivity regarding energy efficiency and ergonomics,
it is necessary to improve the design quality of the equipment. In addition, a demand-
driven development and innovation system is essential for the adoption of improved
human/animal-powered equipment. Manual/animal traction potato planters usually
have a small body and simple structure, are light weight, and are easy to operate. These
planters are mainly designed for small plots of land, terracing mountain, or hilly areas [42].
However, this type of planter lacks appeal nowadays because of its low working efficiency
and high labor intensity. Some typical planters reviewed are as follows.

3.1.1. Hand-Held Potato Planter

Jab planter (Figure 12a): The jab planter is a typical manual potato planter used for a
long period. The planter has a hinged “beak”, which closes and opens under the control of
a handbrake (Figure 12a). Potato seed drops into the “beak” when it drives into the soil.
The “beak” opens when the foot on the long handle contacts the land surface or clenches
the handbrake, then the seed drops into the soil at a certain depth.
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(a) (b) (c) 

Figure 12. Hand-held potato planters. (a) Jab planter. Reprinted with permission from ref. [43]. Copyright 2020 Stand
‘n Plant; (b) double-handle bulb planter. Reprinted with permission from ref. [44]. Copyright 2020 Groves Nurseries &
Garden Centre; (c) manual-drawn potato planter. Reprinted with permission from ref. [45]. Copyright 2008 Central Potato
Research Institute.

Double-handle bulb planter (Figure 12b): This planter mainly contains two blades
(which can be closed and opened upon a hinge), two handles, and a hinge; the mechanism
enables one to make a hole and deposit the potato seed in one step under foot-driven
power. In looser soils, the planter places the potato seed into the cone-shaped reservoir
created by the blades, then drives the blades into the ground and opens them to separate
the soil and release the potato seed in the soil. In compacted soils, the planter is used much
like a post-hole digger, which removes a plug of soil before planting.

Sneeboer potato planter: The Sneeboer potato planter is a potato manual seeding tool
commonly used in small areas, such as gardens and small-scale farms. The planter includes
a T-handle, a planting tube, and a long handle. The planting tube is a cone shape designed
to prevent clogging when planting seed potatoes. Moreover, there is an edged swing fixed
on the planting tube, which is used for foot-driving the tube into soil conveniently.

Hand-pushed potato planter: This planter is designed for seeding potato micro-bulbs
(e.g., potato mini-tuber) and other large grains of crop seeds, such as onion, garlic, tulip,
etc. It has a container for seeds, an opener to place the seeds, a driving wheel to provide
power for the seeding device, and a depth wheel to control the seeding depth. In addition,
the type of seeding device is a disk brush. The farmer walks behind the seeder and controls
it by handlebars. The total weight of the seeder is 30 kg, the working efficiency is 0.11 ha/h,
and the seeding inaccuracy is less than 9.0%.

Manual-drawn potato planter (Figure 12c): The Central Potato Research Institute
of India developed a two-row manually drawn potato planter of cup type [45], which
is suitable for small and marginal farmers. The seed metering device consists of two
rubberized belts with 16 MS sheet cups riveted on each belt which have been made spring-
loaded in order to counter jerks. The planter works more efficiently with graded potato
seeds. The working efficiency is 0.5 ha/d, the miss-seeding rate is less than 0.5%.

3.1.2. Animal-Powered Potato Planter

As the popularity of potatoes grows around the world, inventions to improve potato
planting began flooding the market. In the 18th century, the first animal-powered potato
planter was developed to promote working efficiency. Since then, the animal-powered
potato planter developed rapidly because of its high efficiency, low manual power con-
sumption, and good seeding quality. The animal-powered potato planter is usually drawn
by horse or ox, and completes the operation of furrow opening, seeding, covering, and
ridging in one pass. However, the application of the animal-powered potato planter be-
came less and less after the tractor came into being. Some once-popular animal-powered
potato planters are shown as follows (Figure 13). The John Deere One-Row Planter is
suitable for planting whole or cut, treated or un-treated potato seeds. Ridges of high-wide,
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low-narrow, or with any desired variation can be obtained by adjusting the characteristic
parameters of the soil covering disc. In addition, there is a fertilizing device attached on the
planter for fertilizing. For the animal-drawn potato planter developed by Central Potato
Research Institute of India [45], potato seeds are dropped and covered while making a
ridge simultaneously. The seed metering device consists of a hollow rotor with cups fixed
on it. A manually operated clutch and a lifting arrangement have been provided. Seeding
space can be adjusted in the range of 16–30 cm. The working deficiency and seed damage
rate are 0.9 ha/day and less than 0.5%, respectively, while with small seed missing rate.

  
(a) (b) 

Figure 13. Animal-powered potato planters. (a) John Deere. Reprinted with permission from ref. [45].
Copyright 2008 Central Potato Research Institute; (b) animal drawn. Reprinted with permission
from ref. [45]. Copyright 2008 Central Potato Research Institute.

3.2. Two-Wheel Tractor-Driven Potato Planter

There are greater interests in mechanization for crop planting in smallholder agricul-
ture. However, mechanized planters mounted on four-wheel tractors are not suitable for
small-size farmland. Therefore, two-wheel tractors are widely used by small farmers to
provide power for mechanized potato planting in small-size farmland because of their
small size and easy maintenance, etc. [46,47]. According to the way of clutching potato
seeds from hopper to the seed drop tube, the two-wheel tractor-driven potato planters
can be divided into artificial assisted and mechanized seed delivery types. The cup-type
seed metering device is usually used for seed delivery. Some typical artificial assisted and
mechanized seed delivery planters for two-wheel tractor are described as follows.

3.2.1. Artificial Assisted Seed Delivery Planters

The main components of this planter (Figure 14) are a seed drop tube, furrow opener,
soil covering plates, etc. Furthermore, there is a rotary tiller in front of the furrow opener
to conduct rotary tillage operation. The seed box filled with potato seeds is fixed on the
tractor and not far from the operator. In this way, the operator can control the tractor and
put the seeds into the seed drop tube at the same time during the operation of potato
seeding, which enables single-person operation. As can be seen from the planter’s working
principle, the seeding space is determined by the operator. Furthermore, the planter can be
operated by tow operators, one for tractor control and the other for seed dropping.
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Figure 14. Artificial assisted seed delivery planter. Reprinted with permission from ref. [48]. Copy-
right 2020 Google.

3.2.2. Mechanized Seed Delivery Planters

The mechanized seed delivery planter avoids dropping seeds by artificial assistance.
Compared with the artificial assisted seed delivery planter, it obtains a higher level of
mechanization. There are various models of this kind of planter produced in China, Italy,
and Ukraine that are light in weight, matching with small power, and seeding in a single
row. These machines are powered by two-wheel tractors with a power range of 8 to 12 hp,
net weight of about 100 kg, and working speed of below 3 km/h in general. Although these
planters are made by different manufacturers, their differences are not obvious, and their
seed metering device is usually the cup type. Some typical commercial potato planters are
shown in Table 2.

Table 2. Comparison of mechanized seed delivery planters.

Country Company Model Picture Technical Characteristics

Ukraine ROSTA Scientific
Production Company KSM-1 [49]

 

Cup-chain seed metering device; matched
type, mounted; single one seeding row; plate
heaves are designed on the edge of ground

wheels to prevent slip; equipped with a
fertilizer distributor (optional); seeding space,

25/33 cm; working speed, 1.7–2.2 km/h;
working efficiency, 0.2–0.3 ha/h; suitable seed

size, 4–6 cm; net weight, 50 kg.

Italy F.LLI Spedo SPA/M [50]

Cup-chain seed metering device; matched
type, mounted; single one seeding row; two
adjustable self-cleaning bedder discs allow

variable coverage; seeding depth adjustable;
seeding space, 25/30/35/40 cm; net weight,

84 kg.

China Weifang Luke
Machinery Co., Ltd. 2CM-1B [51]

 

Cup-chain seed metering device; matched
type, mounted; single one seeding row;

attached with a fertilizing device; the fertilizer
quantity can be adjusted easily and

conveniently; different options for ridge shape
can be obtained by changing the angle

between two bedder discs and fixed position;
net weight, 110 kg, working depth, 8–15 cm,

seeding space, 12 cm; matched power, 8–12 hp.
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Table 2. Cont.

Country Company Model Picture Technical Characteristics

China Yucheng Qichen
Machinery Co., Ltd.

Hand
tractor belt

[52]

 

Cup-chain seed metering device; matched type,
mounted; single one seeding row; net weight,
30 kg; sowing depth, 8–15 cm; working width,

12 cm; matched power, 8–12 hp.

3.3. Four-Wheel/Crawler Tractor-Driven Potato Planter

Potato planters powered by four-wheel/crawler tractors are the most widely used
potato seeding machines all over the world, ranging from large-scale farms to small plot
lands. There are several kinds of four-wheel/crawler tractor-driven potato planters. As
can be seen from the above discussion, the seed metering device is the key part of a potato
planter. Therefore, according to the type of seed metering device, the four-wheel/crawler
tractor-driven potato planters can be divided into cup, pneumatic, belt, rotating disc,
pickup finger, and needle-stabbed types.

3.3.1. Cup-Type Potato Planter

The cup-type potato planter is the most commonly used seeding machine because of
its easy operation, steady working performance, low cost, and convenience in adjusting
seeding space. Referring to its seeding ability, there are many different specifications from
large machinery to small machinery. For the small-scale planter, the matched power is
generally below 20 hp and with a single seeding row. For the large/medium-scale planter,
the matched power is usually larger than 20 hp, and with two or more seeding rows. The
typical cup-type potato planters are shown as follows.

(1) Cup-type potato planter in small scale
This planter is designed for small plot lands or terracing mountain due to its small

size and light weight; the matched power generally is less than 20 hp, which matches
a tractor with a three-point suspension. Several researchers such as Hamad et al. [53],
Al-Gaadi et al. [54], Ebrahem et al. [5], Wakchaure et al. [55], Gavrilov et al. [56], and
Wang et al. [57,58] have made efforts to develop and modify the cup-type potato planter in
small scale, to promote the development of this kind of potato planter.

Nowadays, the whole plastic mulching and furrow planting pattern of potato has
been widely applied in the arid areas on the Loess Plateau of Northwest China. Several
researchers have developed combined potato planters to adapt to this cultivation pattern.
For instance, Shi et al. [59] developed a combine potato seeder which could throw and
cover soil on a film edge. Dai et al. [60,61] invented a combined potato planting machine
for covering soil on top of a full film surface. Key components were designed and operation
parameters were confirmed. Sun et al. [62,63] designed a potato planter in 2017 and devel-
oped a double-rank multi-rod hill-drop potato planter on plastic film in 2018, respectively.
Results indicated that both of the planters work well. In order to realize the hill-drop under
plastic film in potato seeding, Sun et al. [64] designed a double-crank multi-rod mechanism
and built a prototype.

Furthermore, there are several commercial planters around the world. Some typical
machines are shown in Table 3.
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Table 3. Comparison of the cup type potato planter in small scale.

Country Company Model Picture Technical Characteristics

Poland Bomet Sp. z o.o. Sp. K. BOMET [65]

 

Cup-chain seed metering device; matched
type, mounted; single one seeding row;
seeding space, 29/32/35 cm; planting
depth, 10–15 cm; net weight, 130 kg;

matched power, 20 hp.

Italy F.LLI Spedo SPA/T [50]

 

Cup-chain seed metering device; matched
type, mounted; single one seeding row; an
adjustable coulter forms a furrow while a

chain with cups settles the seeds to the
desired depth; two adjustable bedder
discs allow variable coverage; seeding

space, 25/30/35/40 cm; loading capacity,
50 kg; matched power, 15 hp.

USA US Small Farm
Equipment Co. P-10M [66]

 

Cup-chain seed metering device; matched
type, mounted; single one seeding row;

sprocket set for six seeding space changes
from 20.3 to 38.1 cm; traction tires for less

drive wheel slippage results in better
seeding space; working efficiency is
0.4 ha/h at forward speed of 3.2 to

6.4 km/h.

China
Changzhou LEFA

Industry and Trade
Co., Ltd.

LF-PT32 [67]

 

Cup-chain seed metering device; matched
type, mounted; single one seeding row; net
weight, 138 kg; matched power, 20–50 hp;
seeding space, 32 cm; row space, 51 cm.

(2) Cup-type potato planter in large/medium scale
This kind of planter is suitable for large/medium plots of land; it has a complicated

structure and multiple function with high efficiency. Due to its high efficiency, the required
power is larger than 20 hp in general. In addition, this kind of potato planter can seed two
rows or more in a single pass, and it could be trailed or suspended with the tractor.

Several studies were conducted in design and optimization of the cup-type potato
planter in large/medium scale. For example, Mari et al. [68] carried out research to evaluate
the performance of the four-row potato planter. Conclusions indicated that this planter is
labor-saving. In order to enhance the seeding quality, Lü et al. [69] analyzed the bouncing
and casting process of the cup-type potato seed metering device and the performance of
the flow deflector, and put forward the optimization methods. Aiming at reducing the
costs of potato seeds and labor of workers, a fully automatic in-situ seeding machine for
cutting seed potatoes was developed by Cho et al. [70]. Aiming to reduce the inaccuracy of
fertilizer in cup-type potato planters, Yang et al. [71] proposed a separated layer fertilization
technology based on surface drainage and V-type anti-blocking structure.

The cup-type potato planter in large/medium scale is the most commonly used potato
planter all over the world. There are lots of enterprises and various brands of this type
equipment. Some typical machines are listed in Table 4.
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Table 4. Comparison of cup type potato planter in large/medium scale.

Country Company Model Picture
Main Structures and

Properties
Technical Characteristics

INDIA SWAN AGRO NSE PPR-2
[72]

Matched type, mounted; two
seeding rows; two furrow

openers; two seed metering
devices; row spacing, 60–66 cm;

working depth, 13–15 cm;
working efficiency, 0.51 ha/h;

required power, 40–60 hp.

Fully automatic; agitator
available to avoid seeds block

problem; double seeding
prevention through conveyor

vibration mechanism;
fertilizer tank is attached with

the machine.

Italy F.LLI Spedo SPA-2/D
[50]

Matched type, mounted; two
seeding rows; two disc openers;
four discs with 46 cm; two seed
metering devices; pure weight,
480 kg; loading capacity, 500 kg;
seeding capacity, 0.4–0.6 ha/h;

row distance, 70–90 cm;
required power, 50 hp.

The disc openers are attached
with a compression spring,

allowing work on strong soil;
the inclined belt permits work
on hilly ground; the hopper is
equipped with a rubberized
canvas to prevent massive

loading of tubers on the belt.

England
Standen

Engineering
Ltd.

SP330 [73]

 

Matched type, mounted; three
seeding rows; stainless steel

openers and floating side
shields; stainless forming hood;

three seed metering devices;
seeding space, 13–45 cm;
required power, 120 hp.

Infrared proximity sensors
control the hydraulic floor
drive, maintain a regulated

level of seeds in the cup area;
large upper cup belt rollers

lessen the associated ‘flicking’
action and possible

chit breakage.

China

Shandong
Transce

Agricultural
Machinery
Technology

Co., Ltd.

2CMX-4B
[74]

 

Matched type, mounted; four
seeding rows; four furrow

openers; four seed metering
devices; manually operated

lane marker; row spacing, 90
cm; working width, 360 cm;

required power, 125.1–179.9 hp.

Adopting advanced
technologies of vibration,

lifting seeding, and planting
depth control; a disc-type

rubber expands the
application spacing to

70–90 cm.

Germany

GRIMME
Landmaschi-

nenfabrik
GmbH & Co.

KG

GL 420
[75]

 

Matched type, mounted; two
seeding rows; infinitely

adjustable mechanical shaker;
manually operated lane marker;

two control valves; four seed
metering devices; distance
between rows, 75–90 cm;

loading capacity is 1200 kg;
minimum required power,

122.4 hp.

Potato cultivation with
improved protection against
erosion; a shaping board for
building ridges with specific
characteristics from loose to

firm soil with a smooth
surface; optionally equipped
with the systems of Clever
Planting, Section Control.

Belgium AVR AVR Ceres
450 [76]

 

Matched type, trailed; four
seeding rows; four hydraulic

drive seed metering devices, 40
cups in each planting element;
four wheels; hydraulic hopper,
capacity is 3500–4000 kg; row

spacing, 70–90 cm.

Each individual seeding row
assembly is disconnected
manually; Culti Control

Option maintains constant
seeding depth; the ridging

hood is operated as standard
by an automatic
pressure control.
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Table 4. Cont.

Country Company Model Picture
Main Structures and

Properties
Technical Characteristics

Holland Dewulf CP 42 [77]

 

Matched type, trailed; four
seeding rows; four V-shaped

furrow openers; four seed
metering devices; distance
between rows, 75–90 cm;

mechanical or hydraulic drive
type; working efficiency,

1.5 ha/h.

Eagle-Eye system monitors
the planting process; cups are
positioned at a forward angle
of 8◦ in the upwards section
to ensure excellent pick-up;
GPS and Precision-Planting

system ensure
seeding quality.

USA Double L 9560 [78]

 

Matched type, trailed; six
seeding rows; six seed metering
devices; seeding space, 0–64.77
cm; row spacing, 71.12–101.60
cm; maximum planting speed,
9.66 km/h; minimum required
power, 170 hp; hopper capacity,

6600 kg.

Seed flow components
prevent seed bridging;

equipped with fertilizer
function; attached with

controllers and receive GPS,
radar, and ground speed data

from the tractor.

USA
SPUDNIK

Equipment CO.
LLC

8312 [79] s

Matched type, trailed; twelve
seeding rows; front toolbars;
folding type machine; twelve
seed metering devices; row

spacing, 86.4–96.5 cm;
adjustable to plant 3, 6, 9, or

12 rows; seed hopper capacity,
400 cwt.

It is foldable and can be
transported from field to field
within road restrictions; seed
bowl sensors keep the seed

bowl at optimum levels;
sensors measure the depth on
both sides of the front toolbar.

3.3.2. Pneumatic-Type Potato Planter

The pneumatic-type potato planter has the advantages of a low seed damage rate, high
adaptation to seeds size and shape, high sowing speed, etc. Therefore, the development of
this kind of planter has been a hot spot of current research. Mao. [80] designed a precision
pneumatic planter for virus-free mini-potato, in which the seed metering device has a
declined disc. Lü et al. [81] developed an air-powered precision potato planter. The seed
metering device applied the novel form with the distributed multi suction arms, and
suction nozzles are installed at the end of each arm. In order to meet the conditions of
small-plot operation in hilly and mountainous areas and enhance the mechanization level
for mini-tuber, Wang et al. [82] designed a precision single-row air-suction planter.

Though the development of the pneumatic-type potato planter has a bright future, few
producers manufacture and sell this kind of potato planter around the world nowadays.
The successful examples available were from the enterprises of Crary Industries from the
US and ERME from France (Figure 15).

Specifically, Crary Industries produces the Lockwood 600 series of pneumatic potato
planters, which include three models: 604, 606 and 608. Figure 15a presents the Lockwood
606 pneumatic potato planter. The seed metering device in this planter series adopted a
vacuum wheel with stainless steel arms, and the flexible urethane cups allow for higher
planting speed while maintaining seed placement accuracy. In addition, this type of planter
is suitable for planting whole or sliced potato seeds. The specifications of this series of
planter are shown as follows. (1) The hitch type between planter and tractor is pull or
semi-mount, and the minimum required power is 140, 180, and 225 hp, respectively. (2)
Seeding rows are 4, 6, and 8, respectively. (3) A new larger hopper design eliminates the
use of extensions. (4) A radar-controlled hydraulic drive delivers more accurate seeding
space, and seeding space can be adjusted in the range of 15.2–45.7 cm. (5) Row spacing is
81.3–101.6 cm, and the maximum planting speed is as fast as 10.5 km/h.
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(a) (b) 

Figure 15. Pneumatic-type potato planter. (a) Lockwood 606. Reprinted with permission from
ref. [83]. Copyright 2021 Crary Industries; (b) PLMS 4 rows. Reprinted with permission from ref. [84].
Copyright 2020 Engineering & Manufacturing Aircraft Tools.

Furthermore, ERME produces the PLMS series pneumatic potato planter. This type
of planter is equipped with the traditional vacuum seed metering device and includes
seeding rows of 3, 4, 5, 6, 8, and 12. The four-seeding-rows planter is popular (Figure 15b).
Take the four-seeding-rows planter as an example; its specifications are represented as
follows. There are four seed metering devices, and the minimum row spacing is 35 cm.
A vibrator is applied in each seed metering device to ease the flow of seeds. Each row is
independent and mounted on a parallelogram system. Planting depth can be adjusted by
the rear depth wheels, and the planting density can be adjusted by a set of sprockets. The
normal working speed is 2.2 km/h. The pure weight is just 560 kg, which is suitable for
the small-area and light-weight tractor.

3.3.3. Belt-Type Potato Planter

The belt planter has a strong adaptability for planting non-calibrated seed potatoes,
various sizes, or longish varieties. Several studies were conducted on the design and
optimization of this planter. For example, Meijer et al. [85] developed an automatic belt-
type planter for pre-sprouted seed. On a laboratory model the shape of the bed, the belt
material, and belt speeds were analyzed. Results showed that the planter performed well
and the seed damage was low. Misener et al. [86] modified a two-row, horizontal-cup belt
planter. Performance tests were conducted and the results showed that with modifications
the planter performed well. Arsenault et al. [87] constructed a two-row planter with good
performance. Momin et al. [88] carried out a study to evaluate the performance of a two-
row planter, and obtained the suitable combination of operation parameters. Aiming at
enhancing the mechanization level of potato micro-seed planting, Liu et al. [18] designed a
vibration-based seeder.

Due to its strong adaptability, low seed damage, and simple structure, some com-
mercial belt-type potato planters are used in mechanical potato planting. Table 5 shows
varieties of this type of machine.
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Table 5. Comparison of belt-type potato planters.

Country Company Model Picture Technical Characteristics

Netherlands Dewulf Miedema Structural
30 [77]

 

Matched type, trailed; three seeding
rows; minimum required power,
80.2 hp; distance between rows,
4–100 cm; seed hopper capacity,

3500 kg; maximum working speed,
11 km/h; the unique planting

system limits friction between seeds
and prevents damage to seeds; the
drive and agitators are powered by

hydraulics; small turning circle;
possible to switch between planting

two and three rows easily.

Germany
GRIMME Land-
maschinenfabrik
GmbH & Co. KG

GB 430 [75]

 

Matched type, trailed; four seeding
rows; minimum required power,

122.4 hp; row spacing, 70–91.4 cm;
seed hopper capacity, 3500 kg;

maximum working speed, 10 km/h;
chassis equipped portal pendulum
axle, high maneuverability with 35◦
steering angle; combined with the

integrated furrow openers, the
Flow-Board XL ensures constant soil

cover on seed potatoes.

England Standen
Engineering Ltd. ZENO 21 [73]

 

Matched type, mounted; two
seeding rows; matched power,
102 hp; row space adjustable,

76–102 cm; open-center,
closed-center, or load-sensing

hydraulic systems; depth control can
be either manual or hydraulic; a

sensor fitted to the RH wheel axle
monitors the forward speed.

Netherlands WIFO-Anema BV MP20 [89]

 

Matched type, mounted; two
seeding rows; row space, 75/90 cm;
seed box capacity, 1100 L; seeding
object, potato mini-tuber or garlic;

pressure on the depth wheel can be
controlled by a spring; position of
the discs can be easily adjusted to
change the ridge shape; spraying

device can be equipped for applying
chemicals during planting.

3.3.4. Rotating-Disc-Type Potato Planter

The rotating-disc-type potato planter has strong adaptability, low seed damage, high
seeding quality, and low multiple/miss-seeding rate; but manually assisted seed feeding
results in high labor intensity and low working efficiency. Furthermore, this type of
planter is generally used on small scales. Experts put forward studies that mainly focus
on the design of this type of planter. For example, Kohser F. [34], Springer H.J. [35],
Heikes A.T. [36], and Osborne J.E. [37] et al. make efforts in structural innovation in
terms of the seed metering device and machine, respectively. The scientific research team
of Northeast Agricultural University, using this technology, developed a 2CMB2-type
two-row planter [31,38]. The development of this planter is mainly targeted at the mixed
cropping area with one crop one year and two crops one year systems in Southwest China
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and the wintering area in South China where the plot is small and the slope is large. Some
typical rotating-disc-type potato planters are shown in Table 6.

Table 6. Comparison of rotating-disc-type potato planters.

Country Company Model Picture Technical Characteristics

Italy F.LLI Spedo TPA-PP2 [50]

Matched type, mounted; two seeding
rows; matched power, 29.9 hp; row
spacing, 17–45 cm; each element is

equipped with a large alveolar plate;
seeds are covered by the discs with

adjustable inclination or by the ridgers
with adjustable wings.

Italy IMAC Co. PPS-2F [90]

Matched type, mounted; two seeding
rows; required power, 27.2 hp; row

space, 70–90 cm; seeding space,
14–28 cm; seed hopper capacity, 150 kg;
pure weight, 165 kg; working efficiency,

1–2 ha/h.

USA US Small Farm
Equipment Co. RP-20M [66]

 

Matched type, mounted; two seeding
rows; row spacing can be adjusted

according to requirements; maximum
working speed, 3.2 km/h; planting

depth, 3.3–13.3 cm; row spacing,
107–120 cm; loading capacity, 90 kg;

simple and easy to maintain;
quick-change sprocket set.

Ukraine
ROSTA Scientific

Production
Company

SLM-1-2 [49]

Matched type, mounted; two seeding
rows; working efficiency, 0.11 ha/h;

seeding accuracy, 92% at least; seeding
space, 3.3–6.7 cm; whole weight, 32 kg;

suitable for seeding onions-bulbs, garlic,
bulbs of a tulip, a gladiolus, potato

mini-tubers, etc.

Slovenia TEHNOS, d.o.o. SK2 [91]

Matched type, mounted; two seeding
rows; required power, 35.4–65.3 hp;

adjustable row space, depth and width
of cultivation; working efficiency,

0.1–0.3 ha/h; with a fertilizer dispensing
device and interrow cultivator; machine

weight, 320 kg.

3.3.5. Pickup-Finger-Type Potato Planter

The pickup-finger-type potato planter has its own characteristics, such as complex
structure, suitability for seeding a certain size of seeds, low working speed, and poor
seeding quality. In order to promote the development of this kind of planter, some studies
were conducted. For example, Frase et al. [92] invented a type of pickup-finger-type
potato planter for planting seeds of different sizes and shapes, which avoids trouble for
changing seed plates and seed selecting. Plant spacing uniformity is the main parameter of
the seed metering device. Boydaş et al. [93,94] investigated the performance of a pickup
finger potato planter in laboratory and optimized the combined operation parameters.
However, the seeding performance is significantly affected by seed shape as well as size.
Moreover, the operation speed is limited to 7 to 9 km/h because of its mechanical structure.
Meanwhile, seeds damage is likely to occur during the process of seeds pickup. In the
context of high working performance and efficient modern agricultural development, the
pickup-finger-type potato planter will be replaced in the longer term [95]. Due to its poor
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stability and seeding quality, this type of planter has narrow application in agricultural
production. Only a few enterprises such as Harriston manufacture and produce the
commercial pickup-finger-type potato planter. Figure 16 presents the Harriston Clamp
potato planter; it has six seeding rows, and the hitch type between planter and tractor is
pull. Seeding space and bowl height can be easily adjusted by the tractor, which has a cab
equipped with GPS velocity sensors for precise seed planting.

 

Figure 16. Harriston Clamp potato planter. Reprinted with permission from ref. [96]. Copyright 2020
Harriston Industries.

3.3.6. Needle-Stabbed-Type Potato Planter

The research on needle-stabbed-type potato planters is mainly concentrated in the
United States. During the 19th and 20th centuries, some experts applied a number of
technical invention patents around the development and innovation of this type of planter.
However, this type of planter has the vital disadvantages of promoting seeds damage and
virus infection. Nowadays, while few commercial needle-stabbed-type potato planters
are available in potato planting, the typical machines are shown as follows. There is the
Lockwood 500 series needle-stabbed-type potato planter developed by Crary Industries,
which includes three models: 504, 506, and 508. The hitch type between planter and tractor
is semi-trailed. The number of seeding rows are 4, 6, and 8, respectively. Both the row
space and seeding space are adjustable, and in the range of 81 to 102 cm and 17.8 to 40.6 cm,
respectively. The working speed is 0–10.4 km/h, and the matched power is 100.1, 135
and 175 hp, respectively. Figure 17a presents the Lockwood 504 potato planter series of
needle-stabbed-type potato planter produced by Harriston with seeding rows of 4, 6, and 8.
The planter employs the novel seeding sensor technology, independent seeding element,
and hydraulic driving system. Figure 17b shows the Harriston six-row potato planter.

  
(a) (b) 

Figure 17. Needle-stabbed potato planters. (a) Lockwood 504. Reprinted with permission from
ref. [83]. Copyright 2021 Crary Industries; (b) PLMS 4 rows. Reprinted with permission from ref. [96].
Copyright 2020 Harriston Industries.

3.4. Comparision of the Above Potato Planters in Different Types

By exploring the development of the technology and equipment of potato planting, it
can be confirmed that the cup-type planter is the most widely used planting equipment in
the world currently and will continue its dominant position in the future. Due to its simple
structure, easy operation, and steady working performance, various specifications of the
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cup-type potato have been developed from large machinery to small machinery. More-
over, the cup-type potato planter not only can be powered by two/four-wheel tractors in
large/small scale, but also can be powered by animal in certain conditions. Compared with
the cup-type potato planter, the pneumatic- and belt-type planters have strong adaptability
for planting non-calibrated seed potatoes, with a low seeds damage rate, among which,
the pneumatic-type planter has no requirement for graded potato seeds and does little
damage to seeds. In addition, it can be operated at high speed (more than 10 km/h) with
good seeding performance. In addition, the working efficiency and quality can both be
guaranteed, which means the pneumatic-type planter has a bright future. While for the
belt-type planter, seeding performance is affected by the size uniformity of potato seeds.
High seed size uniformity results in good seeding quality; poor seed size uniformity results
in poor seeding quality. Therefore, in order to obtain good seeding results, potato seeds
need to be graded by size before planting with the belt-type planter. It can be inferred that
use of the belt-type planter might increase slightly and at a slow rate in the future.

For the rotating-disc-type potato planter, though it has the advantages of simple
machine structure, easy operation, feasibility for seeding various standard potato seeds
(cut or whole), and good seeding quality, the manual assistant feeding seeds for dropping
makes it highly labor intensive with low working efficiency. This type of planter is generally
used on small-scale farmland, terracing mountain, or hilly areas. Though the rotating-disc-
type planter is not widespread around the world, it has prospects in developing countries
and some developed countries where farmland scale is limited because of the terracing
mountain and hilly areas. For the pickup-finger-type potato planter, the irregular shape
and size of potato seeds easily leads to a high rate of miss-seeding and multiple seeding.
Furthermore, under the pressure of pickup fingers, potato seeds are likely to be damaged
during the grasping process. Thus, the pickup-finger-type potato planter has a limited
development potential in the future. Similar to the pickup-finger-type planter, the needle-
stabbed-type potato planter also faces its development problems as a result of the vital
issue of seeds damage and virus infection. Despite the fact that the needle-stabbed-type
potato planter has the advantages of high adaptability to different sizes and shapes of seeds
with good seeding performance, the vital issue of seeds damage hinders its sustainable
development. Furthermore, manual/animal-powered potato planters are usually small,
light, simple, and easily manufactured, utilized, and maintained. These planters are
invariably used on small farms or hilly regions due to the complicated landform, wavy
terrain, and poor traffic conditions. Therefore, the manual/animal-powered potato planter
has its necessity of existence.

In summary, potato planters ranging from small- to large-scale with different types
are available around the world. Farm size and characteristics (landform, slope, etc.)
determine the application of potato planter types. Generally, large-sized farmlands are
suitable for employing large-scale potato planters, while small-sized farmlands or hilly
regions are suitable for choosing small-scale potato planters. It can be concluded that
the agricultural land per capita in developed and developing countries may have some
potential relationship with the selection of appropriate mechanical planting technology. As
can be seen from Figure 18a, Africa goes through an obvious decline in agricultural land per
capita, while the Americas, Asia, and Europe show the inconspicuous decline trend. The
agricultural land per capita of Asia and Europe is 0.37 ha and 0.62 ha, lower than the world
average level of 0.63 ha. As can be seen in Figure 18b, China and India are the world’s top
two countries for potato production, while their agricultural land per capita rates are just
0.37 ha and 0.13 ha, respectively. Considering China and India are developing countries,
the size of the majority of farmlands is smaller than 1 ha. It can be confirmed that small- or
medium-scale potato planters are suitable for potato production in these two countries [97].
Specifically, cup-type potato planters obtain the dominant position for potato production in
China and India currently and their position will be steady in future. Most other countries
in Asia are in a similar situation. For Europe, the agricultural land per capita is a little
lower than that of the world level. However, most counties in Europe are economically
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advanced with fewer people engaged in farming. The percentage of large-sized farms in
Europe is higher than in Asia, which is about 30%. Nevertheless, two-thirds of farms are
still smaller than 5 ha in size [98]. For instance, there are 111,740 farms smaller than 2 ha in
size operating a total of 212,000 ha of agricultural land [99,100]. There are numerous farms
in Europe, with different geologies, topographies, and climates. Various kinds of potato
planters are available for potato production in Europe, such as large-scale planters (cup
type, belt type, etc.) for large-sized farm, small-scale planters (cup type, rotating disc type,
manual-powered type, etc.) for small-sized farmland and fields in hilly regions. In North
America, the United States and Canada are the main potato production countries. Take
the United States as an example, where there are about 2,023,400 farms, the total farming
areas are about 363.2 Mha, and the average farm size is estimated at 179.7 ha [101]. These
farms are particularly concentrated in the Great Plains, a vast expanse of flat land that is
beneficial to applying large-scale agricultural machines. Consequently, potato planting
machines are large-scale, integrated, and automatic in the United States, and the types
of potato planter can be cup, pneumatic, belt, pickup-finger or needle-stabbed types. In
Latin America, most crop production is based on subsistence agriculture implemented by
resource-poor smallholder farmers [102]. A smallholder farm is generally less than 3 ha
and dispersed around a village. Despite the high possession of agricultural land per capita
(Figure 18a), farms are of small size due to the fragmentation of agricultural land in Latin
America, which has a negative impact on the lower field efficiency of machines in irregular
plots. Cup-type potato planters with medium or small scales are spread widely in this area.
Oceania possesses the largest agricultural land per capita. Australia and New Zealand
are the main potato production countries in this region. As developed countries, farms
larger than 20 ha in Australia and New Zealand take up 70% of the land [97], which is
beneficial to applying large- or medium-scale potato planting machines such as cup- or
pneumatic-type planters. For Africa, it is predominantly rural, with 54% of the population
engaged in agriculture. Most farmers cultivate small, fragmented parcels of farmland,
yet are responsible for food production, making the smallholder farm sector a key player
in the continent’s rural economy [103]. Due to poverty, the ecological intensification of
agriculture has seldom been addressed in the context of the smallholder farming systems
that characterize rural Africa. Therefore, whether deliberately or not, much of African
agriculture has remained rather “ecological” [102]. Considering the conditions of the
economy and agricultural production, potato planters of manual/animal-powered, two-
wheel tractor-driven and four-wheel tractor-driven types with small scale are applicable to
service potato production in Africa.

 

(a) 

Figure 18. Cont.
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(b) 

Figure 18. (a) Agricultural land per capita by continent, 2009–2018 (Note: Oceania is not shown
in Figure 18a due to its large agricultural area combined with its tiny population). Date from
ref. [104,105]. Copyright 2021 Land Use and FAO; (b) global agricultural land per capita in 2018.
Date from references [104,105]. Copyright 2021 Land Use and FAO.

4. Conclusions and Recommendations

Currently, there are various types of potato planters in small, medium, and large scales
around the world. However, due to the differences in economy, cropping systems, and
geographical and environmental conditions, the level of the development of mechanical
potato planting is unbalanced. In order to promote the development of high-performance
potato planters, some recommendations are presented as follows.

(1) It is necessary to make efforts in studying the working mechanism of potato planters.
Nowadays, problems of poor seeding quality and unstable operation performance
exist. To solve them, it is essential to do further research on key technologies in
ditching, seeding, fertilizing, and ridging. Moreover, exploring new techniques and
using new materials are helpful for promoting a planter’s quality and stability.

(2) Improving the level of automation and intelligentization of potato planters will be the
key point of research in the future, among which, digital technologies (i.e., sensors,
GPS, machine vision, seeding quality monitoring, etc.) would become the essential
components to enhance working quality and efficiency. Thus, the further exploration
of potato planting machines should be taken into consideration.

(3) Potato planters suitable for the local economic and geographic conditions in differ-
ent areas should be promoted. For example, the manual/animal-powered potato
planters or the small-scale potato planters powered by tractor are matched with
small plot lands, terracing mountain, or hilly areas due to their stability and safety;
large/medium potato planters powered by tractor are matched with large/medium-
scale farms.

(4) The rapid development of potato planters needs policy support, which includes
providing adequate research projects and funds, and encouraging researchers to
study innovations in potato planting technologies. Furthermore, a specific targeted
subsidy system needs to be established to ensure these planters are affordable for
local farmers.

(5) Farmers in different areas are faced with various kinds of problems when using the
present commercial potato planter. It is important to solve these problems, which need
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universities and research institutions cooperating closely with companies. Researchers
from universities and research institutions should propose solutions or technologies,
and companies should apply these solutions and technologies in time to improve the
quality and applicability of potato planters.
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Abstract: Current approaches to topdressing and weeding operations for rice cultivation present
several disadvantages, such as poor precision, low efficiency, serious environmental pollution, and
so on. This paper presents a row-controlled fertilizing–weeding machine to improve the precision of
fertilizing and weeding operations and to reduce the heavy pollution associated with rice cultivation.
A proportional–integral–derivative algorithm was adopted to realize accurate fertilization control,
and an automatic driving system for agricultural machinery based on BeiDou navigation was used
for accurate row-controlled operation. Accuracy testing and field experiments were carried out. The
results show that the fertilization control system can stabilize the speed to within 0.55 s of the desired
speed with a standard deviation of around 0.32 r·min−1. The row-controlled operation ensures
the lateral deviation is within ± 5 cm at operating speeds below 5 km·h−1. The high uniformity
and accuracy of fertilization meet agronomic requirements and rice cultivation standards, and the
weeding performance is acceptable at working speeds below 5 km·h−1.

Keywords: rice; fertilization; weeding; precision agriculture

1. Introduction

Topdressing and weeding operations are repeatedly carried out throughout the rice
cultivation process and have an important impact on rice yields. In the middle and lower
reaches of the Yangtze River in China, the main topdressing method is mechanical sprin-
kling, which is highly efficient. However, it is difficult to achieve a uniform distribution of
fertilizer, resulting in low fertilizer utilization rates [1,2]. The most widely used weeding
methods are chemical-based. Plant protection machinery can achieve remarkable control
of spraying operations. However, overuse of herbicides can lead to serious soil pollution
and ecological damage [3,4].

Side deep fertilization and mechanical weeding technologies are used to ensure high
fertilizer utilization rates and reduce chemical herbicide use [5]. By applying fertilizer to soil
at a certain depth, it can be more easily absorbed by the root system, which can effectively
increase fertilizer utilization rates by 15–20%; at the same time, yields can be increased by
up to 20% [6,7]. Existing side deep fertilization devices exhibit poor performance, which is
mainly reflected in low fertilization uniformity, unstable operation, and frequent clogging
of fertilizer delivery pipelines [8,9]. In response to these problems, Wang et al. [10] adopted
a spiral fertilizer discharge wheel to the improve fertilization uniformity of a side deep
fertilizing device. The coefficient of variation of fertilization stability was less than 7.8%.
Shan Zeng et al. [11] and Kim et al. [12] designed pneumatic conveying systems suitable
for granular fertilizer that improve the uniformity of fertilizer distribution and prevent
blockage of the conveying pipe. In particular, Kim et al. showed that the application
uniformity (coefficient of variation) in both the transverse and the longitudinal directions
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were in the range of 11.2–13.1 and 2.9–15.3%, respectively. Moreover, the application
accuracy ranged from 81.9–97.4% for the working speed range of the device. Yu et al. [13]
designed a controller for variable-rate application of granular fertilizer, which adjusts the
amount of fertilizer based on working speed and improves stability. The response time of
the controller (time to reach a steady application rate when the application rate is suddenly
changed) ranged from 1.5 to 3.0 s, which was considered acceptable.

Mechanical weeding is an environmentally friendly weeding technology and can be
implemented using various approaches, including ploughing, harrowing, and intertillaging.
These methods can eliminate the use of chemical herbicides and therefore, protect the
ecological environment [14,15]. However, ensuring effective weeding while avoiding
mechanical damage to rice seedlings remains a challenge [16]. Perez-Ruiz et al. [17]
proposed a fully automatic intra-row mechanical weed knife path control system for
transplanted row crops. The system uses a real-time kinematics (RTK) global positioning
system (GPS) to automatically detect crop planting geolocations and to control the path
of pairs of intra-row weed knives travelling between crop plants along the row centerline.
Field trial results show that, on average, the size of the close-to-crop zone can be maintained
within ± 0.5 cm of the target size with a standard deviation of 0.94 cm at 0.8 km·h−1 and
1.39 cm at 1.6 km·h−1. Liu et al. [18] proposed a deep learning-based method for bending
diagnosis of seedling line and guidance line extraction, which was shown to effectively
prevent damage to seedlings caused by weeding machine components. Chen et al. [19]
designed a hydraulic control system based on linear active disturbance rejection to prevent
damage to seedlings caused by weeding components in paddy fields. The average seedling
injury rate with the alignment control system was 3.9%. Wang et al. [20] designed a 3SCJ-1
type weeding machine that uses new weeding components for weed management in
transplanted organic rice. The average weeding rate was 78.02%.

Although the above-mentioned approaches solve several common problems asso-
ciated with fertilizing and weeding operations, they are only optimized for separately
carrying out fertilizing or weeding operations. However, often only certain aspects of
fertilizing or weeding operation are optimized, and from the agronomic point of view,
combining these two operations to improve the efficiency has not been considered. This
paper presents a row-controlled fertilizing–weeding (RFW) machine designed to meet the
agronomic requirements of rice cultivation. The machine is capable of simultaneously
performing fertilization and weeding operations and realizing row-controlled operation.
An automatic driving system for agricultural machinery developed by our research group
and based on China’s BeiDou navigation system is adopted to improve the efficiency
and quality of both the fertilizing and weeding operations. An experimental study was
carried out to assess the performance of the prototype. The results provide a theoretical
basis, as well as a reference, for further research on combined fertilization, and weeding
technologies for rice cultivation.

2. Materials and Methods

2.1. The Design of the RFW Machine
2.1.1. Overall Structure

The RFW machine consists of a fertilizer box, fan, motor, fertilizer distribution appa-
ratus, air–fertilizer mixing chamber, pipe, height adjustment device, furrower, gearbox,
weeding wheel, spring, fertilizer tank, and depth-limiting plate. The machine is connected
to the tractor body via the suspension frame. The overall structure of the RFW machine is
shown in Figure 1. Technical details are listed in Table 1.
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Figure 1. Overall structure of RFW machine. 1. Tractor; 2. Fertilizer box; 3. Fan; 4. Motor; 5.
Fertilizer apparatus; 6. Air–fertilizer mixing chamber; 7. Pipe; 8. Height adjustment device; 9.
Furrower; 10. Chain transmission box; 11. Weeding wheel; 12. Limiter spring; 13. Fertilizer tank; 14.
Depth-limiting plate.

Table 1. Technical specifications of RFW machine.

Project Parameter

Working width 2.5 m
Number of operation lines 8

Fertilizer box volume 350 L
Working speed 0–6 km h−1

Fan model SEAFLO SFBB1-320-02
Type of fertilizer apparatus Grooved wheel fertilizer apparatus

Motor model GPG-05SC

A pneumatic conveying method was adopted. Power is provided by the fan to convey
the fertilizer. The rotation speed of the fertilizer apparatus is controlled by the motor speed,
which therefore controls the amount of fertilizer dispensed. The height adjustment device
adjusts the height of the machine relative to the ground, allowing the RFW machine to
move easily through the field. The gearbox transfers the output power of the tractor to the
weeding wheel, which then rotates. The furrower is used to trim ditches and plays a role in
removing weeds between ditches. The depth-limiting plate and spring control the depth of
the weeding wheel in the soil.

Fertilizer is discharged from the fertilizer tank through a square hole in the center of
the depth-limiting plate. The RFW machine is equipped with an automatic driving system
for agricultural machinery based on China’s BeiDou navigation system, which improves
the accuracy of the row-controlled operation and ensures the weeding wheel stays between
crop rows [21].

2.1.2. Working Principle

As shown in Figure 2, during the weeding operation, the weeding wheels plough shal-
low soil to dig out or bury weeds under the soil, destroying the root growth environment of
the weeds. During the fertilizing operation, fertilizer particles are fed into the air–fertilizer
mixing chamber under the action of the motor, then mixed with the high-speed air flow
produced by the fan. The fertilizer particles enter the fertilizer tank through the pipe due
to the combined action of drag forces generated by the air flow and gravity, and are finally
discharged through the square hole in the center of the depth-limiting plate. The fertilizer
particles fall into the soil immediately after it has been ploughed by the weeding wheel
and are concentrated in the middle of the seedling row, thus realizing deep side fertiliza-
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tion. The angle of the steering wheel is constantly adjusted during the row-controlled
fertilizing and weeding operations, which effectively improves the efficiency and quality
of both operations.

Figure 2. Working principle of RFW machine. 1. Fertilizer box; 2. Air–fertilizer mixing chamber;
3. Pipe; 4. Furrower; 5. Weeds; 6. Soil; 7. Weeding wheel; 8. Fertilizer; 9. Depth-limiting plate;
10. Fertilizer tank.

2.1.3. Control System

The fertilization control system was designed to improve the uniformity and accuracy
of fertilization. The system uses a proportional–integral–derivative (PID) algorithm to
achieve closed-loop control of the motor speed. The working principle of the system is
shown in Figure 3. First, an RTK-based global navigation satellite system (GNSS) receiver
monitors the working speed of the machine in real time and transmits the speed signal to
an onboard computer. The desired motor speed is calculated by the computer based on the
desired amount of fertilizer and machine parameters, then the desired speed is transmitted
to the fertilization controller. The controller generates a pulse-width-modulated (PWM)
signal, which is regulated by the PID controller, and the signal is sent to the motor drive
module. The motor speed is controlled by changing the output voltage. At the same time,
the speed measurement module feeds the actual working speed back to the controller,
which alters the duty cycle of the PWM signal based on the above feedback, thereby
realizing real-time control of the motor speed and precision fertilization.

Figure 3. Principle of fertilization control system.
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Based on the desired amount of fertilizer, the relationship between the desired motor
speed and working speed should meet the following requirements:

⎧⎨
⎩

dS(t) = w
600 VG(t)dt

dM0(t) = M0dS(t)
dM0(t) = nqN0(t)dt

(1)

where S(t) is the corresponding operation area at time t, ha; M0(t) is the desired amount of
fertilizer per area corresponding to time t, kg·ha−1; N0(t) is the desired motor speed at time
t, r·min−1; VG(t) is the actual working speed at time t, km·h−1; w is the working width, m;
M0 is the desired amount of fertilizer per unit area, kg·ha−1; n is the number of fertilizer
apparatuses; and q is the amount of fertilizer applied by the fertilizer apparatus during a
single turn, kg.

The machine parameters can be used to obtain the control function for the desired
motor speed as follows:

N0(t) =
5VG(t)M0

192
(2)

To achieve optimal control, it is necessary to adjust the PID controller parameters [22].
After repeated tests and tuning, the PID control law was obtained as:

U(t) = 278.9err(t) + 159
∫

err(t)dt + 0.03
derr(t)

dt
(3)

where U(t) is the output of the PID controller and err(t) is the deviation between the desired
speed and actual speed.

Proper function of the row-controlled system relies on the automatic driving system
for agricultural machinery based on BeiDou navigation. The operating principle of the
row-controlled system is shown in Figure 4. First, the system reads the original path data
for rice seeding and planting, which is used as a baseline for planning the desired path.
The lateral and heading deviation are obtained by comparing the real-time position and
heading information of the RFW machine with the desired path. Then, the theoretical
rotation angle is calculated according to the deviations of the two desired values, within a
predetermined error value limit. The actual controlled rotation angle is calculated based
on the feedback signal from the rotation angle measuring device [23]. The motor drives
the electronically controlled steering wheel, and the rotation angle is controlled to realize
accurate row-controlled operation.

 
Figure 4. Principle of row-controlled system.
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2.2. Accuracy Testing of Control System
2.2.1. Analysis of Response Characteristics of Fertilization Control System

To ensure fertilization uniformity in the longitudinal direction, the fertilization control
system should quickly respond to changes in the working speed to ensure the motor speed
stabilizes around the desired speed within a relatively short period of time. The motor
speed was tested and analyzed under load conditions. In the experiment, the motor speed
was programmed to change every 15 s in the range 10–30 r·min−1, and the motor speed
data were recorded every 100 ms by the speed measurement module. Finally, the variation
of motor speed with load was obtained.

2.2.2. Analysis of Row-Controlled System Accuracy

The purpose of row-controlled operation is to reduce mechanical damage to rice
seedlings caused by weeding components during the weeding operation. Deviation of the
row-controlled operation must be controlled within a certain range. Deviation is mainly
due to system error, vibration of the machine, and suspension deflection. Moreover, the
operating speed will also influence the amount of deviation caused by these sources. Thus,
the influence of the operating speed of the machine on the deviation of the row-controlled
operation must be analyzed to determine the appropriate working speed range.

A field experiment was carried out on 28 June 2020 in an experimental field of Jinyun
Agricultural Science and Technology Development Co., Ltd., Jiangdu District, Yangzhou
City, Jiangsu Province, China (119.512◦ E, 32.562◦ N). During the test, the working speed
of the machine was set to 3, 4, 5, and 6 km·h−1 and the machine travelled 150 m along
the desired path. The actual working path was monitored by a high-precision satellite
receiver installed on the longitudinal center line of the machine. Thirty monitoring points
were selected along the path. Afterwards, the lateral deviation was calculated. The
lateral deviation was taken as the offset distance between the actual working path and the
desired path. As the absolute lateral deviation increases, the accuracy of the row-controlled
operation decreases.

2.3. Field Experiment

The experiment was carried out according to NY/T1003-2006, Technical Specification
of Quality Evaluation for Fertilizing Machinery [24]. Rice cultivation operations were
performed by machines equipped with an automatic driving system for agricultural ma-
chinery based on BeiDou navigation. The row spacing was 0.25 m, the rice seedling height
was in the range of 0.2 to 0.3 m, and the weed height was in the range of 0.1 to 0.2 m. Urea
with a particle size range of 0.85 to 2.8 mm was selected as the fertilizer.

2.3.1. Fertilization Uniformity

The fertilization uniformity obtained using the proposed fertilization control system
was measured under static conditions. Consistency in the amount of fertilizer applied
to each row was analyzed using the coefficient of variation (CV). A value of less than
13% meets the technical requirements (NY/T 1003-2006). The eight fertilizer outlets were
labelled as 1–4 on the left side and 5–8 on the right side of the machine. The t-tests were
performed to verify the fertilization uniformity on each side based on data obtained from
fertilizer outlets on the left and right sides of the machine. The coefficient of variation of
the amount of fertilizer in each row was calculated as:

CV =

√
∑n

i=1
(xi−x)2

n−1
x

·100% (4)

where xi is the amount of fertilizer in each row, g; x is the average amount of fertilizer in
each row, g; and n is the number of test rows (i.e., number of fertilizer outlets).

In the experiment, the motor speed was set to 10, 15, 20, 25, or 30 r·min−1. The number
of test rows was 8 and the test time was 5 min. Fertilizer dispensed from each outlet was
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collected in 8 separate buckets. At the end of each test, the fertilizer in each bucket was
weighed and recorded. The test was repeated three times at each speed and the average
values were calculated. The coefficient of variation of the amount of fertilizer in each row
was determined using Equation (4). The total amount of fertilizer dispensed from each
fertilizer outlet was measured and independent sample t-tests were performed using the
average values. The significance level was set to α = 0.05.

2.3.2. Fertilization Accuracy

The deviation of fertilization rate (γs) was used to evaluate fertilization accuracy.
Deviation of the total amount of fertilizer refers to the ratio of the absolute value of the
difference between the actual amount and the desired amount, expressed as:

γs =

∣∣∣ 10,000(Wb−Wa)
S − F

∣∣∣
F

·100% (5)

where Wb is the mass of fertilizer added to the fertilizer box at the start of the experiment,
kg; Wa is the mass of residual fertilizer in the fertilizer box at the end of the experiment, kg;
S is the operation area, m2; and F is the desired amount of fertilizer, kg·ha−1.

The test plot was divided into ten areas (2.5 m × 100 m), the working speed was
set to 3 km·h−1, and the desired amount of fertilizer was set as 150, 250, or 350 kg·ha−1,
respectively. The total mass of fertilizer in the fertilizer box was weighed before and after
the experiment, then the deviation of the total amount of fertilizer in the test area was
calculated using Equation (5). The deviation of the total amount of fertilizer should be
below 15%.

2.3.3. Weeding Performance

Weeding performance is mainly reflected in the removal effect of weeds per unit area
and the degree of mechanical damage to rice seedlings. Here, weeding rate (λ) and seedling
injury rate per unit area (η) were used as evaluation indexes [25]. The test plot was divided
into four 2.5 m × 100 m areas, and five 2.5 m × 1 m areas within these four areas were
selected for testing. The working speeds were set as 3, 4, 5, and 6 km·h−1, respectively. The
weeding rate and seedling injury rate were calculated using the following formulas:

λ =
Qb − Qa

Qb
·100% (6)

where λ is the weeding rate, %; Qb is the total number of weeds in the test area before
weeding; and Qa is the total number of weeds in the test area after weeding.

η =
Ub
Ua

·100% (7)

where η is the seedling injury rate, %; Ub is the total number of damaged rice seedlings in
the test area (stem broken or bent and epidermis damaged); and Ua is the total number of
rice seedlings in the test area.

Each test was repeated three times at each speed and the average values were calcu-
lated. The evaluation index was estimated for the overall area based on those of the smaller
test areas. According to the rice weeding requirements, the weeding rate should be above
75% and the injury rate should be below 5%. The weeding rate and injured seedling rate
were statistically analyzed using analysis of variance (ANOVA), with a significance level of
α = 0.05.
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3. Results and Discussion

3.1. Analysis of Control System Accuracy
3.1.1. Response Characteristics of Fertilization Control System

Figure 5 shows the response of the actual motor speed to changes in the target speed.
The response times of the system to achieve a stable speed close to the target speed were
0.55, 0.31, 0.32, 0.41, and 0.35 s. Thereafter, the actual motor speed tended to fluctuate up
and down around the desired speed within an acceptable range. Standard deviations of the
actual speed after stabilization were 0.26, 0.32, 0.21, 0.14, and 0.21 r·min−1. The response
time of the system was 0.31–0.55 s, which was shorter than that of the controller designed
by Yu et al. [13], which ranged from 1.5 to 3.0 s, while the standard deviations of the actual
speed after stabilization were very close. Thus, the control accuracy of the system is high
and stable control can be achieved.

 
Figure 5. Desired speed versus actual motor speed.

3.1.2. Row-Controlled System Accuracy

Figure 6 shows the lateral deviation of the row-controlled operation at different speeds.
The lateral deviation increased with increasing motor speed. The ranges of lateral deviation
were −3.15–3.18, −3.82–4.13, −5.32–5.33, and −6.43–5.76 cm at working speeds of 3, 4, 5,
and 6 km·h−1, respectively. According to the rice cultivation requirements for the middle
and lower reaches of the Yangtze River in China, the row spacing should be 25 cm. Based on
the above results and technical specifications of the machine, a lateral deviation of ± 5 cm
is considered acceptable. When the lateral deviation is too large, unstable movement of
the lateral offset of the weeding wheel may damage seedling roots. To reduce the damage
caused by the weeding wheel, the working speed should be controlled to below 5 km h−1.
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Figure 6. Lateral deviation of row-controlled operation at different speeds.

3.2. Results of Field Experiment
3.2.1. Fertilizer Application Uniformity

Table 2 shows the amount of fertilizer applied in each row at different motor speeds.
The CV of the amount of fertilizer in each row ranged from 1.14 to 2.50%, which meets the
requirement of CV less than 13%. As the motor speed increased, the amount of fertilizer in
each row increased linearly. At the same time, the CV of the amount of fertilizer in each
row decreased, indicating the application uniformity among rows increased.

Table 2. Statistical analysis of consistency in the amount of fertilizer in each row.

Speed
(r·min−1)

Amount of Fertilizer (g)
CV
(%)

1 2 3 4 5 6 7 8

10 1026.55 1008.25 1051.75 1041.25 1014.25 1072.61 1000.35 1057.75 2.50
15 1523.48 1500.38 1562.03 1537.73 1500.15 1580.93 1488.08 1573.80 2.35
20 2010.81 1989.42 2051.21 2034.63 1978.32 2082.51 1963.42 2053.23 2.06
25 2473.38 2462.25 2528.88 2523.13 2465.13 2541.13 2426.63 2525.13 1.66
30 2926.83 2917.95 2981.72 2990.41 2923.23 2988.75 2881.65 2980.95 1.41

Table 3 shows the results of an independent sample t-test for the average amount of
fertilizer dispensed from outlets on the left and right sides of the machine. The correspond-
ing p values for each speed show there is no significant difference in the amount of fertilizer
dispensed from the left and right fertilizer outlets.

Table 3. Results of independent sample t-test for the average amount of fertilizer dispensed from the
left and right fertilizer outlets.

Speed (r min−1) t Stat p

10 −0.22 0.83
15 −0.18 0.87
20 0.07 0.95
25 0.23 0.82
30 0.34 0.74

159



Agriculture 2021, 11, 527

Figure 7 shows the amount of fertilizer applied during a single turn of the fertilizer
apparatus at different motor speeds. At a constant motor speed, the amount of fertilizer
fluctuates slightly. Overall, the amount of fertilizer was consistent, with a standard devia-
tion of less than 0.52 g. The fluctuation is likely related to differences in the characteristics
of different fertilizer distribution apparatuses. Nonetheless, as the speed increased, the
amount of fertilizer tended to decrease.

 
Figure 7. Amount of fertilizer applied during a single turn of the fertilizer distribution apparatus at
different working speeds.

3.2.2. Fertilizer Application Accuracy

Figure 8 compares the desired and measured fertilization rates for three different target
values. When the desired fertilization rate was 150 kg·ha−1, the measured fertilization
rate was generally higher than the desired fertilization rate; whereas, when the desired
fertilization rate was 350 kg·ha−1, the measured fertilization rate was generally lower. The
reason for this may be that at a constant working speed, the motor speed must increase to
increase the amount of fertilizer dispensed. However, as the motor speed increases, the
amount of fertilizer applied by the fertilizer distribution apparatus during a single turn
will decrease, leading to a decrease in fertilization rate, which is consistent with the results
presented in Figure 7.

Table 4 shows the deviation between the desired and measured fertilization rates.
When the desired fertilization rates were 150, 250, and 350 kg·ha−1, the deviation ranges of
the actual fertilization rates were 1.27–6.80, 0.04–5.00, and 1.00–4.66%, respectively. The
deviation of less than 15% meets the fertilization requirements and the application accuracy
of the machine meets the design requirements.

Compared with the CV and deviation obtained by Wang et al. [10], Shan Zeng et al. [11]
and Kim et al. [12], the change in the CV and deviation shows the same trend: the faster the
motor speed is, the smaller the CV is. The larger the desired fertilization rate is, the smaller
the deviation is. Under the same motor speed, the values of CV and deviation of this paper
are smaller, e.g., the CV obtained by Kim et al. [12] were in the range of 11.2 to 13.1%,
and the deviation ranged from 2.6 to 18.1%. It proves that the uniformity and accuracy of
fertilizer application of the prototype are worthy of affirmation.
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(a) 

 
(b) 

 
(c) 

Figure 8. Desired versus measured fertilization rates for target values of (a) 150, (b) 250, and
(c) 350 kg·ha−1.
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Table 4. Deviation of measured fertilization rate from desired values.

Desired
(kg·ha−1)

γs (%)

1 2 3 4 5 6 7 8 9 10

150 6.80 4.20 3.87 3.07 5.87 4.80 1.27 6.47 2.33 5.27
250 1.32 1.96 5.00 0.56 0.04 3.88 2.32 0.64 0.96 4.20
350 1.00 4.66 3.37 3.69 2.63 2.63 2.26 3.49 4.37 1.86

3.2.3. Weeding Performance

Table 5 shows statistical data for weeding rate and seedling injury rate at different
working speeds. In a working speed range of 3 to 6 km·h−1, the weeding rate was
78.3–83.1%, which meets the requirements of the rice weeding operation. Table 6 shows
the ANOVA results for the variation in average weeding rate with working speed. The
p-value was far less than 0.05, indicating that the working speed has a significant impact on
the weeding rate. The weeding rate decreased with increasing working speed, suggesting
that the weeding wheel is less effective at higher speeds. As the working speed of the
machine increases, the slip rate of the weeding wheel also increases and the ploughing
effect is reduced, which leads to a decrease in weeding rate.

Table 5. Weeding rate and seedling injury rate at different working speeds of the machine.

Speed (km·h−1) 3 4 5 6

Weeding rate (%) 83.1 ± 3.5 81.7 ± 1.7 79.8 ± 2.6 78.3 ± 2.1
Seedling injury rate (%) 3.2 ± 0.7 4.1 ± 0.5 5.6 ± 0.4 7.3 ± 0.9

Table 6. Analysis of variance results for influence of working speed on weeding rate.

Source SS df MS F p-Value F Crit

Between groups 39.31583 3 13.10528 103.4627 9.71E-07 4.066181
Within groups 1.013333 8 0.126667

Total 40.32917 11

In the working speed range of 3 to 6 km·h−1, the seedling injury rate was 3.2–7.3%.
Table 7 shows the ANOVA results for the variation of seedling injury rate with working
speed. The p-value is far less than 0.05, indicating that the working speed has a significant
impact on seedling injury rate. The seedling injury rate increased with increasing working
speed, which suggests that increasing the speed will reduce the accuracy of the row-
controlled system, which is consistent with the results presented in Figure 6. Moreover,
a seedling injury rate above 5% does not meet rice weeding operation requirements. To
meet the requirements of the rice weeding operation in terms of weeding injury rate, the
working speed must be below 5 km·h−1.

Table 7. Analysis of variance results for variation of seedling injury rate with working speed.

Source SS df MS F p-Value F Crit

Between
groups 29.07 3 9.69 33.70435 6.9E-05 4.066181

Within
groups 2.3 8 0.2875

Total 31.37 11

Regarding the existing technical solutions of mechanical weeding proposed by Chen et al. [19]
and Wang et al. [20], both solutions can achieve a good weeding effect. Under the speed of
3 km·h−1, the weeding rate and seedling injury rate of the existing mechanical weeding
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equipment can reach 78.02% and 3.9%, respectively. At this speed, the weeding rate and
seedling injury rate of the prototype were 83.1% and 3.2%, respectively. The performance
of the prototype is slightly better than the above two kinds of equipment, but the gap is
not big.

Figure 9 shows the weeding effect of the machine. From a comparison of the number
of weeds and the damage to rice seedlings in the operation area and non-operation area,
no obvious weed residues were observed in the operation area. The damage to rice
seedlings was relatively low, which meets the requirements of the rice weeding operation
and demonstrates good performance of the machine.

 

Figure 9. Results of weeding and fertilizing operations using an RFW machine.

3.3. Limitations

The findings of this study have to be seen in light of some limitations. First, constrained
by the work principle of the row-controlled system, the machine is only applicable to
paddy fields which were planted by using the automatic driving system for agricultural
machinery based on BeiDou navigation. Of course, with the increasing popularity of the
automatic driving system for agricultural machinery, the limitation will be greatly reduced.
Secondly, due to the fact that there is no similar machine on the market, this paper only
evaluates the performance of the machine according to the existing standards and existing
technical solutions, and does not carry out comparative tests. At last, the scope of the field
experiments are not substantial enough to understand the adaptability of the machine to
different regions and soil environments. The adaptability of the device should be verified
in the future.

4. Conclusions

To improve the efficiency and quality of rice fertilization and weeding operations and
to reduce agricultural non-point source pollution, a row-controlled fertilizing–weeding
machine was developed. Accurate fertilization control and row-controlled operation were
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realized using a PID algorithm and automatic driving system for agricultural machinery
based on BeiDou navigation. The fertilization control system can stabilize the speed of
the machine to within 0.55 s of the desired speed with a standard deviation of around
0.32 r·min−1. The row-controlled operation ensures a lateral deviation of ±5 cm at oper-
ating speeds below 5 km·h−1, which meets the operational accuracy requirements of rice
cultivation. The field test results show that the uniformity and accuracy of fertilization of
the RFW machine are high. The coefficient of variation of the amount of fertilizer in each
row ranged from 1.14 to 2.50%, with corresponding deviation in corresponding fertilization
rates below 6.80%. The proposed system meets all requirements of the Chinese Technical
Specification of Quality Evaluation for Fertilizing Machinery (NY/T1003-2006). In the
working speed range of 3 to 6 km·h−1, the weeding rate was 78.3–83.1% and the seedling
injury rate was 3.2–7.3%. Therefore, working speeds below 5 km·h−1 are acceptable for
rice weeding operations.

In terms of operation efficiency, the machine integrates the fertilization and weeding
operations to eliminate single-step operations, and greatly improves the operating efficiency.
In terms of operation quality, precision fertilization and row-controlled operation are
achieved using a PID controller and BeiDou navigation system, which were shown to
improve the uniformity and accuracy of fertilization and effectively reduce the seedling
injury rate while ensuring the desired weeding effect. In terms of environmental protection,
side deep fertilization effectively increases fertilizer utilization rates and reduces runoff
losses from the fertilizer. In addition, mechanical weeding avoids the use of herbicides,
which can significantly reduce the ecological impact of rice cultivation on the farmland
environment. Further research on the RFW machine will be of great significance in the field
of rice cultivation.
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Abstract: The cultivation of vegetables in greenhouses is characterised by high planting density
and environmental conditions that favour the development of pests and diseases. These are mainly
controlled using plant protection products applied with a hand-held sprayer. This is inefficient
low-tech equipment that is difficult to calibrate. The study evaluates one hand-held spray gun and
two hand-held spray lances that are widely used in greenhouse vegetable crops. The tests were
carried out on a pepper crop at two different developmental stages. Plant canopy deposition and
losses to the ground were quantified using a colorimetric method based on applying a tartrazine
solution. The results show that the flat-fan spray lance obtains a more uniform spray distribution in
the plant canopy and results in losses to the ground that are between 2 and 2.75 times less than when
using the other hand-held sprayers tested.

Keywords: greenhouse; hand-held sprayer; plant protection products; crop protection

1. Introduction

In south-eastern Spain, greenhouse vegetable cultivation has increased substantially
over recent years, with the cultivated surface area now amounting to around 32,234 ha [1].
This has made Almería province one of the leading vegetable cultivation areas in Europe,
with a total production of 3.62 million tonnes in the year 2019–2020, representing approx-
imately 25% of the national vegetable production. Pepper is the most important crop,
accounting for 26% of the production, followed by tomato and cucumber, at 22% and 16%,
respectively [1]. This sector has been very competitive in recent years compared to other
production areas due to the relatively low production costs.

Pest and disease control in this type of crop is mainly carried out through the use
of plant protection products, although in recent years the implementation of integrated
pest management programs (IPMs) has contributed to their reduction [2–6]. However,
IPM practices are still only implemented on a small scale and given the high concentration
of greenhouses in the area, the risk of environmental pollution due to pesticide use has
increased. There are studies that have detected the presence of pesticides in the soil [7,8] as
well as in surface and groundwater.

The negative effects of plant protection products on the environment and human
health has led to the development of important legislative initiatives. At the European
level, Directive 2009/128/EC [9] on the sustainable use of pesticides was launched in 2009,
with the aim of establishing a framework to reduce the risks to human health and the
environment and to encourage the use of pest control techniques that reduce or eliminate
the use of pesticides. More recently, in 2019, the European Commission presented its Green
Deal communication [10], which strives to achieve a sustainable economy in the European
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Union, supported by various strategies such as the Farm to Fork Strategy, which sets out a
50% reduction in the use and risk of pesticides by 2030 [11].

In general, the foliar application of plant protection products is considered an ineffi-
cient process because only a fraction of the sprayed liquid is retained on the vegetal canopy
whilst the rest is lost to the ground or to drift [12,13]. Likewise, an application is considered
adequate when the spray deposition on the vegetal canopy is close to the control threshold
for the infestation or disease and is homogenously distributed, yet with minimal losses
to the ground or to drift [13,14]. Therefore, to study spraying equipment in the field, it is
necessary to quantify the quantity and spatial distribution of the spray deposition on the
vegetal canopy and the losses produced, mainly to the ground and to drift. In the case of
greenhouse crops, the major losses are to the ground, since drift losses do not occur given
the closed nature of the facilities.

Numerous studies have shown that the spraying equipment is one of the most in-
fluential factors regarding the rational use of plant protection products on different crop
types, including greenhouse horticultural crops [14–21]. The equipment most used on
greenhouse horticultural crops are hand-held spray guns and spray lances [22–25] as these
are low-cost, easily maintained devices that adapt well to different crop configurations and
greenhouse types. Agricultural workers usually work with this type of equipment at high
pressures (>20 bar) and high application rates [16,26,27]. For these reasons, and because
this equipment is difficult to calibrate and its handling is influenced by the operator’s
expertise, inefficient spraying occurs, which poses an important risk to the environment.
Generally, the distribution of plant protection products on the vegetal canopy using hand-
held sprayers is not very uniform and significant losses to the ground occur [14,21,27].
Furthermore, using this equipment results in a high risk of operator exposure [19,28–32],
which can lead to adverse health effects.

The abovementioned drawbacks have prompted the use of other greenhouse appli-
cation equipment over recent years, based on vertical spray booms mounted on manual
trolleys [14,33], on self-propelled vehicles [21,34] or on autonomous vehicles [18,24,35].
Employing vertical spray booms allows one to optimise the application of plant protec-
tion products by reducing the application rate and ground losses [21,36]. However, this
equipment has still only been used on a few greenhouse horticultural crops.

The objective of this work is to analyse and compare the distribution of plant protection
products from the hand-held sprayers present in a pepper crop plant canopy along with
the losses to the ground caused by each of them. The tests were carried out with the most
common hand-held sprayers used on greenhouse crops in south-eastern Spain. Specifically,
we have evaluated the deposition in plant canopy and ground losses originating from one
hand-held spray gun and two hand-held spray lances, each of which are widely used in
the area.

2. Materials and Methods

2.1. Spraying Equipment Used

In the tests, one hand-held spray gun and two hand-held spray lances that are widely
used in the area have been evaluated. Their characteristics are described below:

1. Trigger spray gun (Braglia Srl, Reggio Emilia, Italy): this spray gun (Figure 1a) is
equipped with a nozzle consisting of a hexagonal brass body with helical grooves
and an outlet hole (1.5 mm in diameter). It has a side lever that moves an inter-
nal rod, allowing the liquid to be driven through the central part of the nozzle or
through the helical grooves. This produces an adjustable spray pattern, from a straight
concentrated stream to a hollow cone. A trigger opens or closes the liquid outlet.

2. Rotating-handle spray lance (Sirfran S.L., Alicante, Spain): this spray lance (Figure 1b)
is equipped with a cone nozzle that has a variable turbulence chamber and an outlet
hole (1.5 mm in diameter). It has a rotating handle to switch the spray lance valve
from the closed to the maximum flow position. As the handle is turned, the depth of
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the turbulence chamber is modified, changing the spray pattern from a hollow-coned
spray to a straight stream.

3. Flat-fan spray lance (Novi Fan S.L., Almería, Spain): this spray lance (Figure 2a) is
equipped with two steel flat-fan nozzles, which form angles of 40◦ and 70◦ from the
outlet tube axis (Figure 2b).

  

Figure 1. Trigger spray gun (a). Rotating-handle spray gun (b).

  

Figure 2. Flat-fan spray lance (a). Position of the twin flat-fan nozzles (b).

The hand-held sprayers were connected to a forklift carrying a 100 L tank and a
membrane pump (M-30, Imovilli Pompe S.R.L., Reggio Emilia, Italy) by means of a 25 m
long hose (17mm in diameter). The pressure and flow data were recorded at the pump
outlet using a datalogger (DataChart 1250, Monarch Instrument, Amherst, NH, USA)
equipped with a pressure sensor (ARAG s.r.l., Reggio Emilia, Italy) and a flow sensor
(ORION Visual Flow, ARAG s.r.l., Reggio Emilia, Italy).

2.2. Experimental Design

The tests were conducted in the southern half (45 × 20 m2) of an 1800 m2 greenhouse
located at the Foundation ANECOOP-UAL experimental facilities at the University of
Almería (36◦52′ N, 2◦17′ W).

A pepper crop was used in the tests (Capsicum annuum, cv. Melchor), planted in a
twin-row system, with a 2 m separation between the lines and 0.5 m between each pair of
plants (2 plants/m−2). The spray equipment tests were carried out at two different crop
stages. The crop characteristics in the 2 tests carried out are listed in Table 1. The leaf area
index (LAI) was measured from 6 plants taken at random in the greenhouse. The plants
were completely stripped of their leaves and the surface area of each leaf was measured
with an electronic planimeter (WinDias, Delta-T Devices Ltd., Cambridge, UK).
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Table 1. Crop Characteristics.

Test LAI Crop Height (m) Crop Depth (m)

1 3.20 1.44 1.13
2 4.75 1.75 1.08

The test area consisted of 25 crop lines, each of which was 18 m long with a north–
south orientation, divided into 3 blocks. Each block contained 6 crop lines, 3 of which were
used for Test 1 and the other 3 for Test 2, located alternately to avoid possible contamination
between applications in the same test (Figure 3).

Figure 3. Floor plan of the greenhouse indicating the sampling blocks for the experimental plants.

In each block, and for each test, 3 applications were carried out, one for each hand-held
sprayer on a different randomly assigned crop line. In each test line, a pair of plants was
randomly selected for sampling; this was conducted in 12 different zones (at 4 depths and
3 heights; Figure 4). On the ground, coincident with the external layer (P1 and P4) and at
the centre of each plant pair (Figure 4), artificial collectors were placed; these consisted of
30 × 80 mm filter paper strips (Filter-Lab Ref 1238, Filtros Anoia S.A., Barcelona, Spain).
A total of 135 samples were taken in each trial ((12 zones + 3 soil samples) × 9 pairs of
plants).

The working conditions (Table 2) were established in accordance with the common
farming practices in the area; these consist of spraying at high pressures (approximately
2500 kPa) using high water volumes—for Test 1 and Test 2, these amounted to approxi-
mately 1100 L ha−1 and 1500 L ha−1, respectively. The flow rates for each of the hand-held
sprayers under these conditions are shown in Table 2—in Test 1, it was 4.53 L min−1 for
the trigger spray gun, 4.38 L min−1 for the rotating-handle spray lance and 4.19 L min−1

for the flat-fan spray lance; in Test 2, the flow rates were 4.67, 4.35 and 4.21 L min−1 for the
trigger spray gun, the rotating-handle spray lance and the flat-fan spray lance, respectively.
The hand-held sprayers were tested on a horizontal test bench complying with the ISO
5682-1 standard [37] to determine the actual spray angle (Figure 5). The test bench was
equipped with 36 grooves, each 50 mm wide and 1500 mm long.
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Figure 4. Sampling position (depth and height) for assessing the spray deposition on the canopy and
the losses to the ground.

Table 2. Spray application parameters for the tests.

Applications
Nozzle

No.
Spray Pressure

(kPa)
Actual Spray Angle

(Degrees)
Flow

(L min−1)
Travel Speed

(m s−1)
Application Rate

(L ha−1)

Test 1
TSG 1 2440 60 4.53 0.63 1188.25

RHSL 1 2565 46 4.38 0.68 1075.35
FFSL 2 2559 90 4.19 0.62 1128.08

Test 2
TSG 1 2492 60 4.67 0.51 1517.12

RHSL 1 2548 46 4.35 0.48 1498.45
FFSL 2 2576 90 4.21 0.46 1511.16

TSG: trigger spray gun, RHSL: rotating-handle spray lance, FFSL: flat-fan spray lance.

Figure 5. Testing the hand-held sprayers on a horizontal test bench (ISO 5682-1-compliant) to determine the actual spray
angle: the flat-fan spray lance (a), rotating-handle spray lance (b) and trigger spray gun (c).

2.3. Measuring the Spray Deposition and Losses to the Ground

Tartrazine (Roha Europe, S.L.U., Torrent, Spain) was used as a tracer to quantify the
deposition, using a tank concentration of approximately 10 g L−1. After the tests were
carried out in the greenhouse, 3 or 4 leaves were taken from each of the sampling areas
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listed above (Figure 4), depending on their size, to ensure that the total surface area sampled
in each zone was approximately the same. These leaves were placed in 200 × 320 mm
self-sealing bags. Likewise, the filter paper strips were placed in 120 × 180 mm self-sealing
bags.

In the laboratory, the leaves were washed with 50 mL of distilled water in the same
self-sealing bags, and after stirring for 1 min, they were stored in the dark for 30 min to
prevent degradation by ambient light. Once the washing process was complete, the sheets
were carefully removed from the bags, dried slightly by placing them on filter paper and
then the surface was measured using an electronic planimeter (WinDias, Delta-T Devices
Ltd., Cambridge, UK).

To extract the dye from the filter paper strips, a procedure similar to that used for the
leaves was followed, but using 25 mL of distilled water to wash the sample in the same
self-sealing bags.

The amount of tartrazine in the washing solution was determined at a wavelength of
425.5 nm using a dual-beam, UV-visible spectrophotometer (Helios Zeta, Thermospectronic,
Cambridge, UK). As a baseline, the solution from washing the blank samples was used
following the procedure described above.

To ascertain the actual tracer concentration in the tank, samples of the applied solution
were taken at the outlet of the hand-held sprayers, recording a concentration of 8.21 g L−1

in Test 1 and 9.81g L−1 in Test 2. To compare the applications made with the different hand-
held sprayers, the measured depositions were normalised, taking a reference application
volume rate of 1100 L ha−1 in Test 1 and 1500 L ha−1 in Test 2, according to Equation (1).

dn =
d·Vn

CT ·V (1)

where dn is the normalised deposit (μL cm−2), d is the tracer concentration per unit sample
surface (μg cm−2), Vn is the reference volume rate application (L ha−1), V is the volume
rate application (L ha−1) and CT is the tracer concentration of the tank for each treatment
(g L−1).

2.4. Statistical Analysis

The statistical analysis of the data was performed using SPSS v26.0 software (SPSS Inc.,
an IBM Company, Chicago, IL, USA). An analysis of variance (Anova) was performed, and
the significant differences were evaluated using Duncan’s test. Before the statistical analysis,
the normality of the data was checked using the Kolmogorov–Smirnov test (p < 0.05), and
the equality of variances by means of the Levene test.

3. Results and Discussion

3.1. Crop Deposition

There were no significant differences in canopy depositions made by the different
hand-held sprayers used in the tests (Table 3), although the flat-fan spray lance deposited
the most in both tests, followed by the trigger spray gun and the rotating-handle spray
lance. Cerruto et al. [22] compared two spray lances similar to those used in this study on
a tomato crop, obtaining comparable results. Likewise, Rincón et al. [27] obtained similar
deposition results for the flat-fan spray lance on a greenhouse pepper crop.

Table 3. Normalised deposition on the canopy and losses to the ground (mean ± SD) in μL cm−2.

Hand-Held Sprayer
Test 1 Test 2

Canopy Ground Canopy Ground

TSG 0.97 ± 0.53a 7.39 ± 3.03a 0.97 ± 0.59a 8.69 ± 3.38a
RHSL 0.90 ± 0.54a 9.70 ± 5.460a 0.84 ± 0.68a 11.77 ± 6.61a
FFSL 1.06 ± 0.51a 3.76 ± 1.36b 1.09 ± 0.65a 4.28 ± 1.50b

TSG: trigger spray gun, RHSL: rotating-handle spray lance, FFSL: flat-fan spray lance. Means in the same column with the same letter do
not differ significantly (p < 0.05; Duncan’s test).
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Furthermore, the flat-fan spray lance resulted in more uniform applications in the
two tests, with coefficient variation (CV) values of 48.75% and 59.63% for Tests 1 and 2,
respectively. The least uniform applications occurred with the rotating-handle spray lance,
with variation coefficients of 60.27% and 79.76% in Tests 1 and 2, respectively. Similar results
were obtained by Sánchez-Hermosilla et al. [21] in a greenhouse tomato crop. This may be
due to the lower spray angle that this spray lance has, concentrating the droplets within
a smaller spray width, which forces the operator to have good coordination between the
arm movement and the feed to achieve adequate overlap and good distribution uniformity.
This aspect is less limiting in the other devices tested, especially in the flat-fan spray lance,
which, with a 90◦ spray angle, distributes the droplets in a wider arc (approximately 80 cm
for applications made 35 cm from the vegetation), hence the higher application uniformity.

For the rotating-handle spray lance, both the closing and the adjustment of the output
flow is performed using the rotating handle, which makes it difficult to keep the same
handle position once the spray lance has been closed. Normally, the operator shuts off the
spray lance when reaching the end of the crop line and opens it when starting a new line.
All of this can also cause lower application uniformity for the rotating-handle spray lance
than for the other equipment.

Another aspect contributing to the lack of application uniformity is the difficulty in
reaching the internal areas of the plant canopy. As indicated by Braekman et al. [16], this is
because only the finest droplets reach the inner part of the canopy. For all the hand-held
sprayers tested, more than 69% of the quantified deposition occurred in the outer planes
of the plant canopy (planes P1 and P4, Figure 4). The deposition in the interior planes
(planes P2 and P3, Figure 4) was very low for all the devices, although in both tests it was
somewhat higher for the flat-fan spray lance, with significant differences in the test on the
more developed crop (Test 2) compared to the rotating-handle spray lance (Figure 6).

 

Figure 6. Normalised deposition (μL cm−2) in the outer and inner zones of the canopy. The same letter means no significant
differences (Duncan’s test, p < 0.05). Bars signify the means ± SD of the data. TSG: trigger spray gun, RHSL: rotating-handle
spray lance, FFSL: flat-fan spray lance.
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3.2. Losses to the Ground

Ground loss values are shown in Table 3. One can observe that lower losses occurred
with the flat-fan spray lance, while significant differences existed with regard to the losses
caused by the other hand-held sprayers in the two tests. Cerruto et al. [22] also found lower
ground losses when using a flat-fan spray gun on a greenhouse tomato crop.

The flat-fan spray lance results in ground losses 2 to 2.75 times less than for the other
devices. This may be due to the orientation of the nozzles towards the vegetation. When
the operator works with the flat-fan spray lance, the nozzles generate a flat jet which is
approximately perpendicular to the vegetable canopy, moving from top to bottom; thus,
the direct projection of droplets to the ground is very low, so most losses are due to the
lower number of droplets that do not reach the vegetation or are due to runoff. This fact is
confirmed when looking at the quantified losses in the internal and external zone, which
are similar for this equipment in each of the tests (Table 4).

Table 4. Normalised deposition (in μL cm−2) in the outer and inner zones of the ground (mean ±
SD).

Application
Test 1 Test 2

Outer Inner Outer Inner

TSG 8.59 ± 2.99a 4.98 ± 1.13a 10.03 ± 3.34a 6.02 ± 1.31ab
RHSL 12.57 ± 4.24b 3.97 ± 0.63a 15.19 ± 5.25b 4.93 ± 0.54bc
FFSL 3.80 ± 1.71c 3.66 ± 0.27a 4.36 ± 1.87c 4.11 ± 0.35c

TSG: trigger spray gun, RHSL: rotating-handle spray lance, FFSL: flat-fan spray lance. Means in the same column
with the same letter do not differ significantly (p < 0.05; Duncan’s test).

In contrast, for the other hand-held sprayers, the nozzles are located at the end of
the devices, generating a tapered jet, the shaft of which forms an angle of approximately
20–25◦ to the crop line. This results in a direct projection of droplets towards the ground
during the downward movement of the operator’s arm, leading to high ground losses,
which were greater in the external area than in the internal area for the two tests carried
out (Table 4). In the external area, as well as the droplets received by direct spraying, we
also quantified the losses caused by droplets not reaching the vegetation and falling as
runoff. However, most of the quantified losses in the internal area were due to the falling
of droplets that did not reach the vegetation or to the runoff; thus, their values are very
similar to those obtained with the flat-fan spray lance.

4. Conclusions

The tests have shown that the plant canopy depositions do not present statistically
significant differences for the different hand-held sprayers used, although they were
somewhat higher for the flat-fan spray lance.

In general, there is a uniform distribution of spray in the plant canopy, with coefficients
of variation greater than 48% for all the hand-held sprayers, mainly due to the arrangement
of the nozzles and the opening of the spray jet, as well as the difficulty in reaching the
internal vegetation areas. However, the increased spray angle of the flat-fan spray lance’s
opening allows for more uniform distributions, with coefficients of variation of less than
60% in the tests carried out.

As far as ground losses are concerned, these were between 2 and 2.75 times lower
for the flat-fan spray lance than for the other hand-held sprayers tested, amongst which
there were no statistically significant differences. This is due to the flat-fan spray lance’s
nozzle arrangement, which generates a flat jet during spraying which is approximately
perpendicular to the vegetation.

In general, one can conclude that the flat-fan spray lance results in more uniform
application with less ground losses than the other hand-held sprayers.
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Abstract: Rice straw is a residue that causes significant environmental problems, as burning it causes
CO2 and ash emissions, while buried waste can cause issues associated with eutrophication. The
extraction of straw from fields for alternative uses may contribute to solving these problems, but
research into its economic viability is necessary. The straw can be used for crop mulching, biofuel,
bedding for livestock, and so on. In this study, we analyse the work carried out by straw harvesting
machines (rakes, balers, bundlers, and loaders) and calculate the costs of packing, road-siding, and
transportation of the straw from the rice fields to stockage points in the producer area, as well as
to locations outside of the rice production area, in order to assess the viability. The costs of all
elemental operations were calculated. The costs of all the operations included between raking and
unloading in the producer area stocking point ranged between 28.1 and 51 EUR t−1. These costs were
compared with the price of rain-fed cereal straw (wheat and barley), which is the most abundant,
noting that the years in which rain-fed cereal straw reached high prices, rice straw could serve as a
competitive product; however, in years when the former is cheap, it would be necessary to subsidise
the harvesting of rice straw.

Keywords: straw; rice; baler; transport; economy; mechanisation

1. Introduction

The Parque Natural de L’Albufera de València (Spain) is one of the most important
wetlands in Southern Europe. It is characterised by the lake and rice fields that surround it,
the flooded lands of which serve as a refuge for a multitude of birds. Its management and
preservation depend on various authorities: at the European level, it is part of the Natura
2000 network of European protected areas, as well as having been granted a number of
LIFE projects. The legal jurisdiction affecting the conservation of l’Albufera de València
is distributed among various authorities, meaning that it is sometimes difficult to know
which one of them is in charge of each of the numerous aspects involved in the conservation
of such an area. This fact provides an added difficulty when developing certain kinds of
proposals [1].

Rice, as a crop, has a long history in the area, and is the most important in the Natural
Park, with a production of 116,925 t and an area of 15,087 ha [2]. The traditional way of
eliminating straw after harvesting was burning it, as this method has many advantages.
It is a cheap system and has other positive effects, such as eliminating weed seeds and
reducing the presence of other pathogens. However, the somewhat uncontrolled burning
on days with prevailing winds meant that smoke was carried towards neighbouring cities,
leading many citizens to complain about the presence of smoke and ash in the air. This
confrontation, combined with the current heightened awareness of climate change, has
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led authorities to prohibit or limit this practice in Spain [3,4], as well as in other occidental
countries such as the USA [5].

There are no easy alternatives to burning. Burying straw leads to problems with
water eutrophication, the possible spread of some herbicide-resistant weeds, and pests and
diseases becoming more difficult to control [3–6].

An alternative to burning or burying is the extraction of the straw from the fields, in
order to put it to other uses, such as energy and biofuels, pulp and paper [5], construction
materials [7], compost [8], livestock [9], mulch to prevent soil erosion [10], to reduce water
losses [11], crop yields [11], weeds [12], and so on [13]. However, all these alternatives have
a significant common cost, which is the packaging and subsequent transportation of the
straw to the points of use, including biofuel industries, buildings, compost plants, animal
farms, or agricultural fields for mulching [9–13].

In this study, a quantification of the magnitude of these costs was carried out, as
well as monitoring the packing and loading of machines, analysing the possible routes
based on the orography of the production area, and estimating the transport costs from the
production site to destinations located within a 200 km radius [14,15].

The following phases are involved in the analysis of straw management:

(a) Regulation of the combine to produce long straw and windrows;
(b) Straw raking to improve the work of the balers;
(c) Baling;
(d) Road-siding;
(e) Loading and transportation to storage areas in the straw-producing area;
(f) Stockpiling in the production area;
(g) Loading in the production area and transportation to the destination;
(h) Stockpiling at the destination; and
(i) Final use of the straw.

Additionally, there are other, no less important factors which must be considered, such
as the control of irrigation water, avoiding any crop burning that may spread to the areas
where straw is being baled and, most importantly, how the collection and transportation
is organised. The time period available is very short, as the fields must be flooded for
environmental reasons and, moreover, keeping the fields dry implies energy costs due to
the use of bilge pumps in the lower areas.

The handling of the combine harvester for straw baling is similar to that which would
be employed for burning; that is, the cut should not be too low, in order to facilitate the
subsequent drying of the straw. The machine does not chop the straw or spread it, thus
facilitating its subsequent collection [5].

The straw remains can be collected directly with the balers but, if they are laid out
with a windrowing machine, the subsequent work of the balers is made easier [5].

The baling can be done with small prismatic bales, which must later be grouped to
facilitate mechanical handling. It can also be carried out with cylindrical bales or with large
prismatic bales [16].

Road-siding is usually carried out by tractors equipped with fork loaders [5].
Transportation from the plot to the storage area at the origin is usually carried out

by small trucks or tractors and trailers, due to the limited dimensions of the roads in the
production area [5].

Unloading and stacking in the stockpile at the production area is usually carried out
by dumping and/or manipulation with loaders coupled to a tractor, or with telehandlers.
The stacking height is not usually excessive, as a long storage period is not foreseen. In
addition, the straw is usually very humid, which can lead to problems with spontaneous
combustion due to the high temperatures which can be reached inside the piles, if the
stowage densities are too high [15].

The transportation of the straw from the production areas to the final destination
is usually carried out with trucks. Tractors with loaders can be used, provided that the
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trucks are not excessively large or, whenever possible, they can be loaded from the sides.
However, if they are large and have closed boxes, it is necessary to use telescopic handlers.

This study takes the measurements of the following aspects into consideration: the
size of the straw and of the uncut remains left by the rice harvesters, the moisture of the
straw, the working capacities of the rakes, prismatic balers of various sizes, the use of
straw bale wrappers, the transportation of the straw, and its subsequent loading from the
bed to the loading point at the foot of the plot. Transportation to the main stockpile in
the production area and the working capacities of telescopic loaders in loading trucks for
long-distance transport were also studied.

The transport of the straw to the final destination has a high influence on the total
cost [17,18]; therefore, the main transport routes within the production area were evaluated
and the costs of transportation by road from the production storage areas to possible
destinations were estimated, taking the transport equipment used, the distance covered,
and the bale density into consideration.

With all the above information, estimates were made for the cost of handling rice straw
in L’Albufera de València, with a view to considering its economic viability for alternative
uses, thus leading to an improvement in the environmental conditions of a place with such
exceptional ecological value.

2. Materials and Methods

2.1. Straw Production Area and Transport Distances between the Fields and the Storage Point

The rice-producing area was divided into 13 zones. The plots are all accessed by
paths which are parallel to the ditches, making transverse movements difficult. In addition,
seven possible storage points were identified within the production area. These areas of
harvesting and storage points were used as a reference for calculating the distances to
be covered during transportation in the production area. The delimitation of these zones
was carried out by direct observation of the transport routes and intermediate obstacles in
Google Earth (Figure 1).

 
Figure 1. Image of rice crop area in the P.N. Albufera de València and the actuation zones into which
it was divided (Image source: Google Earth. Modified by J.M. Giner).
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Furthermore, the plot size was analysed using land register data. [19].
The centre of gravity (CG) of each zone was calculated and the shortest distance from

that point to the closest road was measured (DCG). The distance between the last point
and the storage point was also calculated with Google Earth (Dpa). The full distance (Dp)
between each production area and each storage point was calculated as the sum of the two
previous values:

D = DCG + Dp. (1)

2.2. Straw Characterisation

Being the most abundant in the area, the biomass of the ‘J. Sendra’ rice variety was used.
To typify stubble, five 1 × 1 m squares were selected randomly in four fields, and

the heights were measured. The stubble was cut at ground level and the samples were
transferred to the laboratory, where they were weighed and dried.

To measure the amount of straw deposited by the combine harvester, four strips equiv-
alent to the machine’s cutting width (6 m) and 1 m in length were collected and weighed.

In addition, the straw baled in nine plots was estimated by counting the number of
bales formed and, consequently, calculating the average weight of each bale.

Small bales (<25 kg) were weighed with an Alpha Tools scale with a capacity of 50 kg
and a resolution of 10 g. The large prismatic bales were weighed with a PCE Ibérica
dynamometer (http://www.pce-instrument.com, accessed on 10 October 2019) model
PCE-PFG 10 K of 10 kN capacity and with a resolution of 0.5 N.

To measure the straw moisture, samples were dried in an oven at 60 ◦C for 48 h. The
moisture, on a dry matter basis, was calculated as in Equation (2):

Md = 100 (W − DM) DM−1, (2)

where Md is the percentage of moisture, W is the weight of a wet sample, and DM is the
weight of the dry sample.

2.3. Equipment

The field capacity of the following equipment was measured using video records, GPS
records, and posterior time analysis. The main specifications of the equipment analysed
are detailed in Table 1.

Table 1. Equipment used for packaging and transporting in the production area.

Code Description Tractor Implement Activity

E1 Tractor 81 kW + Rake New Holland T6 120 MUR, 6 m withd Raking

E2 Tractor 70 kW + small baler Landini REX 95 F Welger AP 400 Baling small bales

E3 Tractor 75 kW + bale bundler New Holland TN 95FA Arcusin Multipack A14 Bundling small bales

E4 Tractor 125 kW + large baler New Holland G170 NJ BB 940 Baling large bales

E5 Tractor 75 kW + Front loader New Holland TN 95FA Tenias S-100-2697 Road-siding

E6 Tractor 110 kW + front loader Fendt 415 Vario Fendt front loader Small truck loading

E7 Small truck 28 big bales Transport into the rice area

E8 Telehandler JCB 535 Large truck loading

E9 Articulated large truck 64 big bales Long distance transport

2.3.1. Raking

The straw was windrowed with a MUR rake. It has two vertical windlasses with a
working width of 6 m. The rake was hitched to a New Holland T6 120, 88 kW tractor.

2.3.2. Baling and Bundling

The following balers were analysed:
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• Small rectangular baler: Welger AP 400; and
• Big rectangular baler: NJ BB 940.

The small rectangular bales were packaged into groups of 12 bales using an Arcusin
Multipack A14 bundler.

2.3.3. Road-Siding

The work of a New Holland TN 95FA tractor with a Tenias S-100-2697 front loader
was measured when transporting the bales from the field to the road near the field.

2.3.4. Transport Equipment in the Production Zone

The most commonly used vehicles when transporting bales from the field to the
storage area were small lorries. The field capacity of a truck able to transport seven rows of
four large bales or bundles (28 in total) was measured using a GPS and video records.

2.3.5. Long-Distance Transport Equipment

Articulated trucks were used for long-distance transportation. The field capacity of
the JCB 535 telehandler, used to load an articulated dump truck with a capacity of 68 large
bales, was measured.

2.4. Equipment Costs

The estimation of the equipment cost was calculated according to the ASABE
method [20,21].

2.5. Long-Distance Transportation Costs

The costs of transportation from the production area to the final destination were
estimated using the data published by the ‘Ministerio de Fomento’ (Ministry of Develop-
ment) [22].

2.6. Total Costs

To calculate the costs of straw handling and transport, the operations were divided
into three steps (Figure 2). Step I included raking, baling, and road-siding. Step II included
loading a small lorry or tractor trailer and transportation within the production area to
a storage point and then being unloaded. Step III included loading to a large lorry for
transportation to the final destination.

Figure 2. Diagram of operations.
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The costs (EUR ha−1) were calculated according to the following Equation (3):

C = C1 + C2 + C3, (3)

where C is the total cost and C1, C2, and C3 are the costs of steps I, II, and III, respectively.

3. Results

3.1. Analysis of the Straw Production Area

According to the land registry data [23], in the P.N. there were 9354 registered plots,
with a total area of 13,358 ha of rice crops, with an average surface of 1.43 ha/plot and
a median of 0.94 ha plot−1. Moreover, there are sometimes small channels and ridges
between plots that make manoeuvring equipment difficult.

The vast majority of roads that the vehicles have to travel on are narrow, with single-
lane traffic, making it necessary to use sidings when two vehicles need to cross on the same
road. Fortunately, traffic is light, and these situations occur infrequently.

In Table 2, the surface, distances, and transport time from the harvesting zones to the
storage points in the production zones are summarised. The average distance between
the centre of gravity of the production area and the closest road (DCG) was 1.19 km
(sd ± 0.63 km), the average distance between zones to the storage point (Dpa) was 3.27 km
(sd ± 1.42), and the average total distance from the road-siding to the storage point was
4.46 km (sd ± 1.36).

Table 2. Surfaces and transport distances into/within the straw production zone.

Harvesting Zone Storage Point Production Surface, ha DCG, km Dpa, km D, km

1 A1 370 1.53 4.60 6.13

2 A1 187 0.41 2.60 3.01

3 A1 720 1.79 3.10 4.89

4 A2 152 1.07 2.30 3.37

5 A2 897 1.87 2.10 3.97

6 A3 640 1.09 1.40 2.49

7 A5 1304 1.08 2.60 3.68

8 A5 2682 1.05 5.85 6.90

9 A4 666 2.65 1.90 4.55

10 A6 1476 0.73 5.90 6.63

11 A6 954 0.79 3.25 4.04

12 A6 1053 0.44 3.50 3.94

13 A7 1188 0.95 3.45 4.40

Average 1.19 3.27 4.46

Standard deviation 0.63 1.42 1.36

3.2. Straw and Stubble Characterisation

The straw and stubble were characterised (Table 3). The mean stubble height was
21 cm (sd ± 0.32), the mean wet weight was 373 g m−2 (sd ± 57), and the moisture on a
dry basis was 89% (sd ± 49). Straw had a length of 30 cm (sd ± 4), a weight of 737 g m−2

(sd ± 130), and moisture on a dry basis of 78% (sd ± 37).
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Table 3. Straw and stubble characteristics.

Place Stubble Straw

Height cm
Wet Mass

g m−2
Moisture on
Dry Basis, %

Length, cm
Wet Mass,

g m−2
Moisture

Dry Basis, %
kg ha−1 Wet

kg ha−1,
Dry

Catarroja 21.5 451 95 25 732 91 7320 3832

Albal 20.9 375 60 35 481 55 4810 3103

Romaní 1 21.6 320 45 30 459 43 4590 3210

Romaní II 21.2 348 155 28 475 125 4750 2111

Average 21.3 373 89 30 537 78 5370 3017

Standard deviation 0.32 57 49 4 130 37 1300 949

As can be seen, the straw has to be packed while it still has a high degree of moisture,
a factor which can cause problems in its storage.

3.3. Straw Production

In the fields where the straw collected was measured, the results were highly variable,
ranging from 1652 to 4456 kg ha−1 of wet straw. These values were lower than the total
amount of straw produced by the fields, which have been estimated at around 6 t ha−1

of wet straw [3]. These differences were fundamentally due to the collection system. The
balers only harvest a fraction of the deposited straw, as the farmers want a clean product
without any mud. In fact, some samples of the straw that remained on the ground after
packing were collected, and values to the order of 200 g m−2 (2 t ha−1) of wet straw were
found. No comprehensive measurements were made.

For subsequent machine cost calculations, an average production of 4.4 t ha−1 of
harvested wet straw was considered.

3.4. Equipment Field Capacity

The field capacities were measured in relation to the machines used, as well as in com-
parison to the general capacities of similar equipment working with other winter cereals
and in other countries. The terminology used was that recommended by ASABE [20].

3.4.1. Rake

The travel speed of the rake was 9.0 km h−1 and the working width was 6 m, giving a
theoretical field capacity of 5.4 ha h−1. However, as the plot dimensions are small, the field
efficiency was low (estimated at 0.6), giving an effective working capacity of 3.2 ha h−1.

3.4.2. Small Rectangular Baler

The baler produced 10.7 kg bales (sd ± 0.7) with dimensions 40 × 30 × 90 cm. The
stubble was measured randomly to be 20 cm long. The straw was in ties. The amount of
wet straw harvested was 1652 kg ha−1; these values indicate low-density bales (99 kg m−3),
as well as a low amount of straw harvested.

The machine advanced at 2.3 km h−1 and the windrows were distanced at 6 m;
therefore, the theoretical field capacity was 1.4 ha h−1; however, frequent holdups due to
problems with the tie rope led to an effective field capacity of 0.6 ha h−1. Therefore, the
field efficiency was as low as 42%.

The effective field capacity was similar to that reported by authors such as Márquez [23],
but the field efficiency was much lower than that reported by other authors [24,25].

3.4.3. Small Bale Bundler

The small bales were grouped and packaged in the field with a bale bundler. The
machine produced bundles of 12 bales, measuring 180 × 100 × 70 cm. The average speed
was 3.3 km h−1, the distance between bale lines was 6 m, and a field efficiency of 76% was
measured; therefore, the effective field capacity was 1.5 ha h−1.

183



Agriculture 2021, 11, 570

3.4.4. Large Rectangular Baler

Speeds of 3.1 and 6.0 km h−1 were measured in 2019 and 2020, respectively. Straw
lines were spaced at 7 m apart; therefore, considering an average speed of 4.5 km h−1, the
theoretical working capacity was 3.15 ha h−1. Considering a field efficiency of 75%, the
effective field capacity was 2.4 ha h−1. The bales were 220 × 90 × 80 cm, with a volume
of 1.58 m3.

3.5. Road-Siding

The average distance for road-siding was 85 m (sd ± 21). In each trip, the loaders
carried two large bales or bundles, and the duration of a full cycle was 3.0 min (sd ± 0.3);
therefore, the theoretical field capacity was 40 bale h−1 (sd ± 4). If a field efficiency of 75%
is assumed, the effective field capacity was 30 bale h−1. At a weight of 300 kg bale−1, this
means 9000 kg h−1, therefore, at 4.4 t ha−1, the effective field efficiency will be 2.05 ha h−1.
Calculations were carried out with large bales.

3.6. Loading and Transporting Equipment in the Production Zone

The average transport speed observed for several rigid trucks and tractors with trailers
in the production area, transporting rice between the fields and the factories, was 31 km h−1

(sd ± 4.3 km h−1). The straw transport speed can be considered similar to that of these
same vehicles transporting grain on the same roads.

3.7. Equipment Hourly Costs

In order to calculate the costs of each operation, the hourly costs of each machine were
calculated beforehand, using the ASABE methodology [19]. The results are summarised in
Table 4.

Table 4. Hourly costs (EUR h−1) of the used equipment.

Code Description EUR h−1

E1 Raking 39.2

E2 Small bale baling 43.9

E3 Bundling 79.0

E4 Large baler 116.6

E5 Road-siding 33.1

E6 Small truck loading 35.1

E7 Small truck, 7 × 4 big bales 45.0

E8 Telehandler 40.1

E9 Articulated truck, 16 × 4 big bales EUR km−1

3.8. Total Costs
3.8.1. Step I Costs

This step involved all the operations carried out, from raking to stacking at the
roadside, including:

Raking (A);
Baling (B), field capacities of small (B1) and large (B2) rectangular balers;
Bundling small bales (C);
Road-siding with tractor equipped with front loader (D).

The registered effective field capacities are summarised in Table 5.
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Table 5. Effective field capacity of each operation.

Task
Effective Field

Capacity, ha h−1
Equipment Hourly

Costs, EUR h−1
Equipment Costs,

EUR ha−1 Cords, EUR ha−1 Total, EUR ha−1

A. Raking 3.2 39.2 12.3 0 12.3

B1. Packing small bales 0.6 43.9 73.2 23.7 96.9

B2. Packing large bales 2.4 116.6 48.6 11.1 59.7

C. Grouping small bales 1.5 79.0 52.7 11.1 63.8

D. Road-siding 2.1 33.1 16.1 0 16.1

The cost (EUR ha−1) of this step is

C1 = CA + CBi + CC + CD. (4)

Baling (B) was done with two types of machines. The costs for each type (B1, small
baler, and B2, large baler), including the costs of the cords, are given in Table 6.

Table 6. Step I costs (EUR ha−1 and EUR t−1).

Operations A (EUR ha−1) Bi (EUR ha−1) C (EUR ha−1) D (EUR ha−1) C1 (EUR ha−1) C1 (EUR t−1) *

A + B1 + C + D 12.3 96.9 63.8 16.1 189.1 43

A + B2 + D 12.3 59.7 0 16.1 88.1 20

* Assuming 4.4 t ha−1.

Managing small bales is considerably more expensive than managing large bales, due
to the lower field capacity and the additional cost of making blocks of bales to facilitate
mechanical managing.

3.8.2. Step II Costs

This step includes: (E) small truck loading, (F) transportation to storage in the produc-
tion area and return, and (G) unloading.

Loading (E) was carried out with stacks four bales high. The average time to load one
stack was 1.8 min (1.10–2.50 min stack−1) but, as there were interruptions, the effective
loading time can be estimated as 50% more (2.7 min stack−1). Assuming the use of a
two-axle truck or a trailer with a capacity of seven rows, the loading time would be 0.32 h.

If unloading (G) is done with a loader, it would take a similar amount of time to that
of loading; therefore, we used the same value. Self-unloading trailers or lorries are not
common in this area.

Transportation costs depend on the distance travelled. The distances from the ge-
ometric centres of the harvesting areas to the storage points in the production area, as
well as the surfaces of the harvesting areas, were calculated, in order to estimate their
straw production. Travel times were estimated as a function of distance. A travel speed of
25 km h−1 was assumed.

Considering a cost of 45 EUR h−1—which is usual in similar equipment—the cost
of this operation was calculated (Table 7). On average, for all areas, it was calculated at
44.9 EUR trip−1 (round trip). If the weight of the bales was 300 kg bale−1, and 28 bales
were carried per trip, the cost of this step would be 5.34 EUR t−1 or 1.6 EUR bale−1.

The cost (EUR ha−1) of this step was

C2 = CE + CFt + CG = 1.34 + 5.35 +1.34 = 8.03 € t−1, (5)

where C2 is the cost of Step II, CE is the cost of loading, CFt is the cost of transporting in
the producer area, and CG is the cost of unloading.
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Table 7. Distances, surfaces, straw yield, and transport costs between the fields and the storage points in the production area.

Harvest
Zone

Storage
Point

Surface, ha Straw Yield, t DCG, km Dpa, km D, km
Time, h
Trip−1

CF EUR
Trip−1

1 A1 370 2246 1.53 4.60 6.13 1.13 50.9

2 A1 187 1137 0.41 2.60 3.01 0.88 39.6

3 A1 720 4371 1.79 3.10 4.89 1.03 46.4

4 A2 152 923 1.07 2.30 3.37 0.91 40.9

5 A2 897 5448 1.87 2.10 3.97 0.96 43.1

6 A3 640 3885 1.09 1.40 2.49 0.84 37.8

7 A5 1304 7915 1.08 2.60 3.68 0.93 42.0

8 A5 2682 16,283 1.05 5.85 6.90 1.19 53.6

9 A4 666 4041 2.65 1.90 4.55 1.00 45.2

10 A6 1476 8961 0.73 5.90 6.63 1.17 52.7

11 A6 954 5792 0.79 3.25 4.04 0.96 43.3

12 A6 1053 6393 0.44 3.50 3.94 0.96 43.0

13 A7 1188 7213 0.95 3.45 4.40 0.99 44.6

Average 1.19 3.27 4.46 1.00 44.9

Sd 0.63 1.42 1.36 0.11 4.9

3.8.3. Step III Costs

This step consisted of two parts: lorry loading and transportation to the final destina-
tion. The unloading at this point could be carried out by tilting or using the customer’s
own equipment; therefore, this cost was not included.

Loading can be carried out by tractors with loaders, if the truck is small, or (regardless
of size, and if possible) from the sides. There are few trucks of this type in the area, the
most common being articulated trucks with a closed-sided box; so, in the case of big trucks,
it is usually necessary to use telescopic loaders.

The loading of articulated trucks was recorded on video and the times were analysed.
An average time of 0.63 h truck−1 was measured. Hourly loader costs were estimated at
40 EUR h−1, meaning that loading costs were 1.24 EUR t−1, assuming 68 bales weighing
300 kg per truck. The average transport costs are 1.7 EUR km−1 [23].

Therefore, the cost of step III is the sum of loading (J) and transporting (K), the latter
depending on the distance:

C3 = CJ + Ck = 1.24 + 1.7·2 d W−1, (6)

where C3 is the total cost [EUR (t km)−1]; CJ is the loading cost (EUR t−1); Ck is the
transport cost (EUR km−1), as a function of the one-way distance d (km); W is the truck
load (t).

Table 8 shows an estimation of the transport costs for a range of one-way distances
(25–150 km) from the stock in the production area to different destinations, calculated with
a load of 20.4 t truck−1.

Table 8. Transport to final destination cost, according to the one-way distance for a truck with a load
of 20.4 t.

km 25 50 100 150

C3 (EUR t−1) 5 10 18 26

4. Discussion

The field capacities obtained in this study were poor, compared with related studies
considering management of the straw of winter cereal crops such as barley or wheat and
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forage [23,26], included in the bibliography. The main reason for this was the difficulty of
working in the small plots of L’Albufera de València, due to the use of traditional irrigation.
In addition, the soft ground makes it even more challenging for machines to work well
there, thus reducing overall efficiency. This agree with related studies by other authors
from the USA [5,15–17].

When the individual operations were analysed, raking had an effective field capacity
of 3.2 ha h−1, which was on the same order as that reported by Jenkins et al. [15], ranging
between 2.4 and 4.0 ha h−1.

In the operation of baling with large balers, we measured 2.4 ha h−1, similar to that
reported by Jenkins et al. [15], ranging between 2.0 and 3.2 ha h−1. When baling with a
small baler, we achieved 0.6 ha h−1, much lower that the values offered in previous studies
(in the range of 1.2–2.0 ha h−1). The reason probably relates to the concept of small bales as,
in the USA, a small bale has a weight of approximately 40 kg [15] while, in our conditions,
a small bale weighed between 15 and 20 kg. Small bale bundling achieved 1.5 ha h−1.

In our conditions, road-siding had a capacity of 2.1 ha h−1; much lower than the
values given by Jenkins et al. [15] of 12–22 ha h−1. The only explanation for this is that, in
Valencia, small tractors are used and have to do more trips to harvest the same amount
of straw.

Step I costs for large bales were 20 EUR t−1, in contrast to 43 EUR t−1 for the small
ones. The differences can be explained by the additional operation of bundling necessary
to mechanically harvest the small bales. Bundling is expensive, as the machines have a
high hourly cost, as well as an extra cord-related cost.

Step II costs were calculated for a bale density of 300 kg m−3, resulting in 8.00 EUR t−1.
These costs are directly proportional to the bale density as, in any case, the maximum load
capacity, in terms of weight of the transport equipment, was reached. These results agree
with those of Kadam et al. [5] who, taking a density of 320 kg m−3 as reference, obtained a
40% increase in transportation costs when the bale density decreased to 270 kg m−3, and a
20% decrease when the density increased to 400 kg m−3.

Therefore, if the costs of steps I and II are combined, it is possible to compare them
with the price of cereal straw at origin. The total costs of these two steps ranged between
28.1 and 51 EUR t−1, which was in the range of half of the straw prices in 2019, which had
an approximate value of 70 EUR t−1 [27]; however, in 2020, the price of cereal straw was
about 42 EUR t−1 [28], which was less than the harvesting costs of small bales of rice straw.

Step III, the transport to destination points ranged from 5 EUR t−1 (for short distances
of 25 km) to 26 EUR t−1 (for a 150 km one-way trip), using big trucks. Longer distances were
not relevant, as the points of straw consumption were always to the West of Valencia, where
we found the cereal growing areas, and it would not be possible to compete with either the
price of rain-fed cereal or its transportation costs in years with normal straw yields.

5. Conclusions

The collection and packing processes of rice straw in the area of L’Albufera de València
were found to not be very efficient, in comparison with the processes carried out for rain-fed
cereal. This is due to the structural problems of the plots and the soft soil, which increased
the associated costs.

Therefore, in years with low cereal straw prices, the process of collecting rice straw
would run at a deficit, meaning that it would require some kind of official subsidy if farmers
are to undertake the process; this also happens in other occidental rice producing countries,
such as California in the USA, where straw-burning limitations have forced farmers to bale
and transport straw, and the relevant authorities are subsiding these tasks [5].

However, in the years when straw reaches a high price, the costs of collecting rice
straw from L’Albufera de València and transporting it to relatively close areas could be
seen as a competitive activity. Furthermore, another advantage of rice straw is that, being
an irrigated crop, production is regular and reliable, even in times of drought.
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The packing and extraction of rice straw could, therefore, be viewed as a way to
reduce the environmental impacts of burning or burying rice straw in the natural park.
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Abstract: Subsoiling has been acknowledged worldwide to break compacted hardpan, improve soil
permeability and water storage capacity, and promote topsoil deepening and root growth. However,
there exist certain factors which limit the wide in-field application of subsoiling machines. Of
these factors, the main two are poor subsoiling quality and high energy consumption, especially the
undesired tillage depth obtained in the field with cover crops. Based on the analysis of global adoption
and benefits of subsoiling technology, and application status of subsoiling machines, this article
reviewed the research methods, technical characteristics, and developing trends in five key aspects,
including subsoiling shovel design, anti-drag technologies, technologies of tillage depth detection
and control, and research on soil mechanical interaction. Combined with the research progress and
application requirements of subsoiling machines across the globe, current problems and technical
difficulties were analyzed and summarized. Aiming to solve these problems, improve subsoiling
quality, and reduce energy consumption, this article proposed future directions for the development
of subsoiling machines, including optimizing the soil model in computer simulation, strengthening
research on the subsoiling mechanism and comprehensive effect, developing new tillage depth
monitoring and control systems, and improving wear-resisting properties of subsoiling shovels.

Keywords: subsoiling machine; subsoiling shovel design; anti-drag; tillage depth detection; tillage
depth control; tillage depth stability; soil mechanical interaction

1. Introduction

As the important factor in crop growth, soil is a valuable agricultural resource, a
significant production factor, and an indispensable foundation supporting the sustainable
development of agriculture [1]. The ideal farmland soil is composed of 50% soil particles
with organic matter and 50% pores; additionally, with respect to pores, the moisture and
air respectively account for 25% [2]. However, due to long-term conventional ploughing
practices, hardpan has been shaped, which is a typical form of soil compaction [3,4].
Consequently, the failure layer is formed, resulting in the rearrangement of soil particles
under external forces [5,6], and giving rise to a reduction in soil porosity and an increase
in bulk density [7–9]. The root-system penetrability is affected by soil compaction, and
especially the high-level compaction inhibits the root growth [10]. The hardpan binds root
proliferation, reduces root penetration, and decreases root length and dry matter [11]. In
addition, the key enzymes required for plant respiration show a downward trend with
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increasing compaction stress, which leads to impaired root function and the loss of nutrient
absorption [12–15].

Subsoiling can break the hardpan and alleviate the soil compaction without turning
ploughing soil and disrupting the original topsoil structure [16]. Compared with conven-
tional ploughing, the subsoiling tillage at 30 cm, 35 cm, and 40 cm decreased the mean
bulk density by 4.59%, 7.13%, and 8.27% and reduced soil compactness by 17.62%, 23.63%,
and 36.42%, respectively [17]. Meanwhile, subsoiling increased soil porosity, enhanced soil
infiltration and water storage capacity, and decreased water inputs per growing day [18].
Additionally, in comparison with the rotary tillage, the subsoiling practice significantly
increased the average root length density by 13% due to the better root penetration in both
horizontal and vertical directions. Moreover, the average grain yield and dry matter weight
of maize were respectively increased by 6.3% and 3.7% [19]. Furthermore, subsoiling
improved the activity of plant-protective enzymes in maize root, reduced the degree of
peroxide in cell membrane substances, and delayed the senescence of maize root. It is
conducive to maintaining root system vitality in the later growth stage of maize [20]. There-
fore, subsoiling is classified as a resource-saving and environmental-friendly technology,
and is significant in promoting the sustainable development of agriculture [21–24].

In the early 1930s, some countries in North America and Europe began to use subsoiling
technology to solve soil problems. Thanks to the significant effects of subsoiling on the
repair and protection of arable land, the combination of tillage methods and comprehensive
utilization of subsoiling technology has become increasingly close in these regions. The
proportion of arable land that adopted subsoiling in Europe was 15.4% in 2005. Meanwhile,
the proportion in North America exceeded 40% in 2006. Until 2015, the proportion in European
and American areas had reached 60% [25]. In some Asian countries, subsoiling technology
was adopted relatively late. To address the issue of the crop yield decline caused by soil
compaction, China has promulgated a series of associated regulations to promote subsoiling
and land preparation technologies since 2009 (Table 1). By the end of 2018, the subsoiling
was practiced on 10.6 Mha, accounting for 7.41% of the total arable land [26]. At present,
subsoiling technology is being widely used in scientific experiments and actual productions
of various crops such as wheat, corn, cotton, sugar cane, tobacco, and soya beans.

Table 1. Relevant development regulations of subsoiling and land preparation technology in China.

Regulation Related Content

Ministry of Agriculture and Rural Affairs: National agricultural
machinery subsoiling and land preparation operation

implementation plan (2016–2020) [27]

In 2016–2020, the nationwide annual operation area of subsoiling and land
preparation via agricultural machinery exceeds 10 million ha

State Council: Government Work Report [a] (2015) [28] Promote land renovation, add 13.33 million ha land under subsoiling and land
preparation

State Council: Government Work Report (2014) [29] Launch a pilot project to adopt subsoiling and land preparation technology
covering 6.67 million ha

State Council: Central Document No.1 [b] (2014) [30] Give great impetus to advance mechanization of subsoiling and land preparation

Ministry of Agriculture: National agricultural machinery
subsoiling and land preparation operation implementation

plan(2011–2015) [31]
A total of 71.3 million ha area in the nation will be subsoiled in 2011–2015

State Council: Opinions of the State Council on promoting
sound and rapid development of agricultural mechanization

and agricultural machinery industry (2010) [32]

Implement pilot projects to subsidize subsoiling and land preparation at
suitable regions

State Council: Central Document No.1 (2010) [33] Give great impetus to extend subsoiling and land preparation machinery

Ministry of Finance: Interim measures for the administration of
the centralized use of the newly increased central funds for

comprehensive agricultural subsidies for the building of basic
grain capacity (2009) [34]

Bring conservation tillage methods such as subsoiling and land preparation into
the key support scope of the newly increased agricultural funds for

comprehensive subsidies

State Council: Central Document No.1 (2009) [35] Implement pilot projects to subsidize the mechanized operation in the key link

[a] “Government Work Report” is a form of the official document of the Government of the People’s Republic of China, which clearly
points out the government’s tasks for the current year; [b] “Central Document No.1” is the name originally given to the first document
issued by the central authority every year, and focuses on the development of agriculture, rural areas, and farmers in 1982.
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Subsoiling machines are indispensable to mechanized subsoiling, and their perfor-
mance directly affects the hardpan’s broken quality, topsoil structure, soil permeability,
soil microbial quantity, root growth, and crop yield [36]. According to their working
function, subsoiling machines can be divided into single-function subsoiling machines
and multi-function subsoiling machines. The single subsoiling machines can be further
divided into two categories: subsoiling ploughs and omni-directional subsoilers [37]. Some
typically available subsoiling machines around the world are discussed in Table 2. Sub-
soiling machines in certain countries with large per-capita arable land areas (e.g., America,
Canada, Australia, Russia) are mainly matched with high-power tractors which have
several advantages, such as large tillage width, fast operation speed, high operation ef-
ficiency, and advanced machining technology. On the contrary, for those countries with
small per-capita arable land areas, such as China and Japan, the per-capita arable land
areas are respectively only about 0.08 ha and 0.03 ha, which are merely approximately
one-sixth and one-twentieth of that in America, and about 0.038 and 0.014 times as large as
Australia, respectively [38]. The subsoiling machines are mainly matched with small or
medium-power tractors. The features of subsoiling machines in these countries include
small size, light weight, flexible operation, and low cost. Nevertheless, current subsoiling
machines have some problems with their performance, such as poor soil loosening quality,
undesired soil disturbance, unstable tillage depth, high power consumption, and rapid
wear of shovels.

Table 2. Comparison of different kinds of subsoiling machines.

Working
Function

Type Company Country Mechanism
Working

Width (mm)
Matched

Power (kW)
Features

Combined
machine

DIABLO
[39] Maschio Italy

Two-row winged shovels;
Stubble breaking discs;
Rear rollers with two

rows of discs

5000–7000 300–400

Having ample
clearance between
shovels and rear

discs

Combined
machine 2730 [40] John Deere USA

Two rows of stubble
breaking discs arranged

symmetrically;
Spring-tooth harrows; A

suppress roller

4300–6800 250–460 Lower operation
costs

Subsoiling
plough

AP31
[41] Agrowplow Australia

Nine deep tillage
ploughs; Two supporting

wheels
2310–2970 73.5–132.3

Bolt-less for the
quick changing of

ploughs and points

Subsoiling
plough 9200 [42] Salford Britain Seven shovels with 0.99m

spacing 5320 206

Equipped with
automatic spring

reset obstacle
protection system

Omni-
directional
subsoiler

1S-300C
[43] Dahua China

The chisel shovel with
left and right winged
shovels; Three rows

beams; A suppress roller;
Two gauge wheels

3000 147–191.1 With overload
protection

Omni-
directional
subsoiler

1SQ-330
[44] Aolong China

Six side bended shovels;
Two gauge wheels; A

suppress roller
3300 99.2–154.4

Tips of two shovels
arranged

symmetrically
forms an inverted

trapezoid

In order to improve subsoiling quality and reduce energy consumption in the field with
cover crops, several studies have been conducted on subsoiling shovel structure, anti-drag
technologies, tillage depth detection and control, and soil-mechanical interaction [45–51].
Various subsoiling shovels are capable of meeting the needs of different regions in different
countries. Reducing tillage resistance during subsoiling makes subsoiling machines more
prominent with the advantages of resource saving and being environmentally friendly.
Modern sensor detection technology and electronic-hydraulic control technology are used
to accurately control the tillage depth of subsoiling machines, which benefits in terms of con-
serving moisture and preparing a good seedbed [19,52–55]. Additionally, soil-mechanical
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interaction mechanisms presented in micro and macro ways, mainly clarified via theoretical
analysis and simulation, are an important means to realize the efficient development of
the abovementioned studies. The integration of abovementioned technologies contributes
greatly to the improvement of subsoiling quality and the reduction of energy consumption
in the field with cover crops.

The goal of this study was to comprehensively review the existing literature related to
technologies for improving subsoiling quality and reducing energy consumption currently
being used in subsoiling machines. This article was based on the following aspects and
organized as follows. Section 2 states the methods of design and optimization of subsoiling
shovels, commenting on the different types of available shovels. Then, Section 3 explores
five ways to reduce tillage resistance. Sections 4 and 5 provide a review of tillage depth
detection and control, applying sensor detection technology and electro hydraulic control
technology. Section 6 delves into the application of theoretical analysis and discrete element
analysis in research on soil-mechanical interaction. Finally, in Section 7, recommendations
are given for the future development of subsoiling machines.

2. Subsoiling Shovel Design

Subsoiling shovels are the main working parts of a subsoiling machine [37]. Their
design has a significant influence on subsoiling quality and tillage resistance [56,57]. The
common types of commercial shovels are chisel, winged, “V” shaped, and side bended
shovels. Through optimizing the penetrating angle, the opening angle of winged shovels,
and the shovel-handle structure, some subsoiling shovels with better working performance
have been developed. The comparisons among these shovels are shown in Table 3.

Table 3. Subsoiling shovel type, model, country, working width, working depth, matched power, number, and feature.

Type Model Country
Working

Width (cm)
Working

Depth (cm)
Matched

Power (KW)
Number Feature

chisel 1S-225C [58] Germany 200 50–65 55–129 3
Adjustable of chisels
for any tractor track

width

chisel 1S-150A
(Figure 1a) [59] China 150 25–30 36.8–51.5 3 Low tillage resistance

winged PINOCCHIO200
[60] Italy 130–300 45 50–160 3–7

Available in different
widths and shovel

numbers

winged
1S-200

(Figure 1b)
[61]

China 200 300–400 70 5 Good flow of soil
under the shovel

V shaped 1SQ-340
(Figure 1c) [62] China 155 40–50 73.6–88.3 3

Forming mole drains
at the bottom with
smaller resistance

side
bended

side
bended

DALBO
Ratoon

[63]
1S-250

(Figure 1d) [64]

Denmark
China

120–300
250

55
25–50

30–120
89–106.6

2–8
6

Low power
requirement

Special cambered
surface

In order to improve quality, reduce resistance, and increase efficiency, a cambered sub-
soiler shank was designed by Chen [65]. The test showed that the subsoiling resistance was
the smallest when the sweep angle was 50◦. Based on the orthogonal experiment’s results,
i.e., the penetrating angle had a significant effect on subsoiling resistance, Liu et al. [47]
optimized the chisel shank’s structure and found that the resistance was minimal when the
rack angle was 21◦. Zhao et al. [66] designed a fitting curve-shaped shank and clarified the
effect of the shovel tip on the soil particle’s movement. The results of the comparison test
between the fold-line-typed shank and the circular shank showed that the fitting curve-
shaped shank effectively reduced soil disturbance and tillage resistance. By simulation
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analysis and digitized soil-bin experiments, Wang et al. [67] demonstrated that, on the
circular shank, the optimum installing height of the winged shovel was 75 mm.

The shank type, penetrating angle, opening angle of the winged shovel, and shovel-
handle structure are the main factors influencing the tillage resistance of subsoiling shovels.
In order to improve subsoiling quality and reduce tillage resistance, these factors are used
as the target parameters. Through subsoiling simulation and soil-bin and field trials, the
effect of shovel structure on the tillage resistance as well as soil disturbance were analyzed
and their impacts were clear. Then, these target parameters were optimized on the basis
of the above results, and the shovel structure was accordingly improved to obtain better
subsoiling quality and lower tillage resistance. Design and optimization of subsoiling
shovels has always been one of the key technologies of subsoiling machines.

  
(a) (b) 

  
(c) (d) 

Figure 1. (a) Chisel shovels of the Hedongxiongfeng 1S-150A subsoiler (http://www.hedongxiongfeng.
cn/pd.jsp?id=52#_pp=103_366 (accessed on 15 September 2020)); (b) Winged shovels of the Zhongnong-
boyuan 1S-200 subsoiler (http://www.boyomac.com/product/17.html (accessed on 14 May 2021));
(c) V shaped shovels of the Woye 1SQ-340 subsoiler (https://www.nongjitong.com/product/3072.html
(accessed on 15 September 2020)) (d) Side-bended shovels of the DaHua BaoLai 1S-250 subsoiler
(https://www.dhbl.net/product/53.html (accessed on 15 September 2020)).

3. Anti-Drag

The energy consumption caused by subsoiling is three to five times as much as that
of other planting procedures such as seeding, managing, and harvesting [68]. Decreasing
tillage resistance during subsoiling is the main measure to reduce energy consumption.
Several methods of decreasing resistance are available, such as vibration anti-drag technol-
ogy, bionic anti-drag technology, layered subsoiling structure, shovel design with anti-drag
structure, and surface coating technology of shovels.

3.1. Vibration Anti-Drag

Vibration anti-drag refers to adding an excitation source on the subsoiling machine to
make subsoiling shovels constantly subject to the repeated positive and negative forces.
The greatest advantage of the vibration subsoiling machine is its low traction resistance.
According to the driving mode of excitation source, vibration machines can be divided into
self-excited and forced-excited categories. Shovels of the forced-excited vibration subsoiler
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are capable of vibrating via connecting an eccentric mechanism. Sun et al. [69] adopted two
eccentric discs to drive connecting rods and shovels reciprocating vibration in the vertical
direction. The minimum resistance and energy consumption were obtained under the
optimum combination of forward speed, vibration frequency, amplitude, angle, and speed
ratio [70–73]. A typical forced-excited vibration subsoiler is shown in Figure 2. Self-excited
vibrating can be obtained by applying elastic elements, such as pressure springs (Figure 3a),
leaf springs (Figure 3b), and hydraulics [74–76] (Figure 3c). This anti-drag method not only
has little impact on soil, but also protects shovels and other components [77].

 

Figure 2. DaHua BaoLai 1SZ-180 forced-excited vibration subsoiler (http://www.nongjitong.com/
product/dahua_1sz-270_deep_loosening_machine.html (accessed on 12 November 2020)).

a b c

Figure 3. (a) Great Plains SS1300 subsoiler (http://www.greatplainsmfg.com.ua/en-gb/products/710/sub-soiler-narrow-
tillage (accessed on 8 December 2020)); (b) Kverneland GLG-II subsoiler (https://www.kverneland.cn/node_80887/node_
80897/node_80958# (accessed on 8 December 2020)); (c) AGRI-WELD subsoiler (https://www.plowmanbrothers.com/
plowman-agricultural/ (accessed on 8 December 2020)).

3.2. Bionic Anti-Drag

The primary task of bionic anti-drag is to extract biological information, which in-
cludes the function, structure, process, or behavioral characteristics and mechanisms of the
biological system. On this basis, a technology similar to the function of biological-systems
was developed and applied to shovels to reduce resistance [78]. The contour line of the claw
toe from house mice (Mus musculus) was extracted and found to feature an exponential
function curve, and Zhang et al. [79] converted the upper contour line of the longitudinal
profile of their (Mus musculus) claws into the technical parameters of the shovel’s cutting
edge curve. Then, the contour curve was enlarged properly and applied to the structural
design of the cutting edge of the shovel handle. The comparative field experiment between
the shovel with the feature of an exponential curve and the conventional shovel showed
that the tillage resistance of the bionic shovel was reduced by 8.5–39.5% compared with
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the traditional shovel. Li et al. [80] obtained the accurate shape and dimension of a bear
claw by a three-dimensional laser scanner and established a claw model. By the discrete
element simulation, they found that the overall performance of the claw was the best when
the rack angle was 30◦. A bionic vibratory subsoiler was designed by Zhang et al. [81],
which combined vibration anti-drag with bionic anti-drag. It was reported that the draft
force of the bionic vibratory subsoiler was respectively reduced by 13–18% and 8.5–39.5%
compared with the 1SZ-460 lever-type subsoiler and bionic anti-drag subsoiler.

In addition to the above two methods, the layered subsoiling structure is capable
of reducing tillage resistance and mainly depends on two shovels. Along the forward
direction, the shovel with a small depth is in front, while the shovel with a large depth is in
the back [82,83]. The shovel design with an anti-drag structure optimized the handle or tip
via experiment or simulation, thereby obtaining better subsoiling quality and less tillage
resistance [84,85]. The surface-coating technology aims at obtaining better soil-removal
performance of shovels by changing the properties of surface material, hence decreasing
tillage resistance [86].

The above mentioned anti-drag technologies can effectively reduce resistance, whereas
in studies of reducing shovel resistance, less consideration is given to the thickness of the
three soil layers (tillage layer, hardpan, subsoil layer) and the soil’s physical properties,
as well as the soil smashing process. Apart from reducing tillage resistance, the power
consumption of subsoilers and straw blocking of shovels should also be reduced. Although
the forced-excited vibration subsoiler is capable of decreasing the traction, the required
fuel consumption is much higher. In order to balance the traction and energy requirements
and to improve the overall efficiency, better methods should be explored through further
studies so as to drive the vibrator.

4. Tillage Depth Detection

Initially, the tillage depth could only be measured manually, which had great labor
intensity and low detection accuracy. Additionally, these measured depth data were limited
and discrete, and could therefore not reflect continuous changes including the variation
of tillage depth with surface and time; consequently, it is unable to study the dynamic
characteristics of depth. To this purpose, sensors, which have higher detection accuracy and
provide a basis for depth adjustment of subsoiling machines, are used for measuring tillage
depth. At present, there are two main kinds of sensors used in tillage depth detection:
ultrasonic sensors and inclination sensors.

4.1. Tillage Depth Detection Based on Ultrasonic Sensor

The detection method of ultrasonic sensors utilizes a constant speed transmission of
acoustic waves. The signal generator generates acoustic waves with a certain oscillation
frequency and which travels through the air at a constant speed. The ultrasonic echo is
generated when the acoustic wave encounters impurities and interfaces, and then it is
received by the signal-receiving end. Therefore, the distance is obtained by calculating the
formula of time interval and sound speed [87].

Tests were carried out to evaluate detection accuracy of the ultrasonic sensor on
different fields by Mouazen et al. [88], and the ultrasonic sensor was installed on the
bottom of the frame. Compared with the manual measurement values, it was found that
the detection accuracy of the ultrasonic sensor was better in the soft sandy loam, while it
was lower in the soil with cover crops. A tillage depth measurement device based on the
ultrasonic sensor was designed by Li [89], and proved to behave better than the resistance-
stain type measurement device in terms of measuring accuracy. Adamchuk et al. [90]
developed a closed-loop automatic control system for tillage depth, and the ultrasonic
sensor was applied to measure tillage depth. An online measuring device of subsoiling
depth was proposed in the Chinese Academy of Agriculture Mechanization Sciences [91].
It used an ultrasonic sensor to detect the distance between the frame of the subsoiling
machine and the surface, and thus the tillage depth was obtained. A tillage depth detection
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system was designed by Suomi et al. [50], which used an ultrasonic sensor installed in front
of the frame with an inclination sensor mounted on the connection arm of the gauge wheel
and the frame to measure the height and the angle; the depth was obtained by calculating
the formula related to these two physical properties. The field experiment showed that the
detection error of this system was within 10 mm.

4.2. Tillage Depth Detection Based on Inclination Sensor

Inclination sensors determine the position of the object according to the three-dimensional
angle change, which should be attached to the objects’ surface to measure the inclination
of the object from the horizontal plane [92]. When the inclination sensor is used to detect
tillage depth, it is often on the hitch device or profiling mechanism to measure the angle
change. Then, the tillage depth is obtained by formula calculation.

A detector, consisting of a frame, an inclination sensor, and a sliding plate which
undulated with the surface, was designed by Zhao et al. [93] and used to measure tillage
depth. By detecting the relative angle between the frame and the tractor, the depth was
acquired through geometric modelling of the depth and angle. Li et al. [94] developed a
measurement device, and the inclination sensor was on the linkage of the frame and gauge
wheel. By angle measurement and calculation, the tillage depth was obtained. Results
showed that the error of this measurement method was within 6%. Xie et al. [95] installed
inclination sensors on the lift arm of a tractor to detect angle change from the horizontal
plane. The actual tillage depth was calculated according to the inclination of the lift arm
and the geometrical dimension relation of the linkage mechanism. In addition to the
abovementioned detection methods based on ultrasonic sensors and inclination sensors,
potentiometers and encoders, of which the detection principle is similar to that of the
inclination sensor, are also used to detect tillage depth [96,97].

In existing research on the technology of tillage depth detection, ultrasonic sensors and
inclination sensors are widely used because of their low cost, simple working principles,
and convenient installation methods. However, there still exist some problems. The
detection accuracy of ultrasonic sensors would be affected by weeds, straws, and clods,
which could lead to unstable detection results. In addition, inclination sensors can be
used to measure the horizontal dip angle of the rear-suspension lifting arm. Although this
method avoids the negative influence of surface unevenness and other abovementioned
factors on detection accuracy, other problems may appear. As there are many connecting
rods between the tractor boom and the suspension unit, drivers may adjust the length of
the lift rod and the upper pull rod in practice, which leads to a change in the geometric
parameter. Thus, it is inconvenient to use this method due to the need to recalibrate the
sensor. Besides, the method, applying inclination sensors to measure the angle change of
the profiling mechanism and calculate the mathematical model to get the tillage depth,
results in the mismatch between the adjustment completion point and detection point of
tillage depth. This is because the profiling mechanism is generally placed behind the tillage
component, which leads to the delay of profiling.

5. Tillage Depth Control

Because of the complexity and variability of the field-work environment, the tillage
depth often needs to be adjusted many times to achieve stable and consistent outcomes. It
is essential to develop the control technology of tillage depth to obtain precise and efficient
adjustments. Currently, there are two major control modes of tillage depth: the method
of unified adjustment of each row and the method of independent adjustment of a single
row. The adjusting mechanism belonging to the first adjustment mode is based mainly
on the attachment position of the tillage machine and its tractor. This method commonly
combines the hydraulic device of three-point suspension with mechanical and electrical
technology to achieve automatic control of tillage depth [98]. With regard to the method
of independent adjustment of a single row, separate adjustment mechanisms, hydraulic
mechanisms, or electrical mechanisms need to be designed and installed on the machinery,
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and the number of mechanisms is equal to the number of subsoiling shovels. This method
is capable of avoiding undesired tillage depth of each subsoiling shovel.

5.1. Method of Unified Adjustment of Each Row

The method of unified adjustment of each row aims at adjusting the tillage depth of the
whole machine (adjusted on the three-point suspension) or a group of tillage components
of the combined land-preparation equipment. Therefore, the hydraulic suspension system
with electronic control technology (EHC) is an important support for this mode. The
method of controlling depth using EHC mainly involved three control methods, including
force control, position control, and integrated control of the two abovementioned modes.
Long-term research on the automatic control of tillage depth based on these three methods
has been conducted. In order to improve control accuracy, Lee et al. [48] developed a tillage
depth control system. Some sensors were used to detect inclination of the three-point
suspension, pitch angle of the tractor, and distance from the transducer to the surface.
The drive circuit of the electromagnetic valve was controlled by a controller to change
the state of the hydraulic circuit, and thus the position of the three-point suspension was
adjusted. For the electro-hydraulic suspension system composed of a cartridge valve,
a suspension control scheme based on the Controller Area Network (CAN) bus was
proposed by Xie et al. [99] to improve the control accuracy, which mainly included the
suspension subsystem ECU and two intelligent nodes. The experiment demonstrated that
the developed nodes were capable of meeting the working requirements of the suspension
system. Nie et al. [100] developed a tillage depth automatic control system, which was
based on the original hydraulic suspension system and applied sensors, microcomputers,
and stepping motors to realize automatic control. Moreover, the reliability and stability of
the system were verified by experiments.

In addition, combined tillage equipment with the function of monitoring and con-
trolling depth was researched and developed by some agricultural machinery enterprises
such as OPICO, John Deere, and CASE. The HE-VA combined land preparation machine
consists of groups of subsoiling components and disc harrows, of which the tillage depth is
controlled by adjusting the height of the suppress roller through the hydraulic system [101].
John Deere developed a TruSet monitoring system for the land preparation equipment.
Depth detection sensors, which are mounted on the supporting wheels and frame, are
capable of accurately measuring the depth of the whole machine. Additionally, the depth
of each group of tillage components is adjusted via the matched AccuDpthTM hydraulic
system [102]. The AFS (Advanced Farming System) tillage depth intelligent monitoring
system was developed by CASE, and is capable of precisely adjusting the tillage depth
of the whole machine according to different soil conditions [103]. Before operation, the
prescription map containing the predetermined tillage depth information of the field is
input into the system. Owing to the tractor being equipped with a GPS positioning system,
when the equipment moves to the corresponding position, the tillage depth is automatically
adjusted by the hydraulic system to the required tillage depth. A stroke-detection sensor
is installed in the hydraulic cylinder to provide real-time access to length changes of the
hydraulic cylinder, and this is the key to the precise control of tillage depth.

5.2. Method of Independent Adjustment of Single Row

The abovementioned technologies in Section 5.1 are capable of adjusting the tillage
depth of the whole machine or a group of tillage components of the combined land prepa-
ration equipment. However, due to surface relief or soil resistance variation, there exists
the problem of lateral instability of tillage depth of the machine with several subsoiling
shovels, which leads to the inconsistency of soil conditions in the lateral distribution.
Therefore, it is necessary to develop subsoilers with special subsoiling assemblies that are
capable of independently adjusting tillage depth of each subsoiling shovel. The method of
independent adjustment of a single row is capable of avoiding undesired tillage depth of
each subsoiling shovel to improve the tillage depth stability between rows.

199



Agriculture 2021, 11, 575

A universal-type device which automatically monitors and controls the tillage depth
of each subsoiling shovel was developed [104]. Laser-ranging sensors were used to measure
the distance between the stand and surface. Then, the corresponding signal was sent to
the Programmable Logic Controller (PLC) to be analyzed and calculated, and the real-time
tillage depth was recorded. Comparing the real depth with the set value, the PLC sent an
execution signal to the driver circuit of the electromagnetic valve to change the solenoid
valve switch, and the hydraulic cylinder was adjusted to extend or shorten. Therefore,
the tillage depth, in real time, was controlled to be consistent. Wang et al. [105] designed
an electric-hydraulic control system which was capable of adjusting the tillage depth of
subsoiling assemblies in a timely manner (Figure 4a). Two inclination sensors were used
to detect the dip angle in the horizontal direction, and were mounted horizontally on the
subsoiler frame and inclined frame of the suppress roller, respectively. Through internal
algorithm, the tillage depth was calculated. The hydraulic cylinder performed the action,
elongating or shortening to obtain desired tillage depth. Moreover, the performance of
the system was evaluated in the aspect of the tillage depth stability between rows and
within rows. Wu [106] developed a subsoiling machine to automatically monitor and
control tillage depth based on ultrasonic sensors and hydraulic drivers. It was capable of
independently monitoring and controlling the depth of each subsoiling shovel.

Figure 4. (a) Subsoiling assembly with the electric-hydraulic control system (Wang et al., 2018); (b) Subsoiler equipped with
four subsoiling assemblies with the electric-hydraulic control system (Wang, 2019).

In conclusion, the control method of unified adjustment of each row adopts integrated
adjustment and position adjustment combined with force adjustment. This mode not only
ensures the tillage depth stability to a certain extent, but also takes the influence of tillage
resistance into account. The control precision of tillage depth by this mode meets the
operation requirements. However, relevant parameters in the proportional fuzzy control
are difficult to determine, and the control process is more complicated. This control mode is
suitable for the operations in flat fields. Furthermore, the single-row tillage depth cannot be
independently adjusted according to undulation of local surfaces. By comparison, for the
method of independent adjustment of a single row, the designed mechanism used to adjust
depth has strong applicability. By adjusting the connecting parts of the control device,
the adjustment mechanism can be installed on the different tillage machines. In addition,
the main program of the automatic control system belonging to the separate adjustment
mechanism is relatively simple. Moreover, tillage depth of subsoiling assemblies can be
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independently adjusted. Therefore, this control mode is excels at obtaining consistent
depths of each subsoiling shovel.

6. Soil Mechanical Interaction

The interaction mechanism analysis of subsoiling shovels and soil is the key to the
study of the shovel force and the effect of shovels on the dynamic changes of soil distur-
bance [107]. Wheeler [108] developed a mechanical model and studied the influence of
speed on tillage resistance. Manuwa [109] set up models for the resistance prediction of
different shovels and analyzed the effect of loosening depth on draft force. Based on the me-
chanical principle of two-side wedge and three-side wedge in soil, Ma and Zhou [110,111]
studied the straight-legged shank and the circular shank and built mathematical models.
In recent years, the Discrete Element Method (DEM) has been widely used to study the
tillage mechanism [112,113]. Shmulevich [114] used PFC2D discrete-element software to
research the interaction between the wide shovel and soil, and four types of shanks were
chosen for simulation. Results showed that soil accumulation in front of shovels increased
horizontal resistance during movement, and the soil flow below the tip influenced the
vertical force applied to the shovel. A soil-tool-residue interaction model was developed
by Zeng et al. [115] using the DEM and was used to investigate and compare the effects of
forward speed on soil displacement, residue displacement, and residue cover reduction
resulting from four types of shovels (Figure 5). Considering the normal tension generated
among elements, Momozu et al. [116] used coefficients to modify the traditional discrete ele-
ment model, and then to represent the adhesion generated by moisture among soil particles.
Tamas et al. [117] developed a discrete element model to analyze the effects of the sweep
rack angle and speed on soil loosening and porosity. Results showed that the comparison
between the measured and simulated draught of subsoiling shovels with a 30◦ sweep rack
angle behaved as a good match. In the selected speed interval of 0.5–2.4 m s−1, the error
range was 4–15%. A working model of subsoiling was established by Hang et al. [118],
applying the DEM. Through simulation based on this model and an indoor soil-bin test,
they compared and analyzed the micro-movement and macro-disturbance behavior of
subsoil at different locations under the combined effect of two shovels (Figure 6).

 

Figure 5. The soil-tool-residue interaction model (Zeng et al., 2020).
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Figure 6. Analysis of the soil disturbance process (Hang et al., 2017): (a) Schematic diagram of the disturbance process in
the longitudinal-sectional; (b) Schematic diagram of the disturbance process in the transverse-sectional.

In the subsoiling process, the soil is sheared, extruded, and uplifted by the subsoiling
shovel, which provides the reacting force from the soil. Although the soil-mechanical
interaction is a complex process, the disruption and deformation of soil under the force
of subsoiling components still have some regularity. According to the soil structure,
soil mechanics, as well as the failure and deformation regularity, the virtual soil model
can be built in the simulation software, which is capable of replacing actual soil within
a certain range of error. Furthermore, the simulation test of subsoiling machines and
soil models can be carried out to study machines’ performance and optimize structural
parameters, which is conducive to the shortening of the development cycle of subsoiling
machines, improving research efficiency, and saving time and resources. Additionally, the
soil smashing mechanism during subsoiling and interaction between the shovel and soil in
the process of adjusting tillage depth can be revealed.

7. Summaries and Recommendations

A large amount of research on subsoiling shovel design, anti-drag, tillage depth detec-
tion and control, and soil mechanical interaction have been done to improve subsoiling
quality and reduce energy consumption. However, most soil models established in sim-
ulation software lacking plant root or straw are inconsistent with the field soil condition.
There is insufficient information regarding the broken soil characteristics, stubble-breaking
process analysis, and comprehensive effects of subsoiling. Further research should focus on
the interaction mechanisms between soil, subsoiling shovels, and plant root or straw. The
combination of tillage depth detection and control can effectively improve tillage depth
stability, whereas the influence of different soil conditions on the control system is unclear.
It is necessary to develop monitoring and control systems of tillage depth with good appli-
cability. Apart from using the abovementioned methods to save energy, the performance
of subsoiling components should be considered with more attention. As shovels directly
make contact with soil, they wear severely. For this reason, studies on the wear resistance
of subsoiling components should be conducted. Therefore, to develop high-performance
subsoiling machines with good subsoiling quality and low energy consumption, this article
proposes the following four recommendations.

(1) It is very important to improve simulation accuracy by optimizing the soil model in
computer simulation. The discrete element model of a root-soil composite model with
straw should be established, and the key parameters of soil models need to be cali-
brated by simulation and laboratory tests. Furthermore, the accuracy and reliability
of soil models should be verified by subsoiling simulation and field experiments.
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(2) Comprehensive methods combining computer simulation, field experiments, and
theoretical analysis need be adopted to strengthen research on subsoiling mechanism
and comprehensive effect. Thus, the interaction mechanism between root-soil com-
posite models, subsoiling shovels, and straw, as well as the interactive relationship
between energy consumption and yield, increase the benefits from subsoiling and can
be clarified from macroscopic and microscopic perspectives.

(3) New tillage depth monitoring and control systems should be developed via mech-
anism innovation, algorithm optimization, and software development, which has
the advantages of accurate detection, fast adjustment, convenient use, and suitability
for different soil conditions. Moreover, by the combination with GPS positioning
technology and data sharing technology, the tillage depth will be correlated to some
information, such as nutrient, moisture, and yield, to provide guidance for the future
management of farmland.

(4) Improving the wear-resisting properties of subsoiling shovels is a necessary method
to save energy. According to Zhao [119], more than 80% of subsoiling shovels’ failure
is caused by wear, which is the main cause of low efficiency, poor quality, and
high operating costs. Therefore, some wear-resistance improvements of subsoiling
shovels should also be taken into account, such as applying advanced processing
technologies, adopting wear resistant materials, and designing shovels with wear-
resistant geometry of the biological surface.
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Abstract: Many climate-controlled agricultural buildings use direct gas-fired circulating heaters
(DGFCH) for supplement heat. There is no standardized test to calculate thermal efficiency for these
heaters. This study aimed to develop a measurement system and analytical analysis for thermal
efficiency, quantify the measurement uncertainty, and assess economics of DGFCH efficiency. The
measurement system developed was similar to the ASHRAE 103 standard test stand with adaptations
to connect the apparatus to the DGFCH. Two different propane measurement systems were used:
input ratings < 30 kW used a mass flow system and input ratings > 30 kW used a volumetric gas
meter. Three DGFCHs (21.9, 29.3, 73.3 kW) were tested to evaluate the system. Thermal efficiencies
ranged from 92.4% to 100.9%. The resulting uncertainty (coverage factor of 2; ~95% Confidence
Interval) ranged from 13.1% to 30.7% for input ratings of 56.3 to 11.4 kW. Key sources of uncertainty
were propane and mass flow of air measurement. The economic impact of 1% difference in thermal
efficiency ranged from USD $61.3 to $72.0 per heating season. Refinement of the testing system and
procedures are needed to reduce the uncertainty. The application of this system will aid building
designers in selection of DGFCHs for various applications.

Keywords: heating cost; thermal efficiency; uncertainty

1. Introduction

The use of Direct Gas-Fired Circulating Heaters (DGFCH) is common in climate-
controlled agricultural buildings (e.g., livestock, poultry, and greenhouses) as the heating
component of the thermal environment modification system. Supplemental heat is needed
to achieve the environmental control goal in an agricultural setting, that is, maintain an
ideal environment for the growth of the agriculture commodity with minimal cost [1]. For
both animal confinement buildings and greenhouses, heating during the winter months is
necessary to maintain the optimal environment and presents a significant utility cost [1,2].
In most building types, a forced air, circulating style heater is used to provide circulation of
the heated air to the occupied zone within the building. Gas-fired heaters are ubiquitous
due to low operating costs and fuel availability to remote locations [2]. While DGFCH are
popular for agricultural applications, there are downsides in implementing them.

DGFCH are simple heaters in comparison to residential units based on the construction
and operation principles. DGFCHs use a propane burner manifold placed on the intake of a
blower. This does not the vent the combustion gases out of the occupied space. The output
of the blower can be equipped with various directional vanes to aid in the distribution
of heated air. The placement of such heaters in agricultural buildings is highly variable
with no standardized placement design currently available in literature [1,3]. Thermal
efficiencies of DGFCHs are commonly reported with assumed values of approximately
99%; however, the water vapor and ventilation rates of a building can decrease the thermal
efficiency to 80% [4]. In comparison to residential combustion heaters, which indirectly
transfer heat to the air stream via a heat exchanger and combustion gases are vented
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outdoors, [5]. The use of the heater exchanger reduces the thermal efficiency to a range of
65% to 80%.

DGFCHs are direct-fired, resulting in combustion gases (i.e., CO and CO2) formed
directly in the heated air. In agricultural applications, the occupied (animal or plant) spaces
where DGFCHs are present are continuously ventilated, unlike residential applications. The
use of DGFCHs in greenhouses could result in safety concerns for workers, if prolonged
operation throughout a day is necessary due to lower ventilation rates per floor area
compared to animal buildings [4]. ANSI/ASHRAE [5] define the residential furnace
thermal efficiency standard; however, there is limited standard thermal efficiency testing
standards and guidelines for DGFCHs. Standardization of thermal efficiency testing and
calculation allow for accurate comparison of different DGFCHs designs and capacities
as well as generate informative equipment design specifications to support improved
supplement heat capacity sizing and layout for agricultural buildings.

There are two types (direct and indirect) of combustion tests used to determine
thermal efficiency. The direct test is a measure of the enthalpy gain of the air heated
by the heater. Thermal efficiency can then be determined by dividing enthalpy gain by
the sum of the heating fuel gross energy and electrical energy of the blower. This ratio
of energy output over energy input for a given heater is the most accurate definition of
thermal efficiency as the unit must obey the conservation of energy. The indirect test is a
measure of the heating value of the fuel to determine the heat output less the flue gas or
combustion gas enthalpy gain [5]. There are several challenges associated with applying
the indirect test methodology to evaluate DGFCHs as the flue gas is mixed with the output
air. The thermal efficiency calculated with the indirect methods typically is less accurate
due to measurement error. Thus, DFGCHs are most appropriately evaluated by direct
test methodology.

The objectives of this study were to (1) develop and validate a testing system and
analytical analysis for determining the steady-state thermal efficiency of a DGFCH through
a direct testing method; (2) evaluate the testing system across a range of DGFCH units; and
(3) evaluate the economics of various DGFCH for agricultural uses.

2. Materials and Methods

2.1. Thermal Efficiency

The following sections will describe the methodology used to develop a DGFCH
thermal efficiency measurement system. The system was designed to accommodate a
range of rated heater capacities. For development purposes, three different DGFCHs
(21.9 kW (75,000 BTU h−1), 29.3 kW (100,000 BTU h−1), 73.3 kW (250,000 BTU h−1)) were
tested, procedural differences for each capacity are discussed in the testing procedure
section. All tests were performed in the Air Dispersion Laboratory (ADL). See [6] for
specifics of the laboratory.

2.2. Instrumentation

A Data Acquisition and Control (DAQC) system was developed to measure all nec-
essary parameters to calculate the thermal efficiency of a DGFCH (analytical analysis to
be discussed in a later section). The DAQC system consisted of two sub-systems, one to
measure the input energy into the DGFCHs and one to measure the output enthalpy of the
output air.

The instrumentation system for measuring input energy consisted of sensors to mea-
sure the propane input and electrical energy used by the DGFCH. Two different set-ups
were created for propane input measurement. For DGFCHs rated <30 kW, a mass flow
system was used, and for DGFCHs rated >30 kW, a volumetric device was used. This
was performed as the minimum flow rates for traditional style diaphragm gas flowmeters
exhibit high uncertainty for 30 kW rated heaters and below based on manufacturer speci-
fications due to the extremely low flowrates. The mass flow system was not used for all
heaters as the uncertainty in propane input was high, discussed in later section.
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The mass flow system consisted of a 45.4 kg (100 lb) propane tank placed on a steel
platform with a single-point 150 kg load cell with a 2 mV V−1 linear response signal (see
Table 1 for specifications). The load cell signal was conditioned by a programmable-gain
instrumentation amplifier (see Table 1 for specifications). A dual-stage regulator rated
for 58.6 kW at 2.74 kPa was used (see Table 1 for specifications) with a 7.9 mm diameter
flexible hose to connect the gas supply to the heater connection manifold.

Table 1. Energy input instruments used in the study in order as described in the text. FS = Full Scale.

Input Energy
Instrumentation Manufacturer’s Rating

Manufacturer’s
Accuracy

Model Manufacturer

Propane mass 150.0 kg 2.0 × 10−2% FS RLPWM12-150 kg Rice Lake Weighing Systems, Rice
Lake, WI, USA

Programmable amplifier NA NA PGA 204 Texas Instruments, Dallas, TX, USA
Propane regulator 58.6 kW NA Model 9059398 Char-Broil, Columbus, GA, USA

Propane flowmeter Minimum flow =
2.8E−4 m3 s−1

4.0 × 10−5 m3

s−1 Model PGM-150 EKM Metering, Santa Barbra, CA,
USA

Propane temperature −40.0 to 150.0 ◦C ±0.22 ◦C Model
TE-IBN-D044-14

Dwyer Instruments, Inc., Michigan
City, IN, USA

Propane pressure 0.0 to 103.4 kPa 1.0% FS Model 628 Dwyer Instruments, Inc., Michigan
City, IN, USA

Precision resistor 1 kΩ ±5.0 × 10−2%
FS Model 1k Tick Labjack Corporation, Lakewood, CO,

USA
Electrical power meter Max 3000 A at 830 V AC ±0.7% of W Model 1735 Fluke, Everett, WA, USA

The gas flowmeter (see Table 1 for specifications) was connected to the propane utility
supply (two 3.79 m3 propane tanks with a line pressure of 2.74 kPa) using a 12.7 mm
diameter flexible hose. The flowmeter’s output was connected to the heater connection
manifold with a 12.7 mm Internal Diameter (ID) flexible hose. Flowrate was determined by
dividing the difference between the recorded initial and final positions of the dial on the
flowmeter by the duration of the test.

The heater connection manifold consisted of a sediment trap (following manufac-
turer’s recommendation) and two taps that contained a silvered PT100 Resistance Temper-
ature Detector (RTD; see Table 1 for specifications) and a pressure transducer (see Table 1
for specifications) to monitor supply propane temperature and pressure, respectively. A
precision resistor (see Table 1 for specifications) was used to create a voltage divider circuit
to condition the RTD output signal with a supply voltage of 2.5 Volt DC (VDC) and the
4 to 20 mA signal from the pressure transducer. The RTD temperature was determined
using the alpha equation (Equations (1) and (2)) for RTDs, with alpha determined using the
resistance at 0 ◦C and 100 ◦C. Heater electrical power consumption was measured using a
portable power meter (see Table 1 for specifications).

Ti =

(
RT
R0

− 1
)

α
(1)

where

Ti = temperature (◦C); where i is RTD, propane, or exiting air
RT = RTD resistance at Ti (Ω) see Equation (2)
R0 = RTD resistance at 0 ◦C (100 Ω)
α = temperature coefficient of resistance (3.851E−4 Ω ◦C−1)

RT = Rd1 ∗
(

Vs

Vout
− 1

)
(2)

where

Rd1 = resistance of voltage divider resistor (1 k Ω)
Vs = supply voltage (2.5 VDC)
Vout = analog voltage output measured by DAQC board (VDC)
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Heater combustion exhaust measurement system consisted of a 0.2 m diameter, 2.44 m
long round, galvanized steel duct that contained a PT100 RTD and a velocity pressure pitot
tube (Figures 1 and 2, Tables 2 and 3). The same conditioning circuit and temperature
equations were used as previously discussed. The supply end of the duct featured a flange
fitting that was sealed with foil tape and secured to the face of the heater around the
exhaust outlet. For heaters with larger output openings, a reduction flare fitting, 0.3 m to
0.2 m diameter and 0.3 m in length, was included. All seams on the inside of the duct were
sealed with mastic caulking, and the outside of the duct was sealed with foil tape. The
duct was wrapped with 51 mm (2 in.) thick, foil-backed fiberglass insulation. Additional
insulation was placed on the seams on the fiberglass insulation, and all seams were sealed
with foil tape. Velocity pressure was measured using a multi-range, differential pressure
transducer (see Table 3 for specifications).

Figure 1. Test duct with locations of temperature measurement taps (D) and velocity pressure pitot tube (E). Measurements
for the specific labels are in Table 1. Note diagram is not to scale.

 

Figure 2. Test stand configuration and DAQC system in ADL for DGFCH test.

Table 2. Dimensions of the test duct in Figure 1.

Label Description Measurement (m)

A Inlet to temperature tap 1.3
B Inlet to velocity pressure pitot tube 1.6
C Overall length of duct 2.4
F Duct diameter 0.2
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Table 3. Energy output instruments used in the study in order as described in the text.

Output Energy
Instrumentation

Manufacturer’s
Rating

Manufacturer’s
Accuracy

Model Manufacturer

Output air temperature −40.0 to 150.0 ◦C ±0.2 ◦C Model TE-IBN-D044-14 Dwyer Instruments, Inc.,
Michigan City, IN, USA

Output air velocity
pitot tube 0.5 to 51 m s−1 ±2.0% FS Model FLST-C8 Dwyer Instruments, Inc.,

Michigan City, IN, USA
Pitot tube pressure

transducer 0.0 to 248.8 Pa ±1.0% FS Model 267 Setra Systems, Inc.,
Boxborough, MA, USA

Incoming air
temperature −40.0 to 105.0 ◦C ±1.0% at 25 ◦C Model TT05-10KC8-15-

T105-1500
TEWA Sensors, LLC,

Albuquerque, NM, USA

Precision resistor 10 k Ω ±5.0 × 10−2% FS Model 10K Tick Labjack Corporation,
Lakewood, CO, USA

Incoming air
temperature and
relative humidity

−40.0 to 80.0 ◦C, 0.0
to 100.0% RH ±0.1 ◦C, ±1.5% RH Model HMT120 Vaisala, Helsinki, Finland

Heater supply air (room) Dry-Bulb Temperature (Tdb) was measured using a grouping
of four plastic-coated thermistors (see Table 3 for specifications) installed 0.25 m below
the intake of the heater on the side opposite of the Liquid Propane (LP) intake and burner
manifold. The four thermistors were multiplexed (Model: CD4052BE, Texas Instruments,
Dallas, TX, USA) and conditioned with a voltage divider circuit consisting of a precision
resistor (see Table 3 for specifications). Temperature from the thermistors was calculated
using the β equation (Equation (3)) and then converted to Celsius for analysis. The
thermistors were calibrated in a variable environment chamber (Series 7064-3140, Parameter
Generation & Control, Black Mountain, NC, USA) at three unique temperatures (25 ◦C,
35 ◦C, and 45 ◦C) using the exact same DAQC setup prior to testing. The calibration
regression was developed by regressing the chamber temperature recoded from the control
panel on the x-axis and the average thermistor temperature on the y-axis. The final
calibration equation was determined by taking the inverse of the previous calibration
equation [7].

TTRi = 1/
[
(1/298.15) + (1/β) ∗ ln((Rd10∗ (Vs1/Vout1 − 1))/Rre f )

]
(3)

where

TTR = thermistor temperature i (K)
B = thermistor coefficient (3435)
Rd10 = resistance of voltage divider resistor (Ω)
Vs1 = voltage supply (5.0 VDC)
Vout1 = analog voltage output measured by DAQC (VDC)
Rref = thermistor reference resistance at 25 ◦C (Ω)

Supply air Tdb and Relative Humidity (RH) were measured in the same location
using a portable hygrometer with a Liquid Crystal Display (LCD) screen (see Table 3 for
specifications). The remote hygrometer was recorded manually at the start and end of
each test.

All sensors, excluding the remote sensing unit, were recorded with a custom software
interface (Visual Basic v19, Microsoft, Redmond, WA, USA). The software allowed for
user-selectable sampling frequency and a calibration procedure to calibrate the load cell.

2.3. Testing Procedure

Data were collected on the three nominally rated DGFCHs (21, 29, and 73 kW) at
the full rated output and half output setting. For the 21 and 29 kW rated heaters, three
replicates of each output were measured. For the 73 kW heater, two replicates of each
output were completed. This was due to issues with the test duct retaining residual heat
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between tests. Prior to test initiation, the load cell was verified with a 45.4 kg (100 lb)
standard set of weights. During a test, the DAQC was configured to sample continuously
at 1 Hz. For DGFCH ratings > 18 kW, the total sampling duration was 500 s with the
DAQC system sampling at 1 Hz. For DGFCH ratings < 18 kW, the total sampling duration
was 900 s, with the DAQC sampling at 1 Hz. The time duration was different for the
heater and settings rated for <18 kW based on the anticipated propane consumption
to have a minimum change in the propane tank mass double the load cells accuracy.
Electrical energy consumption was recorded from the power meter at 3 min into the test
and assumed constant for the duration of the test. The three-minute mark was selected
based on ANSI/ASHRAE Standard 103, considering steady-state combustion at three
minutes [5]. Between performance tests, the ADL was ventilated for 60 min to maintain
similar room temperatures at the start of each test.

2.4. Thermal Efficiency Development

The energy balance of a DGFCH is the balance of the energy input and output of the
heater (Equation (4)). Output DGFCH energy can be defined as the sum of the combustion
heat in the output airflow and the radiative and convective heat loss of the heater jacket
(Equation (5)). For agriculture buildings, the main objective is to warm the occupied zones
of the house. Thus, the goal of a DGFCH thermal efficiency is to quantify the efficiency of
heating the output air (Equation (6); [5]).

Qout = Qin (4)

where

Qout = energy output of a direct gas-fired circulating heater (kW)
Qin = energy input (propane and electrical) of a direct gas-fired circulating heater (kW)

Qout = Qa + Qj (5)

where

Qa = energy output via air (kW)
Qj = energy output via heater jacket (kW)

Q̂out = Qin × nss (6)

where

Q̂out = measured energy output of heater output air (full or half load; kW)
nss = steady-state sensible energy output efficiency (%)

Energy input into a DGFCH can be quantified as the energy from the liquid propane
plus the electrical energy (Equation (7)). Electrical energy is included as most of the DGFCH
supply air is drawn in over the motor and electronic components for cooling purposes. For
the 21 and 29 kW rated heaters, input propane was measured gravimetrically, while input
propane for the 73 kW rated heater was measured volumetrically, with a temperature and
pressure compensated gas meter.

Qin =
( .

xLPG × HHVprop
)
+ Welec (7)

where
.
xLPG = mass flow rate of propane to heater (kg s−1) or volume flow rate of propane (m3 s−1)
HHVprop = higher heating value of propane (kJ kg or kJ m−3)
Welec = electrical energy consumption of heater (kW)

Q̂out =
.

ma × (hout − hin) (8)

where
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.
ma = mass flow rate of exhaust air from heater (kg s−1)
hout = enthalpy of output air from heater (kJ kg−1)
hin = enthalpy of oncoming air to heater (kJ kg−1)

.
ma =

⇀
V ×

(
πr2

)
× ρ (9)

where
⇀
V = fluid velocity (m s−1)
r = radius of the duct (0.10 m)
ρ = density of the air exiting heater (kg m−3)

⇀
V =

√
2δp

ρ
(10)

where

δp = velocity pressure measurement (Pa)

The output energy was quantified by the enthalpy change of the air moving through
the heater (Equation (8)). The mass flow of the DGFCH exhaust air was calculated using
the density measurements and the pitot tube measurement (Equations (9) and (10)). The
specific volume and enthalpy were calculated using the humidity ratio of the starting room
conditions [1,8]

By combining the input energy (Equation (4)) and the quantified energy output
(Equation (5)), the steady-state thermal efficiency can be solved for the DGFCH
(Equations (11) and (12)). The thermal efficiency equation is similar in nature to efficiency
equations used to evaluate solar air heaters [9,10]

.
ma × (hout − hin) =

(( .
xprop × HHVprop

)
+ Welec

)× nss (11)

nss =
.

(ma × (hout − hin))÷
(( .

xprop × HHVprop
)
+ Welec

)
(12)

2.5. Thermal Efficiency Calculations and Analysis

From each replicate, the mean of six random sub-samples of 30 s (n = 30 per sub-
sample) of consecutive data was used to calculate the steady-state thermal efficiency
(Equation (12)). A moving average of five data points was used to reduce fluctuations in
the output air temperature. This processing step was justified due to the random error
caused by turbulence and non-constant combustion of the heater. The mass flow rate of the
propane was calculated by determining the weight change of the propane cylinder divided
by the experiment duration. For DGFCH’s rated >18 kW, a 4 s average before the heater
solenoid was opened and after the test was used to determine the pre- and post-weight.
For DGFCH’s rated <18 kW, a 3 s average was used. The averaging of the cylinder weight
was necessary to account for variation in the weight caused by vibration of the cylinder
due to propane flow.

A sensitivity analysis of the steady-state thermal efficiency was performed with respect
to the Higher Heating Value (HHV) of propane. Four sources of the HHV were used in the
analysis due to the slight differences among sources (Table 4).

Table 4. Higher Heating Value (HHV) values from different sources used in the sensitivity analysis
of the thermal efficiency equation.

Source HHV (kJ kg−1) References

A 50,009 [5]
B 50,411 [8]
C 50,656 [11]
D 50,129 [12]
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2.6. Uncertainty Analysis

The final standard uncertainty of the thermal efficiency (Δnss) was calculated from
the standard uncertainty obtained from all key measurement inputs propagated through
(Equation (13) through Equation (20), Figure 3).

Figure 3. Fishbone diagram of the final standard uncertainty in the thermal efficiency calculation. Each line represents the
integration of a measurement and its respective uncertainty into a standard uncertainty calculation.

A zeroth-ordered uncertainty budget was created for each measured input: voltage
measurement for exiting air temperature (Tex; Table 5), a Differential Pressure Transducer
(DPT; Table 6), dry-bulb temperature, and relative humidity for humidity ratio calculation
(Tdb and RH; Table 7), propane flow for mass and volumetric (

.
x; Table 8), and electrical en-

ergy consumption (Welec; Table 9) and included the manufacturer’s accuracy and long-term
stability, quantization error from the 14-bit Analog-to-Digital Converter (ADC), and the
Standard Error (SE) from the experimental data (SE was removed from the budget as it
changes with each experiment; [13]).

Table 5. Uncertainty budget analog voltage measurement by DAQC board for RTD measurement.

. Value (VDC) Probability Distribution Divisor Standard Uncertainty (Pa)

Accuracy [a] 3.7 × 10−3 Rectangular
√

3 2.1 × 10−3

Quantization error [b] 3.1 × 10−4 Rectangular
√

3 1.8 × 10−4

Combined standard sensor uncertainty, ΔVDC 2.1 × 10−3

[a] ±0.5 Manufacturer’s stated accuracy with ±5. VDC input range. [b] ±0.5 ADC resolution = 14-bit ADC resolution, ±5 VDC reference
range = 3.1E−4 V BL−1. BL = Binary Level.

Table 6. Uncertainty budget for differential pressure transducer.

Source Value (Pa) Probability Distribution Divisor Standard Uncertainty (Pa)

Accuracy RSS [a] 2.5 Rectangular
√

3 1.4
Long-term stability 5.0 Rectangular

√
3 2.9

Quantization error [b] 3.2 × 10−2 Rectangular
√

3 1.8 × 10−2

Combined standard sensor uncertainty, Δδp 3.2
[a] Root sum square (at constant tdb), ±1.0% full scale (δp1) 0 to 248.8 Pa; [b] ±0.5 sensor resolution = (14-bit ADC resolution, ±10 VDC
reference range = 6.1E−4 V BL−1) (sensor sensitivity)−1.
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Table 7. Uncertainty budget for temperature and relative humidity sensor used to calculate humidity ratio.

Source Value (◦C, %RH) Probability Distribution Divisor Standard Uncertainty (◦C, %RH)

Accuracy RSS [a] 0.1, 1.5 Rectangular
√

3 5.7 × 10−2, 8.7 × 10−1

Long-term stability N/A [c]
, 1.0 Rectangular

√
3 N/A [c], 5.7 × 10−1

Display Resolution [b] 5.0 × 10−3, 5.0 × 10−3 Rectangular
√

3 2.9 × 10−3, 2.9 × 10−3

Combined standard sensor uncertainty, Δtdb, Δrh 5.7 × 10−2, 1.0
[a] Manufacturer stated accuracy; [b] ±0.5 smallest display value = 0.01; [c] long-term stability is included in accuracy term from manufac-
turer specifications.

Table 8. Uncertainty budget for propane for both mass and flow basis.

Source Value (kg, m3 s−1) Probability Distribution Divisor Standard Uncertainty (kg, m3 s−1)

Accuracy RSS [a] 1.0 × 10−2, 4.4 × 10−4 Rectangular
√

3 5.7 × 10−2, 2.6 × 10−4

Long-term stability N/A [c]
, N/A [c] Rectangular

√
3 N/A [c], N/A [c]

Display Resolution [b] N/A, 1.4 × 10−3 Rectangular
√

3 NA, 2.5 × 10−3

Quantization Error [d] 6.1 × 10−3, N/A Rectangular
√

3 3.5 × 10−3, N/A
Combined standard sensor uncertainty, Δ

.
xm, Δ

.
x f 5.8 × 10−2, 2.4 × 10−3

[a] Manufacturer stated accuracy; [b] ±0.5 smallest display value = 0.01; [c] long-term stability is included in accuracy term from manufacturer
specifications; [d] ±0.5 sensor resolution = (14-bit ADC resolution, 1 VDC reference range = 1.2E−4 V BL−1) (sensor sensitivity)−1.

Table 9. Uncertainty budget for electrical energy consumption of the heater.

Source Value (W) Probability Distribution Divisor Standard Uncertainty (W)

Intrinsic error 241.5 Rectangular
√

3 139.4
Operating error 517.5 Rectangular

√
3 298.8

Display Resolution [a] 50 Rectangular
√

3 28.9
Combined standard sensor uncertainty, ΔWelec 331.0

[a] ±0.5 smallest display value = 50.

The uncertainty budget for the Tdb and RH includes a display resolution compo-
nent as it was manually recorded (Table 7). The propane volumetric measurement also
had a display resolution component from the dial on the meter display from manually
recording measurements.

The standard uncertainty associated with the area of the duct was determined by
propagating the standard uncertainty of the duct radius (Δr = 2.70 × 10−3 m, one-half the
reading resolution set by the manufacturer) through the area equation of a circle resulting
in a standard uncertainty of the area Δa = 3.39 × 10−3 m2.

ΔVDC2
i =

(
ΔVDC

n

)2
+ SE2 (13)

where

ΔVDCi = combined standard uncertainty in analog voltage measurement (Tex VDC)
SE = standard error of the voltage measurement (VDC)

ΔT2
ex =

(
∂Tex

∂VDC
ΔVDCi

)2
+

(
∂Tex

∂Rd1
ΔRd1

)2
+

(
∂Tex

∂Rre f
ΔRre f

)2

+ RMSE2 (14)

where

ΔTent = combined standard uncertainty in entering air temperature (◦C)
ΔRd1 = 1 kΩ resistor in divider circuit (±0.05%; Ω; rectangular distribution)
ΔRref = 100 Ω at 0 ◦C (±0.12%; Ω; rectangular distribution)
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RMSE = root mean square error from nonlinear regression (◦C)

The standard uncertainty of the entering temperature measured by the thermistor
did not include propagation of uncertainty through (Equation (3)) as the DAQC system
was identical in both calibration and testing. Thus, it was assumed that the RMSE of the
calibration encompasses the uncertainty associated with the measurements propagated
through the equation.

ΔT2
ent = ACC2 + RMSE2 + SE2 (15)

where

ΔTent = combined standard uncertainty in entering air temperature (◦C)
ACC = manufacturer’s accuracy (±0.2 ◦C; rectangular distribution)
RMSE = root mean square error from linear calibration regression (◦C)
SE = standard error of the mean (◦C)

ΔW2 =

(
∂W
∂tdb

Δtdb

)2
+

(
∂ρ

∂rh
Δrh

)2
(16)

where

ΔW = combined standard uncertainty in humidity ratio (kgH2O kgda
−1)

Δρ2 =

(
∂ρ

∂tex
Δtex

)2
+

(
∂ρ

∂W
ΔW

)2
(17)

where

Δρ = combined standard uncertainty in moist air density (kg m−3)

The standard uncertainty in the mass flow (Equation (18)) was determined from the
propagation of the velocity pressure uncertainty, density uncertainty, area uncertainty,
and accuracy of the pitot tube system.

Δ
.

ma2
=

(
∂

.
ma

∂dp
Δdp

)2

+

(
∂

.
ma
∂ρ

Δρ

)2

+

(
∂

.
ma
∂a

Δa
)2

+ ACCv
2 (18)

where

Δ
.

ma = combined standard uncertainty in mass flow moist air (kg s−1)
ACCv = accuracy of the velocity measurement (1.0%, [5])

Δhex−ent
2 =

(
∂hout−in

∂W
ΔW

)2
+

(
∂hout−in

∂Tent
ΔTent

)2
+

(
∂hout−in

∂Tex
ΔTex

)2
(19)

where

Δhout−in = combined standard uncertainty in change in enthalpy (kJ kg−1)

The standard uncertainty of
.
xLPG included in (Equation (20)) included the SE term for

the initial and final measurement from the gravimetric system as a multi-second average
was used. It was assumed that there was no uncertainty in the run time of each test factored
into

.
xLPG.

Δnss
2 =

(
∂nss

∂
.

ma
Δ

.
ma

)2
+

(
∂nss

∂hex−ent
Δhex−ent

)2
+

(
∂nss

∂
.
x

Δ
.
xLPG

)2
+

(
∂nss

∂Welec
ΔWelec

)2
(20)

where

Δnss = combined standard uncertainty in thermal efficiency (%)

The combined standard uncertainty was calculated using the data from each replicate
of the heater model and output setting. Thus, for each replicate and output, a standard
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deviation was calculated for the uncertainty due to variations in measurements between
each replicate.

2.7. Economics of Heater Efficiency

Economic implications of heating agricultural buildings were assessed by modifying
the degree-day heating method (Equation (21); [3]). The method is simpler than other
heating cost methods that use binned ambient weather data, with the consequence of
overestimating the heating season costs. The efficiency represents the Annual Fuel Energy
Use Efficiency (AFEUE). The AFEUE is based on the ASHRAE standard 103 [5]. For
DGFCH without a pilot light, the AFEUE is the same as the steady-state thermal efficiency.
For a DGFCH with a pilot light, the calculation of AFEUE considers the proportion of time
with the pilot light on and its efficiency over the duration of the heating season.

E = CD × [
( HL × D × S )÷ (

Δt × nss/AEU × HHVprop
)]

(21)

where

E = propane usage per season (kg)
CD = correction factor for degree-days (0.6)
HL = design heating load at minimum ventilation (kW)
D = degree-days (◦C day)
S = seconds per day (86,400 s d−1)
Δt = design temperature difference, inside/outside (◦C)
HHVprop = higher heating value for propane (kJ kg−1)

The calculation of the heating load for a building (heat gain/heat loss) was developed
to account for the wide variety of building specifications (Equation (22)). This was per-
formed by accounting for the heat gain on the basis of floor area. The heating load is to be
calculated at the wintertime 99% design temperature for the given location.

HL =
[
(UA × ΔT) +

( .
Vb ÷ υ × Cp × ΔT

) ]
+

[
qg × A f

]
(22)

where

UA = overall building heat loss coefficient (W ◦C−1)
.

Vb = minimum ventilation rate (m3 s−1)
υ = specific volume of air/water mixture (kg m−3)
Cp = specific heat of air (J kg−1)
Qg = heat production per unit of floor area (W m−2)
Af = floor area of building (m2)

A sensitivity analysis of the energy usage (Equation (21)) was performed based on rec-
ommended thermal resistance (R values) for various building components, internal design
temperature, two different minimum ventilation rates, and heater efficiency. This analysis
used a high heat gain per unit floor area of 1.6 W m−2. It was assumed that the outside
design temperature was −29 ◦C (99% heating value for Minnesota; [8]). For this economic
analysis, the building size was 45.7 m (L), 15.2 m (W) with a 2.5 m ceiling (150 ft L, 50 ft W
with 8 ft ceiling). The building’s thermal analysis assumed no windows and doors and did
not include any perimeter or floor heat loss. The R values, internal building temperature,
and minimum ventilation rates (Table 10). For the analysis of the first three components
(level of insulation, design internal Tdb, and minimum ventilation rate), the heater effi-
ciency was 99%, and the cost of propane was assumed at USD $0.53 kg−1 ($1 gallon−1).

219



Agriculture 2021, 11, 588

Table 10. Sensitivity analysis inputs for R values, internal building temperature, and minimum
ventilation rate. Recommended levels of insulation for homes based on climate [3].

Level of Insulation Wall (R m2 ◦C W−1) Ceiling (R m2 ◦C W−1)

UAlow 2.1 3.5
UAmedium 2.5 4.4

UAhigh 3.5 5.8
UAultra-high 3.5 6.7

Design internal temperature

Tihigh = 28 ◦C Timedium = 25 ◦C Tilow = 20 ◦C

Minimum ventilation rate

Vhigh = 6 ACH [a] Vlow = 3 ACH [a]

[a] ACH = air changes per hour.

3. Results and Discussion

3.1. Thermal Efficiency

The average values of the operational parameters and results for the three DGFCHs
tested at each output performed as expected (Table 11). The procedures developed were
capable of detecting the relatively small differences in input and output energy, although
the 73 kW did not reach rated operation. The time to steady-state assumed from ASHRAE
103 was represented in the results of this study (Figure 4), with all heaters and replicates
showing similar trends in temperature change over time. Future tests should involve a
high accuracy CO and O2 sensor to verify the thermal efficiency through stoichiometry
(indirect combustion test). A unique trend was noted in the comparison of the half and full
output thermal efficiencies. Heater models A and B exhibited higher thermal efficiencies
at full output, while heater model C exhibited a higher thermal efficiency at half output.
The thermal efficiency of over 100% is related to the system’s uncertainty, discussed in
the next section. The general trend of efficiency increasing with heater output could be
influenced by the test stand gaining heat during the test and affecting measurements. This
was the reason behind two replicates with heater model C. The heater models used in the
study had limited thermal efficiency values reported, model A had no reported values,
and models B and C reported 99.99% thermal efficiency. The reported thermal efficiencies
in this study are higher than what is assumed for DGFCH in buildings 80%, with high
humidity and low ventilation [4]. However, it was not within the scope of this study
to evaluate the heaters under such conditions that are believed to drastically reduce the
performance of these heaters in buildings. The thermal efficiency of the DGFCH used in
this study is significantly higher (>90%) compared to the thermal efficiency of common
gas-fired residential units (63% to 44%; [13]). This drastic difference is mainly contributed
to the difference in the heaters as the residential heaters.

Table 11. Average (standard deviation) of test conditions and measured performance values for all three DGFCH models
and outputs.

Measured
Input [a] (kW)

Heater
Model

Manifold
Pressure (kPa)

Output Air
Temperature (◦C)

Enthalpy Gain
(kJ kg da−1)

Volumetric
Output (L min−1)

Thermal
Efficiency [b] (%)

11.43 A 2.5 (3.0 × 10−2) 67.2 (2.0) 51.2 (1.1) 13,198 (51) 94.3% (1.5)
17.00 B 2.3 (3.0 × 10−2) 80.0 (1.2) 61.9 (0.4) 16,352 (33) 92.4% (1.5)
21.39 A 2.1 (6.0 × 10−2) 118.3 (1.4) 102.1 (1.1) 14,631 (401) 96.5% (1.5)
29.89 B 1.9 (5.0 × 10−2) 140.8 (1.0) 125.5 (0.6) 17,169 (242) 94.98% (1.1)
42.20 C 1.7 (3.0 × 10−2) 131.0 (1.6) 109.2 (0.5) 29,019 (93) 100.9% (0.3)
56.27 C 1.4 (3.0 × 10−2) 180.4 (2.3) 159.1 (3.6) 29,439 (200) 98.8% (2.0)

[a] Measured input calculated using HHV from [5]. [b] Thermal efficiency calculated using HHV from [5].
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Figure 4. Temperature gain of the exiting air over the course of a test for heater model A at full output.

The measured input energy to heater model C at full output was significantly lower
than its nominal rating of 73.3 kW. Upon investigation of the operational parameters of
the tests, it was noted that manifold pressure exhibits a negative trend in relation to the
measured input (Figure 5). The temperature of the propane did not vary between any
heaters and replicates. This is most likely caused by an improper design of the propane
supply of ADL that limits the maximum output due to propane flow and not the heater
reaching its rated output.

Figure 5. Measured input of propane (x-axis) versus the manifold propane pressure (y-axis).

The sensitivity analysis of the thermal efficiency equation in relation to the HHV
was performed for heater model A at full output. The maximum difference noted in
the analysis is between HHV source A (97.3%) and D/C (96.0%), with source B (96.5%)
falling in-between. While all four sources are relatively similar in value, this highlights the
differences in reported values among groups (sources A, B, C) and the federal government
(source D). A unified HHV between all organizations is imperative to avoid discrepancies
in design and in the rating of all types of propane combustion heaters.

221



Agriculture 2021, 11, 588

3.2. Uncertainty Analysis

The expanded (coverage factor = 2; ~95% confidence interval) uncertainty ranged from
13.1% (Standard Deviation; SD = 0.1%) to 30.7% (SD = 8.0%) for the input energy rating
56.3 to 11.4 kW; the SD is from the multiple replicates of each heater output tested. There
is a distinct difference in the variability of the uncertainty between the replications for a
heater based on the propane measurement system. The mass flow system had significantly
greater variability (Figure 6). The breakdown of the uncertainty contributions (Table 12)
demonstrates that for the mass flow system, the propane mass flow and air mass flow are
the largest contributors while using volumetric flow measurement, the air mass flow, and
change in enthalpy are the largest contributors. Overcoming the variability in the propane
mass flow for future tests could require a hardware-based signal conditioning filter to
account for the signal noise due to vibrations. Alternatively, extended test duration could
be used to reduce variability.

Figure 6. Expanded thermal efficiency (y-axis) versus heater input rating (x-axis). The blue circles
represent the measurements using the mass flow system, and the red squares represent the volumetric
flow measurements.

Table 12. Expanded uncertainty component contributions for Equation (20) based on the propane measurement system.
The values in parentheses represent 1 standard deviation of the mean.

Airflow Change in Enthalpy Propane Flow Electrical Consumption

Mass flow 38.0% (14.3) 4.0% (3.0) 55.9% (16.2) 2.1% (1.4)
Volumetric Flow 80.8% (4.9) 17.5% (4.5) 0.6% (0.2) 1.2% (0.3)

The expanded uncertainty component contributions for the volumetric propane mea-
surement system suggest that if a high accuracy, low flow rate option was feasible, it would
reduce the uncertainty considerably. To reduce uncertainty in future experiments, a higher-
accuracy pressure transducer and RTD would be warranted.

3.3. Economics of Heater Efficiency

The economic estimates for heating the specified building using design conditions
show a wide heating cost for a heating season (Table 13). There are a few limitations
to the degree-day method for estimating this cost. First, it assumes a constant balance
temperature for a building. Balance temperature is the ambient temperature that separates
the need for heating or cooling, which is different for the various types of agricultural
buildings (livestock versus greenhouse). For livestock buildings, this approach cannot
account for the increase in the animal’s heat production through a growth cycle and the
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change in sensible heat production with indoor temperature. This economic assessment
confirms that the greatest heating cost factor is the minimum ventilation rate, with building
internal temperature and insulation level being the other factors impacting cost. It should
be cautioned against decreasing the ventilation rate of a building to reduce the seasonal
heating cost as air quality and moisture levels will be directly impacted and could nega-
tively impact production within the building. The costs and corresponding energy inputs
are higher than reported values from field studies for animal agricultural buildings with
similar heat production values per floor area [14–16]. These differences are most likely
attributed to the method used and the local weather data differences from the reported
study’s locations.

Table 13. Economic analysis (values reported in USD) for a general agricultural building for a heating
season with a heat production of 1.6 W m−2.

Vhigh Vlow

Level on Insulation Tihigh Timedium Tilow Tihigh Timedium Tilow

UAlow $7059 $6756 $6260 $3844 $3676 $3398
UAmedium $6941 $6644 $6159 $3727 $3564 $3297

UAhigh $6794 $6505 $6032 $3579 $3424 $3170
UAvery high $6762 $6475 $6005 $3548 $3395 $3144

The sensitivity analysis for the scenario regarding heater efficiency (Table 14) shows
the economic impact of reducing the DGFCH thermal efficiency by 1% for the combinations
of internal temperature and building envelope insulation level. The range of costs is caused
by the different range of supplemental heat needs based on internal temperature and
insulation value. The magnitude of the costs would be significantly higher if an AEU
efficiency for a heater with a pilot light.

Table 14. Economic cost (values reported in USD) of reducing the DGFCH thermal efficiency by 1%
for a heating season.

Level on Insulation Tihigh Timedium Tilow

UAlow $72.0 $68.9 $63.9
UAmedium $70.8 $67.8 $62.8

UAhigh $69.3 $66.4 $61.6
UAvery high $69.0 $66.1 $61.3

The methods used to perform this economic analysis could be adapted to a range
of scenarios to evaluate utility costs for building types, climates, and construction for a
cost estimate. Other methods for estimating heating costs are binning methods, where
data is binned by day for heating demand (time and temperature difference). This method
has advantages in being able to incorporate livestock heat production curves and variable
ventilation rates. The downside is that this method requires extensive calculations for each
time period within each day and is not a simple calculation for agriculture professions to
estimate heating costs for a building.

4. Conclusions

A custom testing apparatus and instrumentation system were developed and eval-
uated for Direct Gas-Fired Circulating Heaters (DGFCH) commonly used in agricultural
buildings. Three DGFCH were used for the evaluation testing of the system. The steady-
state thermal efficiency of the tests was determined using data from the testing system
and based on calculations from a standard for residential systems [5]. An uncertainty
analysis was performed on the thermal efficiency calculation for the given measured inputs.
An economic analysis for heating common agricultural buildings was performed. An
inadequate propane service limited the systems testing ability for 73 kW rated heaters. A
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sensitivity analysis of the thermal efficiency in respect to the Higher Heating Value (HHV)
results in a maximum difference between sources of HHV of 1.3% efficiency. This highlights
the need for standardization between all organizations involved. The uncertainty of the
system ranged from 13.1% to 30.7% across the input range of 56.2 to 11.4 kW, respectively.
The propane mass was the key source of uncertainty at the lower ratings. A more robust
hardware system and longer run times would reduce this key source of uncertainty. At
higher input ratings, the mass flow of air was the key source of uncertainty. Reducing
this would require the use of higher-accuracy sensors. The economic analysis showed
that for a 1% difference in heater efficiency across the combination of inputs (insulation
and inside temperature), the costs per heating season ranges from USD $61.3 to $72.0.
Future evolutions of this system are needed to reduce the overall uncertainty in thermal
efficiency. It is suggested that a flowmeter with lower minimum flow ratings be used or
longer test durations to reduce the main source of uncertainty. Other instrumentation
improvements are needed for the output air and velocity measurement in the duct. Overall
this system shows a great prospect for testing DGFCH commonly used in agricultural
buildings. This study has highlighted the need for standardized procedures for quantifying
DGFCH thermal efficiency specific to agricultural applications. The unique nature of these
heaters presents challenges for testing and has a large economic impact on the agricultural
operation during heating seasons.
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Abstract: When the potato planter works on sloping field, it will cause problems such as poor
film mulching quality due to the difference in volume of soil covering both sides of the discs
and the inconvenient adjustment of the soil covering disc. The soil covering device with linkage
and differential adjustment was designed to improve the mulching quality. The main research
content includes explaining the structure and principle of the soil covering device and analyzing
the structural parameters of the adjustment mechanism. The field experiment was completed to
verify the performance of soil covering device, which takes the stability coefficient and uniformity
coefficient of the volume of covering soil as factors. The result shows the following: (1) The volume
of covering soil changes exponentially with the angle of the disc through data fitting, which can
standardize the angle of covering disc; and (2) when the angle of disc is 30◦ and 60◦, respectively, the
uniformity coefficient of volume of covering soil is lower than 1.4, which has premium soil covering
quality. When the angles of the discs on both sides differ greatly, the stability coefficient of volume of
covering soil is 0.41, which can meet the requirements of the mulching quality of potato planter. This
research provides the technical support for high-quality potato planting.

Keywords: potato planter; soil covering device; design; experiment

1. Introduction

In Ningxia, Gansu, Shaanxi and other regions of China, the plastic film mulching
potato planter are widely used. The cultivated land in these areas is mainly hills and is
mountainous and there are a lot of planters working on sloping fields. The main function
of mulching is to maintain warmth and moisture levels, to promote the rapid germination
of seeds and to achieve the purpose of increasing yield and reducing the growth period.
The effect of covering soil is an important evaluation of the quality of mulching and there
is a large impact on the volume of covering soil on both sides of mulch in sloping fields.
Furthermore, it is necessary to make tentative adjustments based on experience and it is
difficult to achieve best the covering quality. Therefore, it is of great significance to develop
a soil covering device for potato planters that achieve the same volume of covering soil on
both sides in sloping fields [1,2].

The research on the soil covering device of potato planter has been conducted earlier
in foreign countries with advanced technology and high reliability. The typical equipment
includes GL series potato planter produced by GRIMME in Germany and the LK series
potato planter produced by STRUIK in Netherlands. These machines have high efficiency
and quality, which are suitable for areas with large-scale fields rather than hills and moun-
tainous areas. Recently, the development of potato planting machinery technology and
equipment in China has become rapid. The potato planter was designed and tested and
includes the sowing depth control device and wide ridge pattern suitable planter [3–5].
Liu and other scholars designed the film mulching potato planter, which applied to rice,
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quinoa, potato and so on [6–8]. Chen and other scholars put forward film mulching tech-
nology, soil conveying technology, etc., which provide technical support for the research
and development of potato planters [9–13]. The study on the optimization of working
parameters and improvement of the design structure of the potato planter and mulching
device was conducted by Xin and others [14–18]. These technologies and equipment
have been experimented and verified to basically suit the requirements of field working.
When working on flat fields, the quality of covering soil is higher; however, in the sloping
field, there will be inconsistencies in the volume of covering soil on both sides and the
stability of cover will decrease. The covering quality is reduced, which is not conducive to
heat and moisture preservation and will affect the high yield and premature delivery of
potatoes [19–21].

Therefore, a soil covering device was designed to improve seeding quality by linkage
and differential adjustments of the disc separately and the field experiment was completed
to verify the performance of soil covering device, which takes the stability coefficient and
uniformity coefficient of the volume of covering soil as factors.

2. Material and Methods

2.1. The Device of Experiment

As shown in Figure 1, the potato planter mainly includes fertilizer box, seeder, seed
box, ridging machine, laminating machine and soil covering device. The prototype takes
the Qingdao HONGZHU potato planter and the planting method utilizes double rows on
a ridge. The fertilizer from the fertilizer box is applied to the middle position of the ridge
and planted on both sides of the ridge.

Figure 1. The structure scheme of potato planter.

A spoon-chain seeder metering device is used to take out the lumpy potato seeds
from the seed box and to shake the excess potato seeds back into the seed box under the
action of the vibrating seed cleaning device. The ridging machine trims the ridge shape
according to the set value. The laminating machine covers the film on the ridge surface
and the packer wheel and soil covering machine takes the soil covering both sides of film.

Figure 2 shows the structure diagram of soil covering device and the device mainly
includes covered soil discs, adjusting mechanism, frame and so on. The distance between
the selection centers of the covered soil discs on both sides is adjustable from 1100 to
1500 mm, which can suit the work of 0.8–1.2 m width film and the maximum adjustment
of the rotation angle of the covering disc is 75◦.
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Figure 2. The structure scheme of soil covering device.

The tractor pulls the device forward and the press roller presses the film on the ridge
surface. The packer wheel then presses down the film on the ridge side and the covered
soil disc pushes the loose soil of the furrow to the film on the ridge side to complete the
entire film.

The uniformity and stability of the volume of covering soil is an important factor for
the quality of the soil covering device. When working on flat ground, the angle of the
covered soil discs on both sides is generally required to be consistent and the covering
quality can basically meet the operation requirements. However, as shown in Figure 3,
when working on sloping field, the volume of soil on both sides will be affected by the
slope angle and the amount of soil on the upper side is much larger than that on the lower
side. Therefore, it is necessary to adjust the angle of the covered soil disc to keep the
volume of covering soil on both sides consistent.

Figure 3. The soil covering at the sloping field.

2.2. The Data Analysis

The main function of the adjustment mechanism is to adjust the angle of the soil
covering discs on both sides to improve the mulching quality.

As shown in Figure 4, the adjustment mechanism mainly includes the covered soil
disks on both sides, the rocker arm, the four-bar mechanism composing the frame, the
connecting rod and the swing arm. The connecting rod adopts a two-way screw structure
and, by rotating the middle nut, the length of the connecting rod can be changed and the
angle of the discs on both sides can be adjusted in linkage under the action of the four-bar
mechanism. The two sides of the connecting rod and the swing arm are correspondingly
connected by hinged shafts. On the other hand, the rocker arm can rotate around the end
point. During the rotation, the connecting rod will rotate synchronously to realize the
differential adjustment of the covered soil disc. The angles α and β of both side discs are
correspondingly related to the mechanism parameters of the four-bar mechanism.
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(a) The linkage adjustment (b) The differential adjustment 

Figure 4. The schematic diagram of the adjusting mechanism.

Firstly, the model equations of the angle and related parameters are established
through a theoretical calculation and then the corresponding relationships between differ-
ent slope angles and adjustments are obtained based on the test data.

(1) The linkage adjustment
The intercept of the two-way nut screw is p, the length of the swing arm is Ls and LLs,

respectively. When the function of the hinge axis is not considered, the Equation (1) exists
and is described as follows: { np

Δa = Ls
LLs

α − α0 = 2arcsin np
2Ls

(1)

where n is number of rotations and Δa is the turning distance of the end of the swing arm
in mm.

(2) The differential adjustment
When the four-bar mechanism is composed of the frame, the connecting rod and the

swing arm is arranged in a parallel. If the rocker arm is deflected counterclockwise and the
angle is γ, then there exists the following equation:

α − α0 = β − β0 = γ

where a0 and β0 are the initial angles of the discs on both sides.
When the four-bar mechanism is not arranged in a parallel, the calculation method of

steering trapezoid is referred to and described in the following.⎧⎪⎪⎨
⎪⎪⎩

Δα = γ

Δβ = γ − arcsin sin((γ+γ0)√
( L

Ls )
2
+1−2 L

Ls cos(γ+γ0)

− arccos
L
Ls [2cosγ0−cos(γ+γ0)−cos2γ0]√

( L
Ls )

2
+1−2 L

Ls cos(γ+γ0)

γ0 = arcsin np
Ls

(2)

where γ0 is the initial bottom angle of trapezoidal four-bar mechanism in degrees and L is
the length of the connecting rod (short side) in mm.

The size of adjusting mechanism in potato planter is shown in Figure 5. The initial
bottom angle of the trapezoidal four-bar mechanism is determined by the length of the
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swing arm, the intercept of the nut screw and the number of rotations. By using the
Equation (3), the rotation angle of the swing arm can be quantified. It is also necessary to
calibrate the inclination requirements of the upper and lower soil covering discs according
to different slope angles. So far, the design parameters of the four-bar mechanism can
be obtained.

Figure 5. The size of adjusting mechanism.

The purpose of the experiment is to calibrate the volume of covered soil under different
angles of the disc. On the other hand, when the angles of the discs on both sides are
inconsistent, the experiment detects the difference and stability of the volume of covered
soil on both sides. The flat fields have been used to complete the field experiment by using
the stability coefficient of the difference in the volume of covered soil on both sides to
evaluate the quality of the covering soil.

The potato planter used in the experiment adopts a self-made soil covering device
with adjusting mechanism, which based on the HONGZHU-1.2 large ridge double-row
planter. The adjusting mechanism was shown in Figure 6 and the mulch uses ordinary
plastic film with a thickness of 0.0012 mm and a width of 1.2 m.

 

Figure 6. The adjusting mechanism.

The tractor uses DONGFANGHONG-504 from LUOTUO (about 36.8 kW) and the
operating speed is about 3.6 km/h.

2.3. The Method of Experiment

On 9 April 2020 at the Northwest A&F University test farm, the operation performance
test of soil covering device was carried out. The field of experiment has a length of 110 m
and a width of 10 m. It is a typical columbine soil condition. Moreover, corn was planted
in the first stubble and two rotary tillage treatments were carried out after harvest. The soil
moisture content of the cultivated layer (5–10 cm) is 18.5%(w.b.) and the average firmness
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of soil is 2.05 MPa. The soil covering disc adopts a concave disc with a diameter of 45 cm
and the depth of the disc is adaptively adjusted by spring preloading and force adjustment,
the measured data shows that the average depth of the disc into the soil is 14.27 mm.

In order to calibrate the volume of soil covering under the adjustment of different disc
angles, five points were randomly selected to measure in each level and 30◦, 45◦ and 60◦,
respectively, were used as linkage adjustment angles of the covered soil disc. Moreover,
the angles of the covering discs on both sides are selected to be 30◦ and 60◦, respectively,
as the difference adjustment. The Table 1 shows the method for adjusting the angle of
the covered soil discs on both sides. The sampling points were selected according to the
five-point method and randomly selected on a ridge in stable working area as the sampling
points. Repeat three ridge operations under the same angle of discs and take the average
for calculation.

Table 1. Method for adjusting the angle of covered soil disc.

Project The Left Disc (◦) The Right Disc (◦)

Linkage adjustment
30 30
45 45
60 60

Difference adjustment 30 60
60 30

As shown in Figure 7, the volume of covered soil is calculated by the area of the
section and the length of the sampling (take 1 m), as shown in Equation (3) as follows:

V =
a + b − h

2
hl (3)

where V is the volume of covered soil, m3; a is the length of the section, m; b is the width of
the section, m; h is the height of the section, m; l is the length of the sampling, m.

 

Figure 7. The diagram of the volume of covering soil and section.

Therefore, the main measurement factors include the width, height and length of the
covered soil section. Considering that the ridge structure is relatively stable (the slope
angle is about 45◦), the area of the covering soil section can be formed by subtracting the
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area of an isosceles right triangle from a right-angled trapezoid for which the side lengths
are a, b and h.

The area of the covering soil section can be formed by a right-angled trapezoid with
width, length and height as three sides and minus the area of the isosceles right triangle
with the height as the right side.

The stability coefficient and uniformity of the volume of covered soil are used as
indicators to investigate the feasibility of the differential adjustment and linkage adjustment.
Refer to the “uniformity determination” and “stability determination” methods in the test
method of the quality evaluation technical specification for fertilization machinery (NY/T
1003-2006) for calculation. The uniformity mainly measures the uniformity coefficient
of the volume of covered soil. When the angles of the soil covering discs on both sides
are different, the uniformity coefficient of each side is measured separately, which can
characterize the feasibility of the differential adjustment. The stability mainly measures the
stability coefficient of the volume of covered soil. When the angle of the soil covering discs
on both sides are same, the stability coefficient of each side is measured separately, which
can characterize the stability of the linkage adjustment.

2.3.1. The Calculation of Uniformity Coefficient

The uniformity coefficient of the volume of covered soil includes standard deviation
and the variation coefficient. Before the experiment, the parameters of the soil covering
plate were adjusted and the tractor was moving forward steadily at an average speed of
3.6 km/h. Five points were randomly selected in the test area and the section parameters of
the covered soil on both sides were correspondingly measured. The volume of covered soil
was calculated according to the above method and, according to Equation (4), the standard
deviation and the variation coefficient of the uniformity on both sides were calculated
as follows: ⎧⎪⎨

⎪⎩
x = ∑n

i=1 xi
n

S = ∑n
i=1(xi−x)2

n−1
V = S

x × 100%

(4)

where x is average volume of covered soil, m3; xi is volume of covered soil of the point, m3;
S is the standard deviation of the uniformity; V is the variation coefficient of the uniformity,
%; n is the number of measuring points, (n = 5).

2.3.2. The Calculation of Stability Coefficient

The stability coefficient of the volume of covered soil includes the standard deviation
and the variation coefficient. The test method is the same as the calculation of the uniformity
coefficient. Refer to the calculation in Equation (3), where, x is average value of the
difference in the volume of covered soil on both sides, m3; xi is difference of volume of
covered soil on both sides of the point, m3; S is the standard deviation of the stability; V is
the variation coefficient of the stability, %; n is the number of measuring points, (n = 5).

3. Results and Discussion

As shown in Figure 8, when the angles of the soil covering discs on both sides are 30◦
and 45◦, the volume of covered soil at the measuring points is 0.28–0.73 × 10−4 m3 and
1.07–1.48 × 10−4 m3, respectively. The volume of covered soil is quite different between
both the angles of discs, but the difference is relatively close at different points. The maxi-
mum difference of 0.79 × 10−4 m3 appears at the first point and the minimum difference of
0.61 × 10−4 m3 appears at the fourth point. When the angle of the covering disc is 30◦, the
average volume of covered soil is 0.55 × 10−4 m3 and when the angle of the covering disc
is 45◦, the average volume is 1.12 × 10−4 m3.
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Figure 8. The volume of covered soil at different sampling points (Both the angles of left and right
disc are 45◦and 30◦, respectively).

It shows that the volume of covered soil is different at each point but, at the same
point, there is a relatively fixed difference of the soil covering discs on both sides.

As shown in Figure 9, when the angles of the soil covering discs on both sides are 45◦
and 60◦, the volume of covered soil at the measuring points is 0.67–1.11 × 10−4 m3 and
1.24–1.52 × 10−4 m3, respectively. The maximum difference of 0.60 × 10−4 m3 appears at
the first point and the minimum difference of 0.40 × 10−4 m3 appears at the second point.
When the angle of the covering disc is 45◦, the volume of covered soil is 0.85 × 10−4 m3

and when the angle of the covering disc is 60◦, the average volume is 1.37 × 10−4 m3.

Figure 9. The volume of covered soil at different sampling points (Both the angles of left and right
disc are 60◦and 45◦, respectively).

When the angle of covering disc is 45◦, the volume of covered soil is about 31% smaller
than that of the previous group. The reason may be that there will be some interference
between adjacent rows during the operation. Specifically, the engaged previous row of soil
covering will reduce the amount of soil in the ditch and, as a result, the amount of floating
soil on the adjacent side becomes less while the volume of covered soil is reduced.

As shown in Figure 10, when the angles of the soil covering discs on both sides are
30◦ and 60◦ the volume of covered soil at the measuring points is 0.61–0.88 × 10−4 m3 and
1.19–1.49 × 10−4 m3, respectively. The maximum difference of 0.70 × 10−4 m3 appears at
the first point and the minimum difference of 0.58 × 10−4 m3 appears at the fourth point.
When the angle of the covering disc is 30◦, the volume of covered soil is 0.77 × 10−4 m3

and when the angle of the covering disc is 60◦, the average volume is 1.40 × 10−4 m3.
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Figure 10. The volume of covered soil at different sampling point (Both the angles of left and right
disc are 30◦and 60◦, respectively).

When the angle of the covering disc is 30◦, the amount of soil covering is about 29%
compared to that of the first group. The reason may be that the first row is close to the edge
of the plot during operation and the soil is not as loose as the middle position and so the
covering amount is lesser. When the inclination angle is 60◦, the amount of soil covered is
close to that of the second group with a difference of less than 2.2%.

Therefore, the reason for the larger change in the volume of covered soil may be
caused by soil conditions and the curve can be explained as shown in Figures 8–10.

When the angles of covering discs 30◦, 45◦ and 60◦ are, respectively, fitted and the
relationship between the volume of covered soil and the angle of disc is obtained as a
quadratic function, as shown in Equation (5). The angle of the disc can be calibrated
through the following equation:

Y = 0.001X2 − 0.0701x + 1.9597 (5)

where X is the angle of disc, degrees; is the volume of covering soil, 10−4 m3.
According to the test data, the uniformity coefficient and stability coefficient of the

volume of covered soil under different angles of the soil covering discs are calculated, as
shown in Table 2.

Table 2. Coefficient of uniformity and stability of covering soil at different angles.

Factor 1

Uniformity Coefficient Stability Coefficient

Standard
Deviation 2

Coefficient of
Variation %

Standard
Deviation 2

Coefficient of
Variation %

30◦ 105.49 13.7 / /
45◦ 508.23 59.5 / /
60◦ 184.28 13.2 / /

45◦ (30◦) / / 62.58 9.0
60◦ (45◦) / / 87.79 17.2
30◦ (60◦) / / 25.70 4.1

Note: 1 The factor column indicates the angle of the soil covering disc and the brackets indicate that the angles
of the soil covering disc are different on the left and right sides; 2 the relevant dimensions of the covering soil
section during the calculation of the standard deviation in mm.

According to the standard, the variation coefficient of uniformity should be less than
40% and the variation coefficient of stability should be less than 7.8%. When the coefficient
of variation is less than the specified value, it indicates that the machine possesses good
quality covering soil.

As shown in Table 2, when the angle of the soil covering disc is 30◦ and 60◦, respec-
tively, the uniformity coefficient is relatively small (less than 40%), indicating that the
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volume of covered soil is more consistent and that the quality is good. When the angle
of the soil covering disc is 45◦, the uniformity coefficient is relatively large (more than
40%), indicating that the uniformity of the volume of covered soil is not good. When the
difference between the angles of the discs on both sides is large (30◦ and 60◦), the standard
deviation and variation coefficient of stability coefficient are the lowest (less than 7.8%),
indicating that the greater the difference between the discs on the both sides, the easier it is
to achieve differential overburden, which is beneficial under sloping fields.

4. Conclusions

This paper designs a soil covering device that can perform linkage and differential
adjustments separately and the field experiment was completed to verify the performance
of soil covering device. The results show that this device can obtain higher quality potato
planting. However, due to the condition of test sloping fields being hard to obtain, in this
paper, the flat fields were used to complete the field experiment, which needs verification in
further research. Moreover, the Soil-bin Testing Platform for Sloping Field will be installed
in the Northwest A&F University, which can be used to test the performance of device in
sloping field.

In order to improve the mulching quality, a soil covering device that can realize linkage
and differential adjustment was designed and field experiments were carried out to obtain
the fitting equation of the volume of covered soil and the angle of the covering disc; the
uniformity coefficient and stability coefficient are measured and calculated.

(1) The structure and principle of the soil covering device are put forward and the
design calculation and analysis are focused on the four-bar adjustment mechanism and
reasonable structural parameters are obtained. The linkage adjustment is carried out
through the two-way screw and nut mechanism and the differential adjustment is carried
out through the steering mechanism.

(2) By using data fitting, it was found that the volume of covered soil changes in a
binomial manner with the angle of the discs. Field test results show the following: when
the angles of discs on both sides are the same (30◦ or 60◦), the uniformity coefficient of
volume of covering soil is lower than 14% and when the angles of the discs are different
(respectively, 30◦ and 60◦), the stability coefficient of volume of covering soil is 4.1% (less
than 7.8%), which indicates that the linkage and difference adjustment device can meet the
quality requirements of the potato film side covering soil.
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Abstract: Hydraulic scouring is the most effective approach to harvest lotus roots, but its application
is largely restricted by the low harvesting rate. After hydraulic scouring, some mature lotus roots are
still partially buried in the soil. Therefore, it is highly necessary to develop an appropriate approach
to harvest semi-buried lotus roots. In this work, we for the first time studied the interaction between
semi-buried lotus roots and soil, as well as analyzing the pull-out process and the factors affecting the
pull-out force of semi-buried lotus roots. Firstly, a simple testing platform was designed based on the
virtual prototype technology and the tests on pull-out force were conducted on five lotus roots with
similar shape but different weights, with the burial depth and pull-out speed as the experimental
factors. The results revealed that the maximum pull-out force is not significantly affected by the
pull-out speed, whereas it is significantly influenced by the burial depth and the surface area of
lotus roots. The maximum pull-out force increased with increasing lotus root surface area and burial
depth. In addition, the discrete element method was employed to simulate the pull-out process
of lotus root at different pull-out speeds. The simulation results indicated that a higher pull-out
speed would result in a greater pull-out force at the same displacement of the lotus root from the
soil. Both experimental and simulation results revealed that soil adhesion contributes the most to
the pull-out resistance. It was also observed that a slight loosening of semi-buried lotus roots could
drastically reduce the pull-out force. These results suggest that some kind of mechanical structure or
improvement of water flow can be applied to the existing lotus root harvester to reduce the adhesion
between lotus roots and soil. Overall, our findings provide a novel direction for optimizing hydraulic
harvesting machines of lotus roots.

Keywords: semi-buried lotus root; pull-out force; hydraulic scouring; soil adhesion

1. Introduction

Lotus root is one of the largest aquatic vegetables in China. According to statistics, the
planting area of lotus root in China in 2014 was about 500,000 to 700,000 hectares [1]. With
crispy and refreshing flavor and rich nutrition, lotus roots are popular among Chinese
people. Due to the huge economic benefits, the number of lotus root growers and the
planting area have been increasing year by year. Lotus roots are mostly planted in low-lying
and rotten fields with deep silt [2]. The special planting environment and growth conditions
result in great difficulties in mechanized harvesting. As a result, manual harvest is still the
main harvesting method. With the rapid decrease in labor resources and increase in labor
cost in rural China, the production cost of lotus roots has increased dramatically, which
seriously restricts the scale development of the lotus root industry. Hence, some scholars
have developed several simple harvesting machines for lotus roots based on the planting
characteristics, and the mechanized harvesting of lotus roots has been partly realized.
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Currently, shovel digging and hydraulic scouring are the two most commonly used
methods for mechanized harvesting of lotus roots. Due to the fragile texture and slender
shape of lotus roots, harvesting with shovel digging causes high damage and loss. The
harvesting machine with hydraulic scouring uses a high-pressure water jet to wash the
mud around lotus roots. When the lotus roots are free from the mud, they will float to the
water’s surface so that the operators can easily pick them up. The pressure of the water
jet can be adjusted to reduce damage to the lotus roots. Therefore, hydraulic harvesting
machines are more widely applied to the harvesting of lotus roots [3–5]. The shape of lotus
root is similar to a drum. Sludge attached to the upper surface of lotus root can be washed
away by the water jet, whereas the sludge attached to the lower surface is obstructed and
cannot be washed away by the water jet. Due to high viscosity of soil, some lotus roots
are still partially bound by sludge, and will be in a semi-buried state and thus cannot float
up. These lotus roots need to be harvested manually. To develop a reasonable harvesting
method, it is essential to analyze the interaction between the semi-buried lotus roots and
soil, which may be best reflected by the pull-out force of semi-buried lotus roots. Aiming
to improve the working performance of harvesting machines for crops from soil, research
has been focused on the pull-out force of crops from soil. For example, Li et al. designed a
device to measure the pull-out force of cotton stalk and analyzed the relationship between
the pull-out force and cotton root diameter, pull-out direction and pull-out speed [6].
Similarly, Song et al. studied the factors affecting the pull-out resistance of cotton stalk and
proposed that the diameter of the root of cotton stalk and the soil properties had significant
influence on the pull-out resistance [7]. Moreover, Xie et al. simulated the pull-out force of
leaf vegetables from soil by EDEM software and determined the optimal pull-out force [8].
Based on the simulation results, they also proposed the optimal working parameters of the
harvesting machine. In addition, according to the grip strength, Seongin et al. developed a
harvesting robot for lettuce [9].

Understanding the pull-out force of semi-buried lotus roots from soil may help to
develop effective methods for the subsequent harvesting of semi-buried lotus roots. At
present, there has been no research on the pull-out force of lotus roots. Hence, in order to
explore the factors affecting the pull-out force and analyze the pull-out process of lotus
roots, this paper constructed a simple platform to test the pull-out force of semi-buried
lotus roots. The pull-out force of different lotus roots was investigated at different pull-out
speeds and burial depths, and the effect of these factors on the pull-out force was evaluated.
In addition, the pull-out process of a testing lotus root was simulated by the discrete
element method via the EDEM software. Experimental and simulation analysis results
suggest the importance of finding an effective approach to reduce the pull-out resistance,
so as to improve the harvesting machine with hydraulic scouring for lotus roots.

2. Materials and Methods

2.1. Analysis of Pull-Out Force of Semi-Buried Lotus Roots after Hydraulic Scouring

After washing by water jet, the lotus roots may naturally float out of the water surface.
Taking one lotus root as an example, the floating process is demonstrated in Figure 1.
Firstly, the lotus root is buried in a certain depth under the mud (a). Then, the hydraulic
harvesting machine starts to wash the mud layer (b), and the mud surrounding the lotus
root is washed away (c). Finally, the lotus root is separated from the mud layer and floats
out of the water surface (d). Since the burial depth of each lotus root in mud layer is not
consistent, the distance between the nozzle of the water jet and each lotus root is uncertain,
resulting in the failure of deeper lotus roots to float out. In addition, the water jet of
hydraulic scouring will generate a downward impact force. If the mud layer is soft, the
impact force may press the lotus roots into a deeper layer, preventing the lotus roots from
floating. These lotus roots will be semi-buried in the mud and require further measures to
be harvested.
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(a) (b) 

  
(c) (d) 

Figure 1. Floating process of a lotus root. (a) Initial state of the lotus root; (b) Start of floating;
(c) Continuous floating; (d) Total floating.

In this section, the forces acting on the semi-buried lotus roots are analyzed. When the
semi-buried lotus root tends to move upward, it is under the buoyancy of water, gravity,
the soil adhesion force, the normal force of the mud layer and the pull-out force. Taking the
cross-section center of the lotus root as the origin to establish the coordinates, the free-body
diagram of the lotus root is depicted in Figure 2.

 

Figure 2. Free-body diagram of the semi-buried lotus root.

Figure 2 shows the vertical force acting on the lotus root when it is pulled out, and the
resultant force can be expressed as:

∑
→
F =

→
F f +

→
F p +

→
F N +

→
G +

→
F a, (1)
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where ∑F represents the resultant force; Ff and Fp denote the buoyancy of water and
pull-out force, respectively; FN is the normal force of the mud layer; G is the gravitational
force; and Fa describes the equivalent soil adhesion force in the vertical direction. When
the pull-out force is lower than the vertical resistance, the lotus root will stay static in the
mud layer, and thus, ∑F is 0. Therefore, the equilibrium equation is given by:

0 =
→
F p +

→
F pz, (2)

and the vertical resistance is:

→
F pz =

→
F f +

→
F N +

→
F a +

→
G, (3)

where Fpz is the pull-out resistance. If the pull-out resistance is overcome, the lotus root
will start to float.

2.2. Pull-Out Force Test
2.2.1. Testing Platform

A testing platform for the measurement of pull-out force of semi-buried lotus roots is
designed in this section. Figure 3 depicts the working principle.

Figure 3. Sketch map of the testing platform.

A single lotus root is buried in the mud layer in the collection box. A clamping claw is
employed to grasp the lotus root. The wire rope on the clamping claw is driven upward by
the motor to provide a pull-out force. A S-type tension sensor is connected to the wire rope
to measure the pull-out force. The output voltage of the tension sensor is acquired by a
USB type data acquisition (DAQ) card and converted to pull-out force by a computer with
the LabVIEW software. To establish the relationship between the output voltage and the
pull-out force, the sensor was calibrated first, and the linear relationship was obtained as:

Fp = KU (4)

where K denotes the linear coefficient, which was calibrated to be 872.15, and U is the
output voltage of the S-type tension sensor.

2.2.2. Experimental Materials

Lotus roots generally present a drum shape, and there is certain regularity in the
diameter distribution. In this experiment, five single lotus roots of the No. 5 Hubei variety
were selected as the test objects according to the diameter distribution. The testing lotus
roots showed similar shapes but different sizes without obvious damage in appearance.
The average length of the five single lotus roots was 22.58 cm, and the minimum and
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maximum diameters were 55.1 mm and 94.5 mm, respectively. First, their weights were
measured and the values are presented in Table 1.

Table 1. Weights of the testing lotus roots.

Lotus Root No.1 No.2 No.3 No.4 No.5

Weight/(g) 789 855 734 696 657

The mud layer in the collection box was set as 30 cm in depth, and the water layer
was set as 10 cm in depth. Soil samples were collected from a lotus root field located at
Binhu fishing ground in Dongsheng Town, Shishou City, Hubei Province, China. The soil
hardness and moisture content were measured and presented in Tables 2 and 3, respectively.
Since the distribution of soil layer was not uniform, the soil hardness was measured five
times at different positions to obtain the mean value (Table 2). Table 3 shows the moisture
content in different layers of soil. As the surface layer is mainly solid with silt, it has higher
fluidity and moisture content. With increasing soil depth, the soil hardness increases,
accompanied by a decrease in moisture content.

Table 2. Soil hardness.

Number of Test 1 2 3 4 5 Mean Value

Soil hardness/(kPa) 330 350 370 300 330 336

Table 3. Soil moisture content (%).

Number of Test
Soil Depth

0~10 cm Beneath 20 cm

1 40.25 20.82
2 48.25 22.05
3 43.11 23.07

Mean value 43.87 21.98

2.2.3. Experimental Methods

Since lotus roots are usually buried in a disordered state, different burial depths of
lotus roots will require different pull-out force. Therefore, the burial depth was taken
as one experimental factor. During the test, the burial depth was defined as shown in
Figure 4. Before the test, the testing lotus root was slowly pressed into the mud layer,
and the distance between the upmost point of the lotus root and the water layer surface
was measured by a tape measure, which was recorded as the burial depth. Then, the
mud attached to the upper surface was removed to form a semi-buried state. As the soil
hardness increases with increasing soil depth, it is difficult to bury lotus roots to depths
greater than 20 cm. Therefore, the burial depths of 15 cm and 20 cm were chosen to measure
the pull-out force of the semi-buried lotus roots.

Figure 4. Definition of the burial depth.
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Pull-out speed was another experimental factor to be considered in the test. The
adjustment of the pull-out speed was fulfilled by the governor of the motor. The rotational
speed of the motor was controlled at 10 r/min, 6.6 r/min and 3.3 r/min, which correspond
to the pull-out speeds of 20.9 mm/s, 13.8 mm/s and 6.9 mm/s, respectively. Finally, by
taking the buried depth, pull-out speed and different lotus roots as the factors, the pull-out
force for the testing lotus roots was measured. The experimental factors are listed in
Table 4.

Table 4. Factors for the experiment.

Level Pull-Out Speed/(mm/s) Burial Depth/(cm) Lotus Root

1 6.9 15 No.1
2 13.8 20 No.2
3 20.9 No.3
4 No.4
5 No.5

2.2.4. Testing Procedure

The designed platform was employed to test the pull-out force, and the test site is
depicted in Figure 5. Before operation of the motor, the sampling rate of the measurement
system was set to 10 Hz. During the test, the motor was adjusted to the required speed and
the lotus roots were pulled out by the clamping claw, during which the pull-out force was
observed. When the pull-out force exceeded the pull-out resistance, that was, the lotus root
broke away from the soil, the test was considered to be finished. The next test was carried
out after recovery of the mud layer and five minutes of standing. Since the testing lotus
root needed to be buried in the soil again in each test, in order to eliminate the influence of
operation, each test was repeated three times, and the average pull-out force was recorded.

 

Figure 5. Test site.

2.3. Simulation of Pull-Out Process of Semi-Buried Lotus Root

The ultimate aim of the pull-out test is to obtain the value of the pull-out force which
can pull lotus root out of the mud layer under a static state. To reveal the changes in
pull-out force in the process of lotus root breaking away from the mud layer, the discrete
element method (DEM) was used to simulate the pull-out process of semi-buried lotus
root, and the simulation was carried out by EDEM 2.6 (DEM Solutions, Edinburgh, UK).

2.3.1. Lotus Root Model

A 3D scanner was used to model the lotus root. The surface information of the lotus
root was read by the cameras of the 3D scanner and then converted into a ‘.stl’ format file.
Then, the SolidWorks 2016 software (Dassault Systemes, Paris, France) was employed to
convert the file into a ‘.stp’ file, which can be used in the EDEM 2.6 software. In practice,
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the cameras were set at the top and bottom of the testing lotus root hung by a string. The
cameras ran along the length direction of the lotus root to scan the lotus root and generate
the 3D model (Figure 6).

Figure 6. 3D model of the lotus root.

Density is a key parameter that determines the material property of the lotus root
in EDEM simulation. Lotus root is not solid, and the inner part is porous and full of air,
indicating that pulp density is more applicable to the simulation than bulk density. The
pulp volume was estimated based on the pulp area and stomatal area of the lotus root,
which can be used to determine the pulp density.

First, the total volume of the lotus root was measured by the drainage method. In
order to measure the pulp area and stomatal area, the testing lotus root was cut into several
slices along its axial direction, which were then placed on several black papers with a
size of 10 × 10 cm. A camera was then used to capture the images of the slices. Each
image was treated and shown in Figure 7. After that, an image with white pulp and
another image with white stomata were obtained. From Figure 7a, the area of the pulp
part could be determined. In addition, the area of the stomatal part could be measured
from Figure 7b. Accordingly, the ratio of pulp part area to the total area of the section
(the area of pulp + stomata) was calculated to be 0.817. Finally, the pulp volume and the
pulp density of the five testing lotus roots could be obtained (Table 5).

  

(a) (b) 

Figure 7. Images of a slice of the testing lotus root. (a) White pulp; (b) White stomata.

Table 5. Volume and density of pulp.

Lotus Root No.1 No.2 No.3 No.4 No.5

Total Volume/(mm3) 919 1089 877 853 849
Volume of pulp/(mm3) 751 890 717 697 694

Density of pulp/(kg/m3) 1050.60 960.67 1023.71 998.57 946.69

Finally, the pulp density and bulk density were calculated to be about 996.05 kg/m3

and 818.78 kg/m3, respectively. Since the bulk density is lower than the water density, the
lotus roots can float out from water after being separated from the mud layer.

Xiao et al. and Guo et al. have measured several mechanical properties of lotus roots
and demonstrated their anisotropy [10,11]. They also demonstrated that there are only
small differences in mechanical properties between the axial and radial directions of lotus
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roots. Therefore, lotus roots can be regarded as isotropic to facilitate the calculation. The
elastic modulus of lotus root was measured to be 0.451–2.529 Mpa [10,11]. Moreover, due
to the low elastic modulus and poor compression performance, the Poisson’s ratio of lotus
roots was set to be 0.47 by referring to the mechanical properties of common materials. The
shear modulus of lotus roots can be calculated by Equation (5):

G =
E

2(1 + v)
, (5)

where G is the shear modulus, E is the elastic modulus and v is the Poisson’s ratio. Thus,
the shear modulus of lotus roots was calculated to be 0.39 Mpa.

Currently, there has been no detailed research on the mechanical behavior of the
interface between soil and lotus roots; moreover, it is difficult to calibrate the contact
parameters. In this study, an approximate method was selected to determine the contact
parameters in this simulation. The surface of lotus root is smooth, and its hardness is far
greater than that of the sludge attached to the lotus root surface. For this reason, the contact
between lotus roots and soil can be similarly regarded as the contact between a farm tool
and soil. With reference to the parameters of soil–farm tool contact, we set the static friction
coefficient, the dynamic friction coefficient and the recovery coefficient of the soil–lotus
root contact as 0.5, 0.05 and 0.6, respectively [12].

2.3.2. Soil Model

The soil of lotus root field is characterized by sticky properties. Thus, the JKR model
was selected to model the soil. Due to its ability to characterize the contact surface energy
of soil particles, the JKR model has been proved to be suitable for modeling cohesive
soil [13,14]. The soil parameters of the JKR model are presented in Tables 6 and 7 [15–17].

Table 6. Intrinsic parameters of soil.

Poisson’s Ratio Shear Modulus/(MPa) Density/(kg/m3)

0.4 408.3 1714

Table 7. Contact parameters of soil particles.

Dynamic Friction Coefficient Static Friction Coefficient Recovery Coefficient

0.2 1.16 0.15

To improve the calculation efficiency, the soil particles were generated in a 300 × 150
× 70 mm box as depicted in Figure 8. The soil particles were of a sphere shape and were
generated based on a radius of 3 mm with 0.5–1.5 fold changes. The surface energy of JKR
was 3.5–10.5 J/m2 [15–17].

Figure 8. Soil box.

After setting the parameters, a single testing lotus root was semi-buried in the soil
model with a burial depth of 15 cm. The EDEM simulation was carried out at the pull-out

246



Agriculture 2021, 11, 706

speeds of 10 mm/s and 5 mm/s. In the simulation, the effect of the water layer was
neglected. When the lotus root was observed to be completely separated from the soil, the
simulation was stopped, and the pull-out force varying with time and displacement was
obtained through post processing.

3. Results and Discussion

3.1. Pull-Out Force Testing Results and Analysis
3.1.1. Force-Time Curves with Different Testing Factors

Figure 9 depicts the pull-out force of No.4 lotus root varying with pull-out speed and
burial depth. Figure 10 displays the pull-out force of the five testing lotus roots at the burial
depth of 20 cm and the pull-out speed of 6.9 mm/s.

 
(a) (b) 

Figure 9. Force-time curves of No.4 lotus root. (a) Burial depth of 20 cm; (b) Burial depth of 15 cm.

Figure 10. Force-time curves of five testing lotus roots with burial depth of 20 cm and pull-out speed
of 6.9 mm/s.

Figures 9 and 10 show the pull-out process in the time domain. The pull-out force first
increases slowly to reach the peak value with time, followed by a sharp decrease, probably
because the lotus root needs to first overcome the resistance, and once the resistance
is overcome, the lotus root starts to move and break away from the mud. It can also be
discovered that the pull-out force increases with increasing burial depth. Since the moisture
content of the mud layer decreases with increasing burial depth, the soil of the deeper layer
is harder with a higher viscosity, resulting in a higher resistance due to soil adhesion. In
addition, Figure 9 shows that the pulling speed does not affect the maximum pull-out force.
Figure 10 indicates that a greater lotus root weight will require a greater pull-out force.
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3.1.2. Average Maximum Pull-Out Force of Each Lotus Root under Different Testing Factors

Figures 11 and 12 present the average maximum pull-out force of each lotus root with
different pull-out speeds at the burial depths of 15 cm and 20 cm, respectively.

 

0

20

40

60

80

100

120

140

No.1 No.2 No.3 No.4 No.5

A
ve

ra
ge

 m
ax

im
um

 p
ul

l-o
ut

 
fo

rc
e/

N

lotus root

6.9mm/s

13.8mm/s

20.90mm/s

Figure 11. Average maximum pull-out force of different lotus roots at the burial depth of 15 cm.
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Figure 12. Average maximum pull-out force of different lotus root at the burial depth of 20 cm.

The results show that the average maximum pull-out force varies significantly among
different lotus roots. Besides, the burial depth shows significant influence on the average
maximum pull-out force, and pull-out speed exhibits no effect.

3.1.3. Analysis of Variance

Repeated analysis of variance (ANOVA) was carried out on the average maximum
pull-out force of the testing lotus roots under different burial depths and pull-out speeds.
The analysis results of No. 1 lotus root are shown in Table 8.

The ANOVA results of other lotus roots are consistent with those in Table 8. According
to Table 8, burial depth has a significant impact on the pull-out force. Since the above tests
were carried out under a static state, the pull-out speed shows no significant influence on
the pull-out force.

Considering the individual differences of the testing lotus roots, the average maximum
pull-out force with the burial depth of 15 cm was analyzed by ANOVA, and the results are
presented in Table 9.
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Table 8. ANOVA of the average maximum pull-out force under different burial depths and pull-
out speeds.

Source of Differences SS df MS F Significance

Buried depth 121,054.96 1 121,051.96 138.22 significance
Pull-out speed 993.06 2 496.53 0.57

Interaction 1179.08 2 589.54 0.67
Error 10,510.03 12 875.84
Sum 133,737.14 17

Table 9. AVOVA of the maximum pull-out force of different lotus roots at the burial depth of 15 cm.

Source of Differences SS df MS F Significance

Different lotus root 15,697.32 4 3924.33 22.75 significance
Error 6898.61 40 172.47
Sum 22,595.93 44

The results obtained at the burial depth of 20 cm are consistent with those in Table 9.
The results revealed that different lotus roots have significantly different maximum pull-
out forces.

3.1.4. Effect of Individual Differences of the Testing Lotus Roots on the Maximum
Pull-Out Force

Since individual lotus roots have different surface areas, the contact area between
lotus roots and the soil is different, which will result in different soil adhesion force. It is
difficult to measure the surface area of each lotus root. Considering the similar shape of
lotus roots, the volume of the testing lotus roots can be used to indicate the surface area
and the mass. Thus, the relationship between the mass of each lotus root and the maximum
pull-out force was analyzed (Figure 13).

 
Figure 13. Curve fitting of the maximum pull-out force at different buried depths.

As shown in Figure 13, the maximum pull-out force of each lotus root linearly increases
with the mass, indicating that the maximum pull-out force is positively correlated with
the surface area of the lotus root. The linear fitting equations illustrating the relationship
between the mass and the maximum pull-out force at the burial depth of 15 cm and 20 cm
can be given by:

y15cm = 0.2236 m − 80.72, (6)

y20cm = 0.5903 m − 194.30 (7)

where y denotes the maximum pull-out force and m represents the mass of the lotus root.
The determination coefficients of the equations are 0.9005 and 0.9770, respectively.
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3.1.5. Summary and Discussion

In summary, when the pull-out force is greater than the resistance, the semi-buried
lotus root can break away from the mud layer, and the instant pull-out force reaches the
maximum value at the moment of separation. In addition, the maximum pull-out force is
not affected by the pull-out speed, but is significantly influenced by the burial depth and
surface area of the lotus root: it increases with increasing burial depth and surface area of
the lotus root.

During the test, it was also observed that the maximum pull-out force greatly de-
creased when the testing lotus root was slightly loosened in the mud layer. The maximum
pull-out force was detected to be only 20 N when the lotus root was loosened beforehand
and then pulled out from the soil at a burial depth of 15 cm. The water penetrates between
the loosened lotus root and the soil attached on the lotus root, disrupting the originally
closed environment and weakening the adhesion. Furthermore, further pressing the lotus
root causes a large increase in the pull-out force, which is similar to the impact of the water
jet. The direct impact of the water jet on the lotus root results in an additional downward
pressure, making the lotus root further adhere to the soil, which is not conducive to the
floating of lotus roots.

Among the components of pull-out resistance, the buoyancy and normal force play a
role in helping lotus root to float up, both of which are related to the gravity of buried lotus
roots. Since the gravity only takes a very small proportion in the pull-out resistance, the
main factor affecting the pull-out force of semi-buried lotus roots is the adhesion between
lotus roots and the soil. In this experiment, significant factors such as burial depth and
surface area of lotus roots affect the adhesion of lotus roots to the soil. The results show
that once the adhesion between the lotus root and soil is destroyed, the lotus root can be
pulled out easily.

Due to the uneven burial depth of lotus roots in the soil, some lotus roots are still
difficult to float out of the sludge after being washed by the water jet under a certain
pressure during harvesting. Too high jet pressure will cause damage to lotus root skin. It
is difficult to balance the floating rate and damage rate. According to the above analysis,
some mechanical methods can be used to vibrate and loosen the soil after the first hydraulic
scouring, or the water jet can be adjusted to weaken the adhesion between lotus roots and
the soil. After that, a second small pressure scouring can be used to improve the floating
rate of lotus roots on the premise of reducing the damage.

3.2. Simulation Results Analysis and Discussion

The pull-out process is shown in Figure 14. During the pull-out process, the pull-out
force varying with time and displacement was recorded (Figure 15).

Figure 14. Pull-out process of semi-buried lotus roots in EDEM simulation.
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(a) (b) 

Figure 15. Pull-out force in simulation. (a) Force–time curve; (b) Force–displacement curve.

Figure 15 shows that the maximum pull-out force of the lotus root in the simulation
is greater than that in the test. In the simulation, the water layer is not involved in the
soil model, which would result in a larger soil adhesion force. The parameters of soil–soil
contact and soil–lotus root contact are the main factors influencing the simulation results.
In this study, the soil–lotus root contact parameters were set based on the soil–tool contact
in cohesive soil [12]. Furthermore, the soil–soil contact parameters were set based on the
properties of the cohesive soil [15–17]. Due to the influence of the water layer, the soil
of a lotus root field has certain rheological properties. Hence, the parameters may not
accurately simulate the real situation.

The force-displacement curve (Figure 15b) indicates that the pull-out force at the
speed of 10 mm/s is greater than that at the speed of 5 mm/s for the same displacement.
For cohesive soil, the adhesion is proportional to the velocity. Similarly, when lotus roots
are being moved from the mud layer, a higher velocity usually requires a greater pull-
out force. When the lotus root begins to break away from the soil, the gap between the
lotus root and the soil increases, which will reduce the adhesive force and the pull-out
resistance. In this case, the pull-out force decreases rapidly at first, followed by mild
decreases until disappearance.

The simulation results also show that the adhesion force of the mud layer mainly
contributes to the pull-out resistance. The increase in burial depth and surface area of the
lotus root substantially increases the pull-out resistance, resulting in an increase in the
maximum pull-out force. Since the adhesion force decays rapidly with the separation of
the lotus root from the soil, the required pull-out force will sharply decrease with a slight
loosening of the lotus root. The results of simulation are consistent with those of the test.

3.3. Limitations of the Study

This research explores the pull-out process of semi-buried lotus roots and analyzes
the factors influencing the pull-out force based on experiment and simulation, which can
provide a theoretical basis for improving the lotus root harvester with hydraulic scouring.
However, there are still several limitations in this study, which need to be further addressed
in the future.

In this experiment, the testing lotus root was pulled out in the vertical direction. At
this time, the soil adhesion hinders the separation of lotus root and soil, which is also in the
vertical direction. If the pull-out direction is adjusted, the direction of soil adhesion will
also be changed, and the pull-out effect should be different from that of vertical pull-out.
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However, the test platform proposed in this study can only pull lotus roots out from the
vertical direction. Hence, the pull-out angle should be considered in the experimental
study to determine the optimal pull-out direction.

Soil samples were collected from a real lotus field in the test and reconstructed accord-
ing to the actual soil state of the lotus field. However, in the test process, the method of
burying the lotus root might cause soil compaction, which may lead to certain deviation
of the pull-out force value from that in the actual field. In addition, with the progress of
the test, the operation might repeatedly compact and disrupt the soil layer, which may
influence the accuracy of the test results.

In the simulation analysis, the parameters for lotus root–soil and soil–soil contact were
set by referring to the existing literature, and these contact parameters were not calibrated,
which may affect the accuracy of the simulation results.

In the follow-up research, the pull-out force test platform can be improved to make
the pull-out angle adjustable and consider hydraulic scouring. In addition, the physical
and chemical properties of lotus roots and the mechanical properties of soil in lotus field
will be studied to explore the calibration method for the lotus root–soil and soil–soil contact
parameters. In the future, we will further explore the interaction among water jet, soil,
lotus root, water layer and other relevant factors, so as to provide better solutions for lotus
root harvesting with high harvest rate and low damage rate.

4. Conclusions

1. A testing platform was designed to observe the pull-out process and acquire the
pull-out force for semi-buried lotus roots. The testing platform was proved to be
highly efficient and convenient for the real-time measurement of the pull-out force.

2. The testing results show that the pull-out force increases with increasing burial depth
and surface area of the lotus root, and the adhesion between lotus roots and soil
contributes the most to the pull-out resistance.

3. The discrete element method was employed to simulate the pull-out process of lotus
roots from soil. The results also show that the adhesion of soil layer to lotus root is
the main factor affecting the pull-out force, and the adhesion decreases rapidly with
the separation of lotus roots from the soil.

4. Both experimental and simulation results provide important implications for the
improvement of the existing lotus root harvester with hydraulic scouring. To improve
the floating rate of lotus roots after hydraulic scouring, proper mechanical structure
can be applied after hydraulic scouring, or the water jet can be adjusted.
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Abstract: A grafting machine is a kind of machine that can quickly graft scion to rootstock instead
of manual grafting. Currently, an inclined inserted grafting machine uses the mechanical clamping
method, which can easily damage the rootstock seedlings due to its high stiffness, thus, reducing
the success rate of grafting. This study proposed an effective, flexible clamping device for grafting.
The suction hole diameter (HD), the negative pressure (NP), and the surface inclination angle (IA) of
the clamping device were studied via a single factor experiment to obtain optimal parameter ranges.
Optimal HD, NP, and IA were 2–3 mm, 4–8 kPa, and 10–20◦, respectively. The orthogonal experiment
results showed that the optimal parameter combination for maximum holding success rate was HD,
2.5 mm; NP, 6 kPa; and IA, 10◦. The experimental verification was carried out using the optimal
parameter combination, with a holding success rate of 98.3% and no damage. This study provides a
reference for the optimal design of an inclined inserted grafting machine.

Keywords: inclined inserted grafting; mechanical damage; flexible holding; orthogonal experiment;
optimal design

1. Introduction

Watermelon, belonging to Citrillus lanatus, is a cash crop grown worldwide, especially
in China. China planted watermelon on about 1.85 million hectares (ha) in 2017, yielding
74.84 million tons, accounting for 53.3% and 67.4% of the global planting and production,
respectively [1]. Watermelon contains rich nutrients, such as minerals, vitamins, and
amino acids [2,3]. Because of the limited cultivated land available and the low payoffs of
crop rotation, watermelons are commonly continuously grown in the same field to meet
the consumer demand. However, the continuous planting leads to the establishment of
Fusarium wilt, significantly affecting watermelon production [4,5]. Fusarium wilt can cause
rapid withering of plant cotyledons and fruits [6–8]. Although Fusarium wilt is controllable
by crop rotation and not using land for a period, the farmers need the income. Developing
resistant varieties against Fusarium wilt could be an effective and friendly measure to control
Fusarium wilt disease in watermelon [9]. However, no commercial resistant varieties have
been developed currently [5]. Grafting, an innovative and friendly technology [10], can
produce high yield and strong resistance to Fusarium wilt disease [11], and it is commonly
used in continuous planting worldwide. Planting grafted watermelons can increase the
yield and production due to the strong rooting system [12], about 30–50% higher than that
of ungrafted watermelons [13].

Traditional watermelon grafting was by hand, which is labor-intensive and inefficient.
The emergence of grafting robots has attracted attention of many scholars due to continuous
development of science and technology [14–16]. In China, the watermelon grafting machine
mainly uses two methods [17]: splice and inserted methods, as shown in Figure 1. The
splice method is to cut both the rootstock and the scion into bevels, then fix the two bevels
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together with a grafting clamp. The inserted method is first removing the growth point of
rootstock, then punching a hole in the rootstock using a needle. In order to insert the scion
into the hole smoothly and ensure that the scion will not loosen after being inserted into the
hole without a grafting clamp, the size of the needle should be as thick as the scion. Next,
cut the stem at 10–15 mm below the scion cotyledon into a splice of 70◦, and then insert the
scion into the rootstock [18]. When the punching needle is extracted, the diameter of the
hole in the rootstock becomes smaller due to the rebound of the tissue in the hole. After
inserting the scion into the rootstock, since the diameter of the scion is close to the hole
diameter, the scion fits closely with the hole in the rootstock. Therefore, compared with
the splice method, the inserted method does not require a grafting clamp during grafting.
The inserted method consists of the straight inserted method and the inclined inserted
method. Compared with the straight inserted method, the scion is not easy to insert into the
cavity (a stem structure of melons) of the rootstock using the inclined inserted method. The
inclined method can prevent self-rooting and also can prevent the nutrients loss caused by
the splice method. This study is based on the inclined inserted method. The design of the
rootstock clamping device directly affects the success of punching a hole in the rootstock
and the union of the rootstock and the scion, thus, the rootstock clamping device is a key
component in the inclined inserted melon vegetables grafting machine. Lou et al. [19]
designed an adaptive pressing mechanism for rootstock cotyledons using the inclined
inserted method. The springs are arranged at both ends of the clamping mechanism,
automatically adjusting the position during the clamping process. However, clamping
parts in the middle of the clamping mechanism are rigid and can damage the rootstock
stems. Yang et al. [20] proposed a kind of air suction clamp for rootstock. The mechanism
uses negative pressure to hold the rootstock cotyledon for making flat; however, too many
suction holes and larger negative pressure cause greater energy consumption.

Figure 1. Grafting methods of melon vegetables: (a) Splice grafting method; (b) Straight inserted grafting method;
(c) Inclined inserted grafting method.

This study proposed an effective, flexible clamping device for successful inclined
inserted rootstock clamping. The device was equipped with silicone rubber to prevent the
rootstock stem damage during clamping. The rootstocks were then held on the clamping
block via a seedling pressing mechanism and negative pressure. The rootstock clamping
device test-bed was designed, and the structural parameters and working parameters
of the key components were optimized through experimental analysis. The device was
experimentally verified for the optimal parameter combination. This study provides a
reference for the rootstock clamping analysis in an inclined inserted grafting machine.

2. Materials and Methods

2.1. Inclined Inserted Grafting Method

The process of inclined inserted grafting method shown in Figure 2 are as follows.
Firstly, the scion seedling is manually placed in the scion feeding mechanism and held by
the negative pressure inside the air suction fixing device (Figure 2a). Then, the stem at
10 mm below the scion cotyledon is quickly cut off the splice with a cutter (Figure 2b,c).
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Meanwhile, in another position of the grafting machine, the rootstock seedling is manually
placed in the clamping blocks and then held by the clamping device (Figure 2d). The clamp-
ing device mainly consists of a seedling pressing mechanism and a clamping mechanism.
The growth point of rootstock is completely exposed when removing the seedling pressing
mechanism (Figure 2e). The growth point removal mechanism moves according to the
designed trajectory to remove the rootstock growth point (also known as apical meristem,
can produce new leaves and buds.), and the root of the rootstock is cut off quickly using
a cutter (Figure 2e). As new roots after root cutting grow more vigorously, the root of
rootstock is generally cut off during grafting. After rotating the rootstock clamping device
by 90◦, a pneumatic cylinder drives a needle (2.5 mm diameter in this study) that is as thick
as the scion to punch a hole in the rootstock (Figure 2f). Next, the air suction fixing device
drives the scion to the union position and inserts the scion into the rootstock diagonally
downward as the needle is extracted (Figure 2g). Due to the close diameters between the
scion and the hole in the rootstock, the scion fits closely in the hole in the rootstock and
will not loosen after being inserted into the rootstock. Therefore, the grafted seedling does
not require a grafting clamp. The grafted seedling is removed from the grafting machine
and the grafting action is completed (Figure 2h).

Figure 2. Grafting process of inclined inserted grafting method: (a) holding the scion; (b) cutting the stem of scion;
(c) the scion after cutting; (d) holding the rootstock; (e) cutting the root and removing the growth point of rootstock;
(f) punching a hole in the rootstock; (g) inserting the scion into the rootstock; (h) seedling after grafting.

The rootstock clamping device is one of the essential components of the grafting
machine. Inaccurate positioning of the rootstock and the inability to fully expose the
growth point during the clamping process will increase the difficulty of removing the
growth point. Therefore, it is necessary to study the rootstock clamping device.

2.2. Structure and Working Principle of Rootstock Clamping Device
2.2.1. Structure of Rootstock Clamping Device

The 3D model of the rootstock clamping device is shown in Figure 3. The device
consists of cylinders, seedling pressing mechanism, clamping blocks, frame, and other
components. In pneumatic transmission, the external air pressure pushed the piston in the
cylinder to reciprocate and then drives the actuator fixed at one end of the piston rod to
move linearly or swing back and forth [21]. Pneumatic cylinder “a”, fixed on the frame, can
drive the pneumatic cylinder “b” and the seedling pressing mechanism to move directly
above the clamping blocks. The function of the seedling pressing mechanism is to press
the cotyledons of the rootstock seedling to the upper surface of the clamping blocks to
facilitate holding the cotyledons. The rotary table cylinder is fixed on the cylinder fixing
frame, and the clamping block “a” and the clamping block “b” are connected with the
rotary table cylinder through the connecting frame. The rotary table cylinder can drive
the clamping blocks to rotate to another direction so as to facilitate the union of scion and
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rootstock. Silicone rubber, shown in Figure 4, is fixed by glue at the middle of the clamping
block, and it is food grade and belongs to low hardness silicone rubber with a hardness of
10◦. Squeezing silicone rubber causes its deformation to cushion the clamping impact.

Figure 3. 3D model of rootstock clamping device. 1. Pneumatic cylinder “a”. 2. Pneumatic cylinder
“b”. 3. Seedling pressing mechanism. 4. Silicone rubber. 5. Clamping block “a”. 6. Pneumatic
cylinder “c”, 7. Cylinder fixing frame, 8. Frame. 9. Rotary table cylinder. 10. Connecting frame.
11. Clamping block “b”. 12. Rootstock seedling.

(a) 

Figure 4. Cont.
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(b) 

Figure 4. Clamping mechanism: (a) 3D model of Clamping mechanism; (b) engineering drawing
of clamping block “b” (unit: mm). 1. Silicone rubber. 2. Positioning piece. 3. Seedling. 4. Air hole.
5. Connecting hole. 6. Negative pressure inlet.

2.2.2. Working Principle

The rootstock seedling is manually placed on the silicone rubber fixed inside the
clamping block “b”, and then the negative pressure (in Figure 4b) generated by the vacuum
pump holds the stem of the rootstock. The pneumatic cylinder “c” pushes the clamping
block “a” towards the rootstock seedling. The v-shaped positioning pieces (in Figure 4a)
on two clamping blocks can cross together and gather the stem in the middle, realizing
the clamping positioning. After fixing the stem of the rootstock, the pneumatic cylinder
“a” pushes the pneumatic cylinder “b” directly above the rootstock seedling, making the
seedling pressing mechanism press down the rootstock cotyledons. The negative pressure
holds the cotyledons when the cotyledons are pressed on the upper surface of the clamping
blocks, and the seedling pressing mechanism completes seedling pressing and returns to
its original position. The growth point is fully exposed and the clamping action completes,
waiting for the follow-up growth point removal operation.

2.2.3. Design of Clamping Mechanism

The clamping mechanism is shown in Figure 4. The fit degree between the cotyledon
and the upper surface of the clamping block is one of the key factors for the holding
success. The upper surface of the clamping block is curved at an inclination angle of 5–25◦.
The two rows of air holes (diameter, 1.5–3.5 mm) are arranged on the upper surface. The
distances between the two rows of air holes are larger than the leaf vein width in the middle
of the cotyledons to ensure that the cotyledons are effectively held. At the same time, to
avoid the waste of negative pressure, the total width of two rows of air holes is less than
the cotyledon width. The negative pressure inlet (diameter, 8 mm) at one end is connected
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with the negative pressure pipe. Compared to clamping block “a”, a stem suction pipe is
set in the clamping block “b”, and other structural parameters of clamping block “b” are
the same as those in clamping block “a”. Silicone rubber is then put in the middle groove
of the clamping block. A hole connected with the stem suction pipe of the clamping block
“b” is designed inside the silicone rubber. The silicone rubber is smaller than the groove
size to achieve silicone rubber deformation space after squeezing.

The straight stems can be fixed at the middle of the clamping block only by suction.
It is necessary to locate the curved stems using other methods since negative pressure
can not completely hold and fix the stems in the middle position [22]. In this study, the
multi-layer positioning pieces are arranged on the clamping block to realize the curved
stems positioning.

The force of the rootstock stem in the clamping process is shown in Figure 5.

 

Figure 5. The force diagram of the rootstock stem.

Assuming that the force of the stem reaches an instant balance, the force equation can
be expressed as: {

Fs = F1 + F2
G = Ff

(1)

{
Ff = μFs
F1 = PS = πPr2 (2)

Formulas (1) and (2) can be obtained using the following formula:

F1

S
+

F2

S0
= P +

G − πμPr2

μS0
(3)

Fs—The supporting force of silicone rubber to the stem, N;
F1—The air suction pressure, N;
F2—The impact force of clamping block “a” to the stem, N;
G—The rootstock seedlings gravity, N;
Ff—The friction force between silicone rubber and the stem, N;
μ—The friction coefficient between silicone rubber and the stem;
P—Negative pressure, Pa;
S—The contact area between the suction hole and the stem, m2;
r—The radius of suction hole, r = 1.75 mm;
S0—Pressure area of the stem, m2;
π—Pi, π = 3.14.

Stress generated by F1 and F2 should not be greater than yield stress of the stem to
ensure that the rootstock stem is not pinched during the clamping process. Therefore, at
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constant μ, G, and r, it is necessary to study the air suction negative pressure change in
the Equation (3).

2.2.4. Design of Seedling Pressing Mechanism

The structure of the rootstock seedling pressing mechanism is shown in Figure 6. The
seedling pressing mechanism contains connecting block, connecting rod, spring, bearing,
shaft, bearing retaining ring, and seedling pressing rod. Pneumatic cylinder “b” is fixed
on one end of the rootstock seedling pressing mechanism through the connecting block,
controlling the up and down movement of the seedling pressing rod. The seedling pressing
rod is installed on the shaft through the bearing, and the outer end of the bearing is
equipped with a bearing retaining ring. Pneumatic cylinder “b” drives the seedling
pressing mechanism downwards during operation, pushing the seedling pressing rod
down after touching the cotyledons of the rootstock. The friction between the seedling
pressing rod and the cotyledons rotates the seedling pressing rod, moving along the
extension direction of the cotyledons. The spring in the middle of the two connecting rods
adjusts the horizontal movement distance of the seedling pressing rod. It quickly restores
the seedling pressing rod to its original position after seedling pressing.

Figure 6. 3D model of seedling pressing mechanism. 1. Connecting block. 2. Connecting rod.
3. Spring. 4. Bearing. 5. Shaft. 6. Bearing retaining ring. 7. Seedling pressing rod.

The force on a single cotyledon during seedling pressing is shown in Figure 7. The
cotyledon force equation at equilibrium moment can be expressed as:

{
G cos α + Fp + Fa = Fn

G sin α + Ff 2 = Ff 1
(4)

⎧⎨
⎩

Ff 1 = μ1Fp
Ff 2 = μ2Fn

Fa = P0S1 = nP0πr0
2

(5)
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Figure 7. Stress analysis of a single cotyledon.

Then,
Fa

S1
+

G cos α + Fp

S2
= P0 +

G sin α + μ1G cos α + nμ2P0πr0
2

S2(μ1 − μ2)
(6)

G—The cotyledon gravity, N;
α—The surface inclination angle of the clamping block, ◦;
Fp—The force of the pressing rod on the cotyledon, N;
Fa—The air suction pressure, N;
Fn—The supporting force of the clamping block to the cotyledon, N;
Ff1—The friction force between the pressing rod and cotyledon, N;
Ff2—The friction force between the clamping block surface and the cotyledon, N;
μ1—The friction coefficient between cotyledon and pressing rod;
μ2—The friction coefficients between cotyledon and clamping block surface;
P0—Negative pressure, Pa;
S1—The contact area between suction hole and cotyledon, m2;
r0—The radius of suction holes on the surface of the clamping block, m;
n—The number of suction holes, n = 6;
S2—Pressure area of the cotyledon, m2;

Stress of cotyledon should not be greater than the yield stress of cotyledon to ensure
that cotyledons are not crushed. Equation (6) indicates that the pressure of the pressing
rod on the cotyledon is related to the surface inclination angle of the clamping block, the
negative pressure, and the suction hole diameter. Therefore, it is necessary to investigate
the above parameters to reduce the seedling damage and further optimize the design of
the clamping device.

2.3. Experiment Materials

Yongzhen No. 5 cucurbit, a special rootstock for watermelon (Top-Yield Seed Technol-
ogy Co., Ltd., Ningbo, China), was selected as the experimental material. The rootstock
seedling shown in Figure 8 was planted in a greenhouse at 22–26 ◦C for 9–12 days, and
the characteristic parameters of rootstock seedlings are shown in Table 1. The watermelon
variety “Zaojia 8424” was used as the scion. The experiment was conducted when the
cucurbit seedlings had two leaves (one true leaf unfolded and the second true leaf exposed).
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(a) 

 
(b) 

Figure 8. Rootstock seedlings: (a) rootstock seedlings in a greenhouse; (b) structure of single
rootstock seedling.

Table 1. Characteristic parameters of rootstock.

Long Axis of Stem (mm) Short Axis of Stem (mm) Cotyledon Width (mm) Single Cotyledon Length (mm)

3.52 ± 0.29 2.94 ± 0.29 20.23 ± 1.84 32.37 ± 3.29

The 3D model of clamping blocks were designed in SolidWorks (Dassault Systemes,
Concord, MA, USA) and then imported into a 3D printer (CR5080, Creality 3D Technology
Co., Ltd., Shenzhen, China). The clamping blocks were made using 3D printing with
polylactic acid (PLA). The fabrication process of silicone rubber was that the liquid silicone
rubber was poured in a mold and cured at a room temperature of 28 ◦C for 4–5 h. The
experiment gas sources included a Boge air compressor (pressure range 0–10 bar) and
vacuum pump (pressure range −8–0 bar).

263



Agriculture 2021, 11, 736

2.4. Experiment Conditions and Methods

The experiment was conducted on the self-made rootstock clamping test-bed to
analyze the influence of the actual working environment and optimize the operating
parameters. The vacuum pump produced negative pressure to hold the stem of rootstock
on the clamping block. Another clamping block was pushed by the pneumatic cylinder
to clamp the rootstock. The seedling pressing mechanism pressed down the cotyledons
of rootstock, and then the cotyledons were held by the negative pressure of air holes. The
rootstock holding process is shown in Figure 9. The negative pressure pipe was connected
with a digital display meter to display the negative pressure value. The positive air pressure
produced by the air compressor moved the pneumatic cylinder to control the clamping
block and the seedling pressing mechanism. The air pressure pipe had a pressure regulating
valve, which controlled the pressure.

Figure 9. Diagram of rootstock holding process.

2.5. Experimental Factors and Indicators

The clamping test-bed was used to investigate the adsorption effect of the rootstock
clamping device. Previous experiments and studies [23] have shown that air suction hole
diameter (HD), negative pressure value (NP), and surface inclination angle (IA) are the
main experimental factors. The holding success rate and the damage rate of rootstock were
used as the experimental indicators. Rootstock seedlings held on the clamping blocks with
no damage were treated as successful experiments; otherwise, they were recorded as failed.
Obvious extrusion marks or breakage on the stems or cotyledons of rootstock seedlings
were regarded as experimental damage. The damage rate included the damage to the
stems and cotyledons of rootstocks. The indicators were calculated as follows.{

P = n0
N

Q = n1
N

(7)

P—The holding success rate, %;
n0—The number of failed cotyledons of rootstocks;
N—The number of rootstocks;
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Q—The damage rate of rootstocks, %;
n1—The number of damaged rootstocks.

2.6. Experimental Design

This experiment selected HD, NP, and IA as influencing factors and the success rate
and the damage rate as experimental indicators. Each factor had five levels: HD from
1.5 to 3.5 mm in increments of 0.5 mm, NP from 2 to 10 kPa in increments of 2 kPa,
and IA from 5 to 25◦ in increments of 5◦. The influence of the experimental factors on
clamping was studied via a single factor experiment and orthogonal experiment. The
orthogonal experiment could analyze the significant influence of each experiment factor
on the experiment indicators through a small number of representative experiments and
found out the optimal combination of factor levels [24], which has been applied in many
fields [25,26]. The factor level table of the orthogonal experiment is shown in Table 2. A
total of 15 groups of single factor experiments and nine groups of orthogonal experiments
were carried out (60 rootstock seedlings in each group).

Table 2. Factors level.

Level HD (mm) NP (kPa) IA (◦)

1 2 4 10
2 2.5 6 15
3 3 8 20

2.7. Data Analysis

The orthogonal experiment results were processed and analyzed using the software
SPSS 19.0 (IBM, Armonk, NY, USA). The analysis of variance (ANOVA) was conducted to
assess the significance (p < 0.05) of experimental factors. The software Origin 8.5 (OriginLab,
Northampton, MA, USA) was used for graphing and data analysis.

3. Results and Discussion

All the experiments were conducted in the laboratory of the College of Biosystems
Engineering and Food Science, Zhejiang University, China. However, there were poten-
tial limitations in this study. First, compared with the actual facility agriculture grafted
operation, the sample of this study is relatively small. Second, this study just investigates
the rootstock clamping device, and no attempt has been made to study the device in the
grafting machine; therefore, there could be other factors that affect the desired properties
of the rootstock clamping device. Thus, a profound study is warranted in the future.
Nonetheless, since fewer studies are available on the rootstock clamping device currently,
these results could be helpful for the research of flexible clamping devices.

3.1. Single-Factor Experiment Analysis and Discussion

The single-factor experimental results of HD are shown in Figure 10. The results
showed that with the increase of HD, the holding success significantly increased at first,
then slowed down, finally turning into a downward trend. Decreased HD increased
the velocity in the air hole, reducing the adsorption effect on rootstock cotyledons due
to the small suction force between the air hole and cotyledon. Similarly, increased HD
increased the suction force between the air hole and cotyledons. This improved the holding
success rate while gradually decreasing the flow velocity and negative pressure. The
negative pressure and flow rate rapidly decreased at certain HD increments, decreasing
the adsorption success rate. Similar conclusions were reported by other researchers, who
found that the airflow velocity and pressure gradually decreased with increasing outlet
diameter of the suction chamber [20,27,28]. The clamping device had a better holding effect
at an HD range of 2–3 mm.
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Figure 10. Relationship between hole diameter (HD) and success rate. Note: negative pressure (NP)
was 4 kPa and inclination angle (IA) was 20◦.

The single factor experimental results of NP are shown in Figure 11. Negative pressure
flowed into the stem suction pipe and air hole from the negative pressure inlet, and the
seedling pressing mechanism assisted in holding the rootstock on the clamping block. It
can be seen in Figure 11 that the holding success rate of rootstock gradually increased with
increasing NP. The cotyledons cannot be held on the clamping block at an NP of 2 kPa
because low pressure leads to a small suction force. However, with the gradual increase of
NP, this situation changed significantly. NP was caused by the pressure difference between
the inside and outside of air hole. Increased NP led to increased pressure difference and
decreased pressure inside the air hole. According to Bernoulli’s principle, the flow velocity
increased when the pressure decreased, so the flow velocity inside the air hole increased. At
constant HD, increasing NP promoted the flow rate and suction force of the air hole, thus,
improving the holding success rate. Jiang et al. (2019, 2020) obtained a similar conclusion
that the increase of negative pressure increased the vacuum in the gas chamber, thus,
increasing the flow rate and improving the adsorption capacity [29,30]. In this experiment,
the injury of rootstock seedlings occurred mainly at the junction between cotyledons and
stems when NP was 10 kPa, possibly due to the high NP increasing suction force. When
HP ranged 4–8 kPa, the holding effect had satisfying values.

Figure 11. Relationship between negative pressure (NP) and success rate. Note: hole diameter (HD)
was 2.5 mm and inclination angle (IA) was 20◦.
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At a constant of NP and HD, inclination angle (IA) reflected the fit of cotyledon and the
upper surface of clamping block. Excessive IA led to damage in the junction between the
cotyledon and the stem during the pressing cotyledons process; additionally, the negative
pressure of air holes close to the stem could not effectively hold the cotyledon. The single
factor experimental results of IA are shown in Figure 12. As can be seen from Figure 12, the
holding success rate showed a downward trend with increasing IA. Increased IA increased
the distance of the cotyledons pressed to the surface of the clamping block, promoting the
resistance of the cotyledons to the clamping block. Furthermore, increased IA reduced
the fit degree between the cotyledons and the clamping block surface, resulting in some
negative pressure loss, thus, reducing the adsorption effect. The holding success rate was
higher when the IA was 5◦. However, the growth point of the rootstock could not be
fully exposed at 5◦, thus, it was not conducive for the subsequent growth point removal
operation. Therefore, the holding effect can be improved to an acceptable level at an IA
range of 10–20◦.

Figure 12. Relationship between inclination angle (IA) and success rate. Note: hole diameter (HD)
was 2.5 mm and negative pressure (NP) was 4 kPa.

3.2. Orthogonal Experiment Results and Discussion

The significance and influence of HD, NP, and IA on holding were investigated
via a three-factor, three-level orthogonal experiment using the clamping device. The
experimental results are shown in Table 3.

Table 3. Results of orthogonal experiment.

No. HD (mm) NP (kPa) IA (◦) Success Rate (%) Damage Rate (%)

1 1 1 1 93.33 0
2 1 2 2 95 0
3 1 3 3 91.67 0
4 2 1 2 96.67 0
5 2 2 3 95 0
6 2 3 1 98.33 0
7 3 1 3 90 1.67
8 3 2 1 96.67 0
9 3 3 2 95 5

The success rate of the clamping device was not less than 90% with a low damage rate,
indicating an effective clamping device (Table 3). Through the experiment, it was found
that the rootstock stem was deflected during clamping, inhibiting cotyledon absorption,
losing some negative pressure, which led to the adsorption failure. This observation was in
agreement with the results obtained by others [31]. The holding damage was due to the
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uneven cotyledons of the rootstock, and the distal end of some cotyledons were lower than
the position of clamping blocks.

This study mainly focused on the holding success rate analysis since the damage rate
was low. The analysis results are shown in Table 4. Table 4 showed that the p-values for
HD, NP, and IA were 0.032, 0.072, and 0.023, respectively, indicating that HD and IA had a
significant effect on the success rate (p < 0.05). By contrast, NP had no significant influence
on the success rate since its p-value for NP was greater than 0.05.

Table 4. ANOVA results for adsorption effect.

Source Sum of Squares df Mean Square F-Value p-Value

HD 19.131 2 9.565 30.502 0.032 *
NP 8.031 2 4.015 12.804 0.072
IA 26.523 2 13.262 42.289 0.023 *

Error 0.627 2 0.314
Total 80,647.845 9

* means this term is significant (p < 0.05).

The F-values were compared to determine the influence order of the three factors on
the experiment results. Higher F-values indicated a greater influence of the corresponding
factor on the experiment results [32]. The order of influence of the three factors in this
study was IA > HD > NP. Therefore, more attention should be on adjusting IA and HD
than NP during the experiment since the influence order of NP was the last and had no
significant effect on the experimental results.

As can be seen from Figure 13, the optimal combination based on achieving the
maximum holding success rate was HD2, NP2, and IA1. The experimental verification
was conducted using the parameter combination with 60 rootstock seedlings. The optimal
parameter combination achieved a holding success rate of 98.3% with no damage, indicating
an effective clamping device designed in this study, achieving grafting requirements.

Figure 13. Comparison of effects of influencing factors on holding success rate.

4. Conclusions

This study proposed a flexible clamping device to reduce the holding damage of
rootstock seedlings during grafting. The clamping device was evaluated to determine its
performance. The following conclusions were made:

(1) The single factor experiment was used to determine the optimal factor ranges of
the clamping device: HD, 2–3 mm; NP, 4–8 kPa; and IA, 10–20◦.

(2) The orthogonal experiment was used to assess the influence of structural parame-
ters and working parameters on holding. The ANOVA analysis indicated the influence
order as follows: IA > HD > NP.
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(3) The optimal parameter combination was determined by orthogonal experiment:
HD, 2.5 mm; NP, 6 kPa; and IA, 10◦. The verification experiment was conducted using
the parameter combination. A holding success rate of 98.3% with no damage was ob-
tained. This study can provide a reference for the development of an inclined inserted
grafting machine.

Author Contributions: Methodology, K.W. and J.L. (Jianping Li); software, K.W. and C.L.; validation,
K.W.; formal analysis, K.W. and C.L.; investigation, K.W.; data curation, K.W.; writing—original
draft preparation, K.W.; writing—review and editing, J.L. (Jianzhong Lou) and J.L. (Jianping Li);
visualization, K.W. and C.L.; supervision, J.L. (Jianping Li); project administration, J.L. (Jianping Li);
funding acquisition, J.L. (Jianping Li). All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (Grant
No. 51775490).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on demand from the
first author at (kang_wu@zju.edu.cn).

Acknowledgments: The authors are very grateful to the members of the research group for their
help in the experiment. We also appreciate the work of the editors and the reviewers of the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yang, X.; Yang, F.; Liu, Y.; Li, J.; Song, H.L. Identification of key off-flavor compounds in thermally treated watermelon juice
via gas chromatography-olfactometry-mass spectrometry, aroma recombination, and omission experiments. Foods 2020, 9, 227.
[CrossRef]

2. Collins, J.K.; Wu, G.; Perkins, V.P.; Spears, K.; Claypool, P.L.; Baker, R.A.; Clevidence, B.A. Watermelon consumption increases
plasma arginine concentrations in adults. Nutrition 2007, 23, 261–266. [CrossRef] [PubMed]

3. Tarazona-díaz, M.; Viegas, J.; Moldao-martins, M.; Aguayo, E. Bioactive compounds from flesh and by-product of fresh-cut
watermelon varieties. J. Sci. Food Agric. 2011, 91, 805–812. [CrossRef]

4. Martyn, R.D. Fusarium wilt of watermelon: 120 years of research. Hortic. Rev. 2014, 42, 349–442. [CrossRef]
5. Wu, Y.C.; Zhou, J.Y.; Li, C.G.; Ma, Y. Antifungal and plant growth promotion activity of volatile organic compounds produced by

Bacillus amyloliquefaciens. MicrobiologyOpen 2019, 8, e813. [CrossRef]
6. Cohen, R.; Pivonia, S.; Burger, Y.; Edelstein, M.; Gamliel, A.; Katan, J. Toward integrated management of monosporascus wilt of

melons in Israel. Plant Dis. 2000, 84, 496–505. [CrossRef] [PubMed]
7. Castro, G.; Perpiñá, G.; Esteras, C.; Armengol, J.; Picó, B.; Pérez-de-Castro, A. Resistance in melon to Monosporascus cannonballus

and M. eutypoides: Fungal pathogens associated with Monosporascus root rot and vine decline. Ann. Appl. Biol. 2020, 177,
101–111. [CrossRef]

8. Xu, L.H.; Nicolaisen, M.; Larsen, J.; Zeng, R.; Gao, S.G.; Dai, F.M. Pathogen infection and host-resistance interactively affect
root-associated fungal communities in watermelon. Front. Microbiol. 2020, 11, 3256. [CrossRef]

9. Keinath, A.P.; Coolong, T.W.; Lanier, J.D.; Ji, P.S. Managing Fusarium wilt of watermelon with delayed transplanting and cultivar
resistance. Plant Dis. 2019, 103, 44–50. [CrossRef]

10. Aslam, A.; Zhao, S.; Azam, M.; Lu, X.; He, N.; Li, B.; Dou, J.; Zhu, H.; Liu, W. Comparative analysis of primary metabolites and
transcriptome changes between ungrafted and pumpkin-grafted watermelon during fruit development. Peer J. 2020, 8, e8259.
[CrossRef]

11. Rouphael, Y.; Venema, J.; Edelstein, M.; Savvas, D.; Colla, G.; Ntatsi, G.; Ben-Hur, M.; Kumar, P.; Schwarz, D. Grafting as a tool for
tolerance of abiotic stress. In Proceedings of the Vegetable Grafting Principles and Practices, CAB International, Wallingford, UK,
5 June 2017; pp. 171–215. [CrossRef]

12. Aloni, B.; Cohen, R.; Karni, L.; Aktas, H.; Edelstein, M. Hormonal signaling in rootstock-scion interactions. Sci. Hortic. 2010, 127,
119–126. [CrossRef]

13. Johnson, G. Grafted Watermelons Revisited. Weekly Crop Update. University of Delaware Cooperative Extension. 2017. Available
online: https://sites.udel.edu/weeklycropupdate/?p=10563 (accessed on 6 May 2021).

14. Chiu, Y.C.; Chen, S.; Chang, Y.C. Development of a circular grafting robotic system for watermelon seedlings. Appl. Eng. Agric.
2011, 10, 95–102. [CrossRef]

15. Lee, J.M.; Kubota, C.; Tsao, S.J.; Bie, Z.; Echevarria, P.H.; Morra, L.; Oda, M. Current status of vegetable grafting: Diffusion,
grafting techniques, automation. Sci. Hortic. 2010, 127, 93–105. [CrossRef]

269



Agriculture 2021, 11, 736

16. Wang, X.Y.; Gu, S. The production experiment of 2jc-500 grafting machine carrying on the watermelon to graft grows seedlings.
J. Agric. Mech. Res. 2008, 1, 148–149. [CrossRef]

17. Jiang, K.; Zhang, Q.; Chen, L.P.; Guo, W.Z.; Zheng, W.G. Design and optimization on rootstock cutting mechanism of grafting
robot for cucurbit. Int. J. Agric. Biol. Eng. 2020, 13, 117–124. [CrossRef]

18. Ma, Z.Y.; Mu, Y.H.; Gu, S.J. Techniques of automatic grafting of cucurbitaceous vegetables. J. ZhongKai Univ. Agric. Technol. 2012,
1, 48–51. [CrossRef]

19. Lou, J.Z.; Wu, K.; Chen, J.Y.; Ma, G.Y.; Li, J.P. Design and test of self-adaptive stock cotyledons pressing and clamping mechanism
for oblique inserted grafting of Cucurbitaceous vegetables. Trans. CSAE 2018, 34, 76–82. [CrossRef]

20. Yang, Y.L.; Li, K.; Chu, Q.; Zhong, L.X.; Jia, D.D.; Gu, S. Air suction clamp structure of rootstock cotyledons for inclined inserted
grafting machine and its optimized experiment of operation parameters. Trans. CSAE 2014, 30, 25–31. [CrossRef]

21. Zhu, X.C.; Jin, X.; Yao, B.; Cao, J. Modeling and Design of a frictionless pneumatic cylinder system with air bearings. In
Proceedings of the 5th Annual IEEE International Conference on Cyber Technology in Automation, Control and Intelligent
Systems, Shenyang, China, 8–12 June 2015.

22. Lou, J.Z.; Li, J.P.; Zhu, P.A. Design and test on growing point removal mechanism of melon vegetable grafting stock. Trans. CSAE
2016, 32, 64–69. [CrossRef]

23. Lou, J.Z.; Li, J.P.; Zhu, P.A.; Lv, G.L.; Wang, M. Optimization of suction head of scion clamping mechanism for vegetable grafting
machine. Trans. CSAM 2013, 44, 63–67. [CrossRef]

24. Zheng, W.K.; Dong, J.K.; Zhang, L.; Chen, Z.H. Heating performance for a hybrid radiant-convective heating terminal by
orthogonal test method. J. Build. Eng. 2020, 33, 101627. [CrossRef]

25. Bai, J.; Ma, S.C.; Wang, F.L.; Xing, H.N.; Ma, J.Z.; Hu, J.W. Field test and evaluation on crop dividers of sugarcane chopper
harvester. Int. J. Agric. Biol. Eng. 2021, 14, 118–122. [CrossRef]

26. Li, H.; Zeng, S.; Luo, X.; Fang, L.; Liang, Z.; Yang, W. Design, DEM simulation, and field experiments of a novel precision seeder
for dry direct-seeded rice with film mulching. Agriculture 2021, 11, 378. [CrossRef]

27. Zhang, X.; Bai, S.; Jin, W.; Yan, J.; Shi, Z.; Yu, N.; Yuan, P.; Zhu, X. Design and parameter optimization of an air suction jujube
picking and conveying device. Trans. ASABE 2020, 63, 943–954. [CrossRef]

28. Chen, H.T.; Wang, H.F.; Wang, Y.C.; Shi, N.Y.; Wei, Z.P.; Dou, Y.K. Design and experiment of three-leaf type air-suction seed meter
with automatic clear and replace seeds features for soybean plot test. Trans. CSAM 2020, 51, 75–85. [CrossRef]

29. Jiang, K. Study on Mechanism and Experimental Device of Splice Mechanical Grafting of Cucurbit. Ph.D. Thesis, Northeast
Agricultural University, Harbin, China, 2019.

30. Jiang, K.; Zhang, Q.; Chen, L.P.; Guo, W.Z.; Mou, Y.Q. Simulation design and performance experiment of adsorption block in
feeding and positioning mechanism for rootstock. Trans. CSAE 2020, 36, 73–80. [CrossRef]

31. Lou, J.Z. Mechanism Study and Optimization Design of Inclined-Insert Grafting Device of Cucurbita Vegetable. Ph.D. Thesis,
Zhejiang University, Hangzhou, China, 2014.

32. Wang, F.; Ma, S.; Xing, H.; Bai, J.; Hu, J. Base cutting energy consumption for sugarcane stools using contra-rotating basecutters.
Trans. ASABE 2021, 64, 221–230. [CrossRef]

270



agriculture

Article

Study on the Distribution Pattern of Threshed Mixture by
Drum-Shape Bar-Tooth Longitudinal Axial Flow Threshing and
Separating Device

Jianwei Fu 1,2, Gan Xie 1,2, Chao Ji 1,2, Weikang Wang 1,2, Yong Zhou 1,2,*, Guozhong Zhang 1,2, Xiantao Zha 1,2 and

Mohamed Anwer Abdeen 1,3

Citation: Fu, J.; Xie, G.; Ji, C.; Wang,

W.; Zhou, Y.; Zhang, G.; Zha, X.;

Abdeen, M.A. Study on the

Distribution Pattern of Threshed

Mixture by Drum-Shape Bar-Tooth

Longitudinal Axial Flow Threshing

and Separating Device. Agriculture

2021, 11, 756. https://doi.org/

10.3390/agriculture11080756

Academic Editor: José Pérez-Alonso

Received: 11 June 2021

Accepted: 3 August 2021

Published: 9 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 College of Engineering, Huazhong Agricultural University, Wuhan 430070, China;
fjwtap@mail.hzau.edu.cn (J.F.); xieg6@webmail.hzau.edu.cn (G.X.); chaoji@webmail.hzau.edu.cn (C.J.);
wangwk@webmail.hzau.edu.cn (W.W.); zhanggz@mail.hzau.edu.cn (G.Z.);
zhaxiantao@webmail.hzau.edu.cn (X.Z.); mohamed.anwer2010@yahoo.com (M.A.A.)

2 Key Laboratory of Agricultural Equipment in Mid-Lower Yangtze River, Ministry of Agriculture and
Rural Affairs, Wuhan 430070, China

3 Agricultural Engineering Department, Zagazig University, Zagazig 44519, Egypt
* Correspondence: zhyong@mail.hzau.edu.cn

Abstract: To determine the distribution pattern of the threshing and separating device, the simulation
experiment on the distribution pattern of our self-designed drum-shape bar-tooth longitudinal axial
flow threshing and separating device was carried out with the help of the EDEM software, by which
the axial and radial distribution curve of the threshed mixture along the cylinder was acquired. The
three-dimensional distribution of the mass of the threshed mixture was drawn by using the Matlab
software, and the bench test was carried out on the self-built small-scale longitudinal axial flow
threshing cylinder performance test platform, which was consistent with the simulation conditions.
The results showed that the axial and radial distribution of the threshed mixture was uneven, and
the axial distribution of the threshed mixture decreased gradually, which was mainly distributed in
the first third section of the cylinder. The distribution of the threshed mixture along the radial area of
the cylinder was gradually decreasing at first and then increasing, i.e., the total mass of the threshed
mixture on the left and right sides was higher than that of the middle area, which was basically
consistent with the simulation results. The research can provide reference for the optimization of
structural parameters of threshing and separating device and cleaning system.

Keywords: threshing and separating device; cleaning system; threshed mixture; discrete element
method (DEM); Matlab

1. Introduction

In the actual operation of the combine harvesters, the crops enter the threshing clean-
ing system through the header and conveying channel, and are threshed under the action
of threshing elements, and then the threshed mixture falls onto the cleaning screen through
the grain layer and concave screen under the centrifugal force [1]. The research on the
distribution features of the threshed mixture can provide a reference for the parameter
design of the cleaning system, and conditions for reducing the cleaning load and improving
the grain cleanliness.

A large number of theoretical and experimental studies have been carried out on the
distribution pattern of threshed mixture. Miu et al. [2] established a mathematical model
for the distribution of the threshed mixture by an axial flow threshing device. The model
described the distribution characteristics of the unthreshed grain, threshed grain, and free
grain with the length of the cylinder in the threshing process, and analyzed the effects that
the cylinder speed, feed rate, and crop moisture content had on grain separation. Li et al. [3]
theoretically analyzed the working mechanism of the threshing and separating device and
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established a comprehensive mathematical model of the threshing and separating process
from the angle of probability theory. Zhang et al. [4] studied the distribution pattern of
the threshed mixture along the axial direction of the cylinder by using the self-developed
axial flow threshing and separating device with helical blade and plate teeth. The results
showed that the axial distribution of the threshed mixture was greatly affected by the grain
distribution, and the grain distribution curve was prominent. The distribution pattern was
similar under different feeding rates, and the peak value of the curve was higher when the
feeding rate was large. Yi et al. [5–7] conducted an experimental study on the distribution
pattern of the threshed mixture along the axial and tangential directions of the spiral blade
strip-tooth and spike-tooth axial flow threshing and separating devices, and carried out a
regression analysis on the distribution curve of each threshed mixture. The results showed
that the degree of impurity and stem breakage of the spike-tooth axial flow threshing and
separating device was higher than those of the combined device. Li et al. [8,9] conducted
a comparative experimental study on the axial distribution of the threshed mixture from
the short-striped bar-plate teeth and the spike-tooth cylinder. The results showed that the
distribution of the threshed mixture from the short-striped bar-plate teeth was more even
than that from the spike-tooth cylinder, and the impurity content of the threshed mixture
was lower. Guo et al. [10] also conducted a comparative experimental study on the radial
distribution of the threshed mixture from the trapezoidal plate tooth cylinder and spike-
tooth cylinder. The results suggested that the threshed mixture from spike-tooth cylinder
was more evenly distributed along the radial direction of the cylinder. Tang et al. [11] used
self-made rectangular tooth plate, short grain rod-plate tooth, spike tooth, blade tooth, and
trapezoidal plate tooth to test the threshing and separating performance of grain under
the feeding rate of 7 kg/s and 8 kg/s, and compared the initial threshing and separating
rate of tangential flow device under different threshing elements and the axial and radial
distribution of threshing mixture of longitudinal axial flow re-threshing device under
different threshing elements. Chen et al. [12] carried out a comparative experiment on the
distribution pattern of the threshed mixture between the semi-feeding coaxial differential
threshing cylinder and the single-speed threshing cylinder, and established a 3D image and
its mathematical model with Matlab for the measured data of all kinds of threshed mixture.
The results indicated that the distribution of all kinds of threshed mixture by the differential
threshing cylinder was more evenly distributed on the screen. Chen et al. [13] conducted a
single factor experiment on the axial and radial distribution changes of the longitudinal
axial flow flexible threshing device. The results showed that the distribution of threshed
mixture and seeds of longitudinal axial flow flexible threshing device conformed to the
exponential function distribution, the distribution of pods and light impurities conforms to
cubic function distribution, and the distribution of threshed mixture, seeds, pods, and light
impurities conforms to the multinomial form with different coefficients.

The above researches show that the distribution of the threshed mixture was affected
by the feeding mode of the crops, the structure of the threshing and separating device,
the movement parameters, the feeding amount, the material characteristics, etc. Most of
the existing researches on the distribution pattern of threshed mixture were conducted
by combining theoretical models with bench test or field test. However, in the process
of experiment, it is complex to collect and process the threshed mixture, which not only
increases the difficulty of experiment, but also prolongs the experiment period.

Aiming at the above problems, this paper presents a mathematical model of threshing
and separating based on the probability theory, which was based on the self-designed
drum-shape bar-tooth longitudinal axial flow threshing and separating device. The dis-
tribution pattern of threshing was simulated and analyzed by using the EDEM (2018,
DEM Solutions Ltd., 6th Floor, 1 Rutland Court, Edinburgh, EH3 8FL UK) software, and a
bench test was also set up to verify the results, which could create conditions for optimizing
the structural parameters of the threshing and separating device and cleaning system.

272



Agriculture 2021, 11, 756

2. Materials and Methods

2.1. Structure of Longitudinal Axial-Flow Threshing and Separating Device

A drum-shape bar tooth longitudinal axial-flow threshing and separating device was
designed with the reference to existing researches [14–16], which mainly consisted of a
drum-shape cylinder, a concave screen, a top cover with guide plate, a rack, etc., as shown
in Figure 1.

Figure 1. Structure diagram of drum-shape bar-tooth longitudinal axial-flow threshing and separat-
ing device.

Its working principle is that the crops enter the threshing and separating device from
the conveying channel, get into the threshing section under the grasping of the conical
spiral feeding head, and take off and separate the rice grains from the earhead under
continuous hitting, brushing, and rubbing of the bar tooth. At the same time, under the
action of the cylinder and the guide plate, the rice plants make a spiral movement into the
separating section. Under the centrifugal force generated by the high-speed rotation of
the cylinder, the detached grains are continuously separated from the concave sieve, and
the straw is discharged from the discharge section. Most of the grains are removed and
separated in the first half of the threshing cylinder, and the second half mainly separates
the free grains from the concave screen.

The traditional threshing cylinder with single longitudinal flow mainly consists of
two types: cylindrical and conical. On the basis of the existing threshing cylinder structure,
we designed a kind of drum-shape bar-tooth longitudinal axial flow threshing cylinder
combined with the theoretical research and experimental analysis of scholars at home
and abroad, which aimed at reducing drag and consumption. The cylinder was mainly
composed of spiral feeding head, bar-tooth, wheel, and threshing teeth. The structure is
shown in Figure 2.

Figure 2. Structure of the drum-shape bar-tooth longitudinal axial flow threshing cylinder. 1. Shaft
head; 2. Trailer wheel; 3. Drum-shape bar-tooth; 4. Threshing teeth; 5. Bar-tooth mounting plate;
6. Spiral blade; 7. Front flange; 8. Front disc; 9. Conical cylinder; 10. Rear disc; 11. Shaft tube;
12. Middle wheel; 13. Rear flange.
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2.2. Mathematical Model of the Threshing and Separating Process

The function of the threshing and separating device is to thresh the grain from the ear
under the action of the threshing elements, and then allow the free grain to be separated
from the concave screen through the grain layer under the centrifugal force generated by
the high-speed rotation of the cylinder. It was hypothesized that it is equally likely for the
grain to be taken off at any part of the cylinder. From the perspective of probability, the
probability of grain being threshed depends on the amount of unthreshed grain, and the
probability of grain being separated depends on the number of free grains in the process
of threshing and separating. It was based on this idea that the mathematical model of the
threshing and separating process was established and the working process of drum-shape
bar-tooth longitudinal axial flow threshing and separating devices was studied.

It was hypothesized that:

(1) There is no threshing and separating phenomenon before the crops entering the
threshing and separating device for single longitudinal flow threshing cylinder.

(2) In the process of threshing, the chance of grain being threshed at any position is
equal, and there is a proportional relationship between the number of grain being
threshed and the number of grain not being threshed, which is recorded as threshing
coefficient k.

(3) In the process of separating, the chance of grain being separated at any position is
also equal, and there is a proportional relationship between the number of grain
being separated and the number of grain not being separated, which is recorded as
separating coefficient p.

2.2.1. Mathematical Model of Threshing Process

Take a point x in the axial direction of concave screen, take a small distance Δx near
x, and express the probability of threshing here with frequency. Using the idea of limit,
let Δx → 0, the equation of probability density function f (x) of threshing in axial flow
threshing cylinder can be obtained as follows [17,18]:

f (x)
[1 − F(x)]

= k (1)

where x is distance of axial flow cylinder from threshing and separating starting point
of concave screen to tail along axis, mm; F(x) is cumulative threshing probability from
threshing separation starting point of concave screen to x.

It can be obtained from the probability theory that:

F(x) =
∫ x

0
f (ξ)dξ (2)

Take the derivation from both sides of Equation (2) and substitute it into Equation (1):

dF(x)
1 − F(x)

= kdx (3)

By integrating both sides of Equation (3), we can get the following results:

F(x) = 1 − e−kx (4)

By deriving Equation (4), the probability density function of grain threshing at the
axis x of concave sieve is obtained as follows:

f (x) = ke−kx (5)
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Assuming that the feed of grain is continuous and even, the unthreshed rate at concave
x is:

Sn(x) = 1 −
∫ x

0
ke−kxdx (6)

when x = L, Sn(L) which indicates the unthreshed rate is:

Sn(L) = e−kL (7)

where L is length of the concave screen, mm.

2.2.2. Mathematical Model of Separating Process

In the same way, the probability density function of the separated free grain at the
axis x of the concave screen in the single longitudinal axial flow threshing and separating
device can be obtained as follows:

g(x) = pe−px (8)

Separation is a process in which the threshed free grain passes through the crop layer
under centrifugal force and is separated from the concave screen. The threshing of the
grain is the precondition of the separating of the grain. According to the probability theory,
the probability of the grain to be separated is the convolution of the probability of grain
being threshed and the probability of the free grain being threshed but not being separated.
Therefore, the probability density function of grain being separated at x can be expressed as:

h(x) =
∫ x

0
f (x)g(x − ξ)dξ (9)

By integrating the two sides of Equation (9) at the same time, it can be concluded that
the cumulative amount of separated grains H(x) at concave x is:

H(x) =
k(1 − e−px)− p(1 − e−kx)

k − p
(10)

The above mathematical model was simulated by the MATLAB (R2016b, The Math-
Works. Inc, 1 Apple Hill Drive Natick, MA 01760 USA) software, in which, k = 3.4, p = 3.2.
The axial distribution curve of the unthreshed rate of grain and the cumulative separating
rate of threshed grain along the concave screen were obtained as shown in Figure 3.

 
Figure 3. The axial distribution curve of the unthreshed rate of grain and the cumulative separating
rate of threshed grain along the concave screen.
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According to Figure 3, when the crops enter the threshing cylinder, the amount of the
total grain increases sharply at first and then slows down to a steady level. Threshing and
separating mainly happen in the first half of the threshing cylinder. Thus, the length of the
axial threshing cylinder depends on the effect of separation. In the separating section of
the threshing cylinder, it is the threshing cylinder that separates the free grain which has
been threshed but not separated from the crops. Some grain that is hard to be threshed can
be taken off at this section. The longer the cylinder is, the longer the separating time is, the
better the separation effect will be. However, it may increase the break rate and the power
dissipation at the same time. Under the premise of ensuring the effect of threshing and
separating the length of threshing cylinder should be as small as possible. Its length on the
existing axial flow drum combine harvester is generally 1~3 m.

2.3. Discrete Element Simulation Test

It is an important method to analyze the threshing performance of the cylinder to
study the movement pattern and force condition of grain mixture in threshing and sepa-
rating device. However, its movement and force in threshing and separating device are
complex, which makes it difficult to analyze by traditional theory or experimental research.
Fortunately, the continuous development of discrete element method and the application
of EDEM software provide a new choice for simulating the movement of grain mixture in
the threshing and separating device.

The mixture from threshing and separating device includes grain, short straw, glume,
light debris, etc. However, its main components are grain and short straw, which takes
up 95% of the mixture mass [19–21]. In order to simplify the types of particle models and
improve the simulation efficiency, only the effects of grain and short straw were considered
in the simulation process. The rice grain was simplified as an ellipsoid of homogeneous
linear elastic material, with the length of 6.5 mm and the diameter of the largest section
circle in the length direction of 3.5 mm. According to the actual size of the short straw in
the mixture, the rice grain was simplified as a cylinder composed of 34 spherical particles
with a diameter of 4 mm and a length of 70 mm, as shown in Figure 4.

 

Grains Short straw 

Figure 4. Model of rice grain and short straw.

The physical parameters of the rice grain, short straw, and threshing device are shown
in Table 1 [22].

Table 1. Mechanical characteristic parameters of materials and threshing device.

Model Poisson’s Ratio
Shear Modulus

(MPa)
Density (kg/m3)

Grains 0.3 26 1350
Short straw 0.4 10 100

Threshing device 0.3 70,000 7800

The contact model is an important basis of the discrete element method. The analysis
and calculation of the contact model directly determine the magnitude of the force and
moment on the particle. In this paper, the Hertz–Mindlin non-sliding contact model was
used to analyze the contact between the material and threshing device [23–25]. The contact
stiffness of this model varied with the contact overlap of particles, and it was a nonlinear
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model. The contact parameters between materials and materials and between materials
and threshing device are shown in Table 2 [22].

Table 2. Interaction parameters of materials and threshing device.

Contact Object
Coefficient

of Restitution
Coefficient of
Static Friction

Coefficient of
Rolling Friction

Between grains and grains 0.2 1.0 0.01
Between grains and short straw 0.2 0.8 0.01

Between grains and Threshing device 0.5 0.58 0.01
Between short straw and short straw 0.2 0.9 0.01

Between short straw and Threshing device 0.2 0.8 0.01

Two pellet factories were set up at the feeding entrance cylinder, namely rice grain
pellet factory and short straw pellet factory. Since the mass of the short straw among the
threshed mixture processed by full feeding longitudinal axial flow threshing and separating
device took up 30% of the total mass [19], the feeding rate was set to be 1.2 kg/s (the rate of
rice grain production was 0.84 kg/s, the rate of rice straw production was 0.36 kg/s), the
particle generation time was 2 s, and the total simulation time was 5 s. According to the
actual situation where the particles were produced at the feeding inlet of the threshing and
separating device, the initial speed was set as 2.8 m/s according to the conveying speed of
the intermediate conveying device of the combine harvester. The threshing cylinder was
set to be working in the simulation with a speed of 1100 r/min. The calculation time step
was set as 10% of Rayleigh time step and the output time step as 0.01 s.

The total length of the designed threshing cylinder was 1360 mm, in which the feeding
section is 190 mm, the outlet section was 170 mm, the threshing and separating section was
1000 mm, and the width of the plates on both sides of the threshing cylinder was 500 mm.
The threshing and separating device were divided into 10 areas along the axial direction
and 5 areas along the radial direction, with a total of 10 areas × 5 = 50 areas, each of whose
size was 100 mm × 100 mm, as shown in Figure 5.

Figure 5. Regional distribution of statistical domain.

In order to explain the axial and radial distribution of the threshed mixture, the
statistical fields in Figure 5 are numbered as shown in Figure 6.
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Figure 6. Regional distribution of the threshing and separating device along the axial and radial directions.

The numbers of each area are shown in Table 3.

Table 3. Area distribution of threshing and separating performance test.

Axial

radial

1-1 1-2 1-3 1-4 1-5 1-6 1-7 1-8 1-9 1-10
2-1 2-2 2-3 2-4 2-5 2-6 2-7 2-8 2-9 2-10
3-1 3-2 3-3 3-4 3-5 3-6 3-7 3-8 3-9 3-10
4-1 4-2 4-3 4-4 4-5 4-6 4-7 4-8 4-9 4-10
5-1 5-2 5-3 5-4 5-5 5-6 5-7 5-8 5-9 5-10

2.4. Bench Test

The performance test platform of small longitudinal axial flow threshing and sepa-
rating device designed in this paper was modified from the small longitudinal axial flow
combine harvester “4LZ-1.6” produced by Hunan Nongyou Machinery Group Co., Ltd.,
and its structure is shown in Figure 7.

Figure 7. Performance test platform of longitudinal axial flow threshing and separating device.
1. Frequency converter; 2. Torque speed power tester; 3. Acrylic board; 4. Hydraulic motor; 5. Elastic
coupling; 6. Torque sensor; 7. Hydraulic control valve; 8. Hydraulic tank; 9. Computer; 10. Conveyor
belt; 11. Header; 12. Conveying channel; 13. Threshing and separating device.

The total length of the conveyor belt is 6.0 m, and the head end is 1.0 m free. Firstly,
6 kg rice straw was evenly laid at 5.0 m behind the conveyor belt, so that the conveyor belt
could feed rice after obtaining a stable transmission speed to ensure accurate and uniform
feeding [26,27]. When the frequency of the frequency converter was adjusted to make the
belt speed 1.0 m/s, the designed feeding amount of the threshing cylinder is 1.2 kg/s,
which was consistent with the feeding amount of the simulation test. The experiment was
repeated three times.

In each test, the threshing cylinder was started to rotate through the hydraulic valve.
When the rotation was stable, the transmission of header feeding auger and conveying
channel was started through the clutch. Finally, the transmission of conveyor belt was
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started through the frequency converter. The material receiving device under the concave
screen collected the threshed mixture, and the oil cloth was used under the straw outlet
to collect the discharged mixture. After feeding, the transmission of conveyor belt was
stopped first, and then the transmission of header auger and conveying channel were
stopped. When all the rice straw in the cylinder was discharged from the straw outlet, the
transmission of threshing cylinder was stopped. Refer to the above test evaluation index for
the treatment method of prolapse, and finally take the average value of three tests for the
mass of threshed mixture in each area. After stopping the machine, we took out the material
receiving device, collected the threshed mixture in each small box respectively, and weighed
it with a BT457 electronic balance produced by Suzhou Shunqiang Electromechanical
Equipment Co., Ltd., with an accuracy of 0.1 g. A total of three tests were conducted to
obtain the average value of the mass of the mixture in each area.

The experiment was conducted in the Electromechanical Training Center of Huazhong
Agricultural University. The rice variety was Huanghuazhan. The average plant height
was 1076.50 mm. The rice was manually harvested, the stubble was 200–300 mm, the rice
length was 876.50–776.50 mm, the 1000 grain weight was 28.25 g, the moisture content of
grain was 22.35%, and the moisture content of straw was 68.31%. The rice was planted in
the rice experimental base of Huazhong Agricultural University.

3. Results and Discussion

3.1. Simulation Process Analysis

The whole process of threshing and separating of threshed mixture in the cylinder
could be simulated by software simulation. The threshing simulation model is shown in
Figure 8. The mixed material enters the threshing cylinder under the action of the spiral
feeding head. Under the action of threshing teeth and guide plate, the mixed material
flows forward along the spiral of the inner arc surface composed of concave plate and top
cover, and then it is discharged from the straw outlet. During this period, a large number
of rice grains are rapidly threshed and separated in the front part of the cylinder under the
action of centrifugal force generated by the high-speed rotation of the cylinder.

Figure 8. Simulation model of threshing.

3.2. Simulation Results and Analysis

The distribution of the threshed mixture in the statistical domain is shown in
Figures 9 and 10. Axial zone 1 refers to 1-1 to 1-10 in Table 3, and there are 5 zones in the
axial direction; radial region 1 refers to 1-1 to 5-1 in Table 3, and there are 10 radial regions.
Considering that the subsequent distribution of the threshed mixture is relatively small,
the radial distribution of the threshed mixture is analyzed in the radial 1–5 region.
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Figure 9. Axial distribution of the mixture separated by the drum-shape cylinder.

Figure 10. Radial distribution of the mixture separated by the drum-shape cylinder.

It can be seen from Figure 9 that for any radial region, the mass of the threshed mixture
decreases gradually along the axial direction of the cylinder, and mainly distributes in the
first 1/3 section of the cylinder. Axial zone 1 and axial zone 5 correspond to the left and
right sides of the threshing cylinder respectively, and the total mass of the threshed mixture
is higher than that of the middle zone.
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Figure 10 indicates that for any radial region, the mass of the threshed mixture along
the axial region of the cylinder decreases gradually at first and then increases. The mass of
the threshed mixture in the radial region 5 is always higher than that in the region 1. The
results also show that the spike tooth reaction force and bar tooth impact force of threshing
device are complex periodic functions of angular displacement of grain motion [28–30].
Because of the rotation direction of the threshing cylinder, the “compaction area” is formed
between the threshing cylinder and the right side of the concave screen. In this area, the
difference between the linear speed of the material and the threshing cylinder is large, and
the impact force of the rod teeth is large.

In order to observe the axial and radial variation trend of the threshed mixture along
the cylinder more comprehensively, the three-dimensional distribution of the mass of
threshed mixture is drawn by using MATLAB software, as shown in Figure 11.

Figure 11. Grain distribution diagram in each area of the vertical axial-flow threshing cylinder.

It can be seen from Figure 11 that the distribution of the threshed mixture along
the axial and radial direction of the cylinder is uneven. Its mass distribution is like a
“skateboard”, which is high on both sides, low in the middle, steep in the front, and flat in
the back.

3.3. Bench Test Results and Analysis

The threshed mixture from the drum-shape threshing cylinder is shown in Figure 12.

Figure 12. Physical picture of mixture distribution.

We weighed the mixture of each small box in Figure 12, and obtained the change
pattern of the mass of the mixture along the axial and radial direction of the cylinder, as
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shown in Figures 13 and 14. According to the simulation test method, the mixture was
divided into 1~5 zones along the radial direction, and the 1~5 zones near the feeding end
in axial direction were taken for the experimental analysis.

Figure 13. Axial distribution of the mixture separated by the drum-shape cylinder.

Figure 14. Radial distribution of the mixture separated by the drum-shape cylinder.

It can be seen from Figure 13 that along the axial direction of the cylinder, the mass of
the mixture in zone 1~4 decreases gradually from the feeding inlet to the straw discharge
outlet, and the maximum peak value appears in zone 5–2. Among the five radial regions,
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the axial region 5 had the highest mass of the mixture, followed by region 1. In addition,
the mass of the mixture is mainly concentrated in the first half of the threshing cylinder.
This result was basically consistent with the simulation test, but the radial zone 5 appeared
the maximum value in the axial zone 2 in the bench test, which may be caused by the
uneven initial moment when the material enters the cylinder. In the simulation test, there
was basically no threshed mixture after axial zone 6, while in the bench test, there was still
some mixture left after axial zone 6. This is because the materials set in the simulation
test were only grains and short straw, while in the actual work, there were also leaves, ear
heads and branches, etc. Although these parts account for less mass, they will affect the
collision between particles, thus affecting the separating effect.

According to Figure 14, the mass of the mixture in axial 1–5 region decreases first and
then increases along the radial direction of the cylinder. For the same radial region, the
mass of the mixture in region 5 is always higher than that in region 1, which is consistent
with the simulation results. It indicates that it is feasible to use the EDEM software to
simulate the distribution pattern of the threshed mixture from the longitudinal axial flow
threshing and separating device. However, as the simulation parameters in this paper
all refer to the existing research settings, there may be some deviation from the physical
parameters of the actual test materials, thus affecting the test effect. In a future study, the
key parameters in the simulation process can be further calibrated to make it more accurate.

4. Conclusions

(1) In this paper, a drum-shape bar-tooth longitudinal axial flow threshing and separating
device was designed, and its working principle was studied.

(2) Based on the probability theory, the threshing and separating model was established,
and the threshing and separating characteristic curve of the drum-shape bar-tooth
longitudinal axial flow threshing cylinder was obtained. According to the curve,
threshing and separating basically occur in the first half of the threshing cylinder.

(3) The length of the cylinder could be selected according to the distribution pattern of
the axial threshed mixture. On the premise of meeting the threshing performance, the
length of the threshing cylinder should be as short as possible.

(4) The distribution of the threshed mixture along the axial region of the cylinder was
gradually decreasing, and mainly distributed in the first one-third section of the
cylinder. The mass of the threshed mixture along the radial region of the cylinder
decreases gradually at first and then increases, and the total mass of threshed mixture
on the left and right sides was higher than that in the middle area. The bench test
results were basically consistent with the simulation results. This study can provide
a reference for optimizing the structure parameters of the threshing and separating
device and cleaning system.

5. Patents

Two patents have been applied in China for a drum-shape bar-tooth threshing cylinder
for combine harvester in this manuscript (Patent No. CN201921966457.2 and Application
No. CN201911113778.2).
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Abstract: The high energy consumption and low crushing length qualification rate of traditional
straw returning machines in the main maize-growing regions of northeast China make it difficult
to promote straw returning operations in the region. The primnoa locust mouthpart is extremely
efficient in cutting maize rootstocks. In this paper, it was found that there are significant differences
between the primnoa locust mouthpart and the conventional machine, these exist mainly in the
cutting edge structure and cutting motion. Thus, this paper develops a coupled bionic design for
structural and kinematic coupling elements to develop a bionic straw returning machine. This paper
found that the operating performance of the bionic straw returning machine was mainly affected
by the blade rotation radius and the output rotation speed of the drive mechanism through DEM
(discrete element method) simulation, and the optimal combination of the two parameters was
248 mm rotation radius and 930 r/min output rotation speed. Finally, this paper finds that the most
obvious operational performance difference of the bionic straw returning machine compared with
the traditional straw returning machine is that it can reduce the cutting power consumption by
9.4–11.7% and improve the crushing length qualification rate by 10.4–14.7% through the operational
performance comparison test. Based on the above findings, this paper suggests that in future research
and development of straw returning machines, more attention can be focused on finding suitable
bionic prototypes and improving bionic design methods.

Keywords: straw returning; coupling bionic; cutting energy consumption; crushing length qualifica-
tion rate; maize straw

1. Introduction

The soil type in the maize-growing region of northeastern China is a very rare cold
black soil [1,2], which forms at a rate of 1 cm/400 years [3,4] and is a precious resource
common to all mankind [5]. However, the rate of black soil erosion has reached 1 cm/year
due to the difficulty of promoting straw returning operations in the region [6,7]. Straw
returning means that crop straw is crushed into pieces no larger than 10 cm and then
retained in the farmland [8], which is currently recognized as one of the most effective
means to inhibit soil erosion [9]. Therefore, if the straw returning operations can be
promoted on a large scale in the region, it can effectively protect the black soil resources in
the region.

The main reason why straw returning cannot be rapidly promoted in the maize-
growing region of northeast China is that traditional straw returning machines are difficult
to apply to this region [10–12]. The planting cycle is long (6 months) in the maize growing
region of northeast China [13]. Maize rootstocks are extremely thick and high in water
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content after maturity [14,15], resulting in extremely high power consumption [10,11] and
low qualification rate of crushing length during the operation of traditional straw returning
machines [12]. Related studies have shown that, compared to other maize-growing regions
in China, traditional machines will improve the operational power consumption by 6–10%
when operating in the maize-growing regions of northeast China [10,11,16], and the crush-
ing length qualification rate will be reduced by 3–5% [12,17]. Higher operational power
consumption can significantly increase the cost of maize production [17]. Lower crushing
length qualification rate will enhance the difficulty of sowing operations in the second year,
which in turn will result in lower maize yield [18]. The above-mentioned problems have
seriously affected the motivation of agricultural producers to promote straw returning
operations [19]. Obviously, if a brand-new machine with efficient cutting capacity can be
developed, it can significantly enhance the progress of straw returning in the region.

The unique functions of organisms have been a source of creativity for humans to
achieve technological breakthroughs [20]. Researchers studying an insect unique to north-
eastern China (primnoa, which feeds mainly on maize stalks) found that its mouthparts
were far more efficient at cutting maize stalks than traditional straw returning blades [21].
The power consumption of the primnoa mouthparts gnawing on the corn rootstocks was
only 23% of that of the traditional return blade [22]. The crushing length qualification rate
of the traditional straw returning blades can only be maintained at 80% [23], which is due
to its cut-off success rate of only about 70% for a single cut [24], while the cut-off success
rate of the primnoa mouthpart is nearly 100% for each gnawing action [25]. Coupled
bionics is an emerging design approach [20], which can replicate the unique functions of
organisms onto mechanical equipment [20]. Therefore, it is highly likely that the opera-
tional performance of straw returning machines can be substantially improved by coupled
bionic design if the bionic coupling element with efficient cutting ability of the primnoa
mouthparts can be clarified.

In summary, this paper develops a completely new bionic straw returning machine by
specifying the bionic coupling elements that can improve the efficiency of cutting operation,
and integrating the coupled bionic design and DEM simulation parameter optimization
test. The effect of different bionic coupling elements on the operational performance and
the actual operational performance of the bionic straw returning machine were verified by
soil bin tests. The research in this paper can provide a new research idea and method for
the design of straw returning machines. At the same time, it can promote the promotion of
conservation tillage in northeastern China and slow down the rate of soil erosion of black
soil resources in the region, which is of great ecological significance.

2. Materials and Methods

2.1. Bionic Coupling Element Selection and Coupled Bionic Design

The search for the bionic coupling element of the primnoa mouthpart with efficient
cutting ability should start from the main differences between it and the traditional straw
returning machine. As shown in Figure 1a, the main difference between the primnoa
mouthpart and the traditional straw returning machine is the cutting edge geometry and
the cutting motion. The cutting edge structure of the primnoa mouthpart is a segmented-
serrated structure, while the cutting edge of the traditional straw returning blade is smooth
curve. The primnoa uses a motion with two mouthparts rotating in equal and opposite
directions to gnaw on the corn rootstalk. Traditional straw returning machines commonly
use a motion in which all blades rotate in the same direction to cut maize rootstocks. In
this paper, based on the uniqueness of the structure and motion coupling elements of
the primnoa mouthpart, the bionic straw returning blade based on the bionic structure
coupling elements and the isokinetic reverse bionic drive mechanism based on the bionic
motion coupling elements are designed respectively.
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Figure 1. The search for the bionic coupling element of the primnoa mouthpart with efficient cutting ability should start
from the main differences between it and the traditional straw returning machine. (a) Analysis of the difference between
the primnoa mouthpart and the traditional straw returning machine. (b) Design process of bionic straw returning blade
based on structural coupling elements. (c) Operating principle of bionic isokinetic reverse drive system based on motion
coupling elements.

As shown in Figure 1b, the bionic straw returning blade achieves a high degree of
reduction of the primnoa mouthpart. In the first step, 30 primnoa mouthparts samples were
collected, and thus the original images were obtained. In the second step, the 30 original
images were imported into MATLAB software (The Mathworks, Natick, MA, USA), and the
multi-image fitting process was performed on the contour map of locust mouthparts using
the function commands of rgb2gray, imerode, imdilate, im2bw, Imfill and edge, respectively,
and then the fitted binary images were obtained. In the third step, the binary image is
plotted as a boundary image by LOG algorithm. In the fourth step, the binary image is
divided into five bionic curves according to the image curve continuity characteristics,
and the bionic curve parameter equation ϕ(xi) is obtained on Origin software using LS
algorithm. Finally, the laser cutting operation is carried out by CNC (Shandong Ruiji CNC
Machine Tool Co., Ltd., Tengzhou, China) machine according to the affine curve ϕ(xi) to
obtain the affine straw returning blade.

As shown in Figure 1c, the isokinetic reverse bionic drive mechanism consists of a
power input shaft, a right-angle gearbox, an isokinetic reverse gearbox, a forward drive
shaft, and a reverse drive shaft. During operation, the power input shaft delivers the torque
to the equal-speed reverse gearbox through the right-angle reduction gearbox. The equal
speed reverse gearbox converts the torque into forward and reverse torque at the same
time, and transmits the forward and reverse torque to the forward and reverse blade shafts
respectively through chain drive 1© and chain drive 2©. The bionic straw returning blades
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on the forward and reverse drive shafts are arranged in a staggered manner with a spacing
of 120 mm between adjacent blades on the same blade shaft. The above design allows the
bionic straw returning machine to highly recreate the way the locust mouthparts cutting
the maize rootstalk.

2.2. Parameter Optimization Experiment of Bionic Straw Returning Machine Based on EDEM2018

The core operational performance of the straw returning machine is the cutting power
consumption and crushing length qualification rate [21], so both were selected as test
indicators. Numerous studies have shown that the two test indicators mainly depend on
the rotational radius of the blade and the output rotation speed of the drive mechanism [26],
so they are mainly optimized for both.

A total of three 3D simulation models of the bionic straw returning machine, soil and
maize straw were required for the DEM (discrete element method) simulation experiments.
As shown in Figure 2a, a single-sphere model was chosen as the soil particle model, and the
Hertz-Mindlin with bonding contact model was used between each soil particle. A vertical
load was applied on the surface of all soil particles to provide a compaction effect. Each
physical parameter of the soil model after the above treatment is highly similar to the actual
situation in the region [27]. As shown in Figure 2b, the single-sphere particle model was
selected as the straw model, and the Hertz-Mindlin with bonding contact model was used
between the single-sphere particle models, and each physical parameter setting of the straw
model was highly similar to the actual situation in the region [14]. As shown in Figure 2c,
CATIA V5R21 software (Dassault Systèmes, Paris, France) was used to build the 3D solid
model of the bionic straw returning machine, and its material properties were all the same
as the solid prototype. As shown in Figure 2d, the operation process was simulated by
the Creator and Simulator modules in officially licensed genuine EDEM2018 software
(Altair Engineering, Inc., Troy, MI, USA), and the power consumption and crushing length
qualification rate of the operation were calculated by the Total Energy and Torque modules.
The amount of straw returning is generally 30%, 50%, 80% and 100% in the maize growing
regions of Northeast China [8,28]. In order that the results obtained from the parameter
optimization experiments could maximize all the returning amounts, the straw returning
amount was taken as the middle value of 65% in the DEM simulation experiments.

Since the DEM simulation test significantly reduces the test cost, a 2-factor, 5-level
full-scale test is used in this paper. Five levels of rotation radius R were selected: 200, 225,
250, 275 and 300 mm. The output rotation speed was selected at 600, 900, 1200, 1500 and
1800 r/min. All the experiments were conducted in a total of 25 groups, and each group
was repeated 5 times. Finally, according to the test results, the influence law of the 2 test
factors on the test index was analyzed, and a regression analysis model was established,
and then the optimal design parameter value combination was optimized.

2.3. Bionic Straw Returning Machine Operational Performance Test

The purpose of this test was to verify the effects of different bionic coupling elements
on the operating performance and the operating effect of the bionic straw returner under
different return volume conditions. Therefore, the experiment selected the bionic coupling
element and straw return volume as the test factors, and the operating power consumption
and crushing length qualification rate as the test indexes.

The bionic coupling element was set up in four levels: bionic structure cou-
pling element + bionic motion coupling element (BB + BD), bionic structure coupling
element + traditional drive method (BB + TD), bionic motion coupling element + tradi-
tional blade structure (TB + BD), and traditional blade structure + traditional drive method
(TB + TD). The machine used for this experiment was a bionic straw returning machine
with 1JGH-2 straw returning machine (the most common model in the region [29]). Before
the start of each experiment, the selection of the test machine was made according to the
set level of the bionic coupling element, based on Table 1.
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Figure 2. DEM simulation model construction and simulation operation process. (a) Discrete element soil model and
parameter construction. (b) Discrete element maize straw model and parameter construction. (c) Construction of 3D model
and parameters of the bionic straw returning machine. (d) The DEM-based simulation of the operation process of the bionic
straw returning machine.

Table 1. Bionic coupling element level and the test machines comparison table.

Bionic Coupling Element Levels Test Machine Selection

BB + BD Soil bin test using a bionic straw returning machine

BB + TD Installing the Bionic straw returning-stubble cleaning universal blade on the
1JGH-2 Straw returning machine for soil bin test

TB + BD Installing the traditional straw returning-stubble cleaning universal blade on
the bionic straw returning machine for soil bin test

TB + TD Soil bin test with 1JGH-2 straw returning machine

The maize planting density in the northeast China maize growing region is
75,000 plants/hm2 [30]. The effective test area of the soil bin (Agricultural Machinery
Soil Bin Laboratory, Jilin University, Changchun, China) used in this paper was 80 m2.
Therefore, four levels of straw returning were set for the soil bin tests, 180, 300, 480 and
600 straws, according to the common return levels (30%, 50%, 80% and 100%) in the area.
Before the start of each test, straw and root stubble were evenly spread or buried in the
bins according to the set straw returning level.

The environmental conditions of the soil bin were made similar to the field envi-
ronment by manual soil preparation, watering and compaction before the test, and the
moisture content and compactness of the soil trough before the test are shown in Table 2.
Post-harvest maize rootstocks were collected and sealed before the test. During the test, the
maize rootstocks were removed from the plastic sealing bag to minimize water dissipation.
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Table 2. Indicators of the soil in the soil bin before the test.

Soil Parameters Soil Bin for Test Average Maize-Growing Region in Northeast China

soil type black clay black clay
Soil compactness (MPa) 0.99 ± 0.04 1.03 ± 0.06

Soil moisture content (% d. b.) 19.6 ± 0.9 20.1 ± 1.2

Note: The data in the Table is from Inner Mongolia Statistical Yearbook 2020, Heilongjiang Province Statistical Yearbook 2020 and Jilin
Province Statistical Yearbook 2020. The data in the table are the average of the corresponding test sites for nearly 20 years [31–33].

As shown in Figure 3a, the machine is connected to the bench test vehicle, and the
test relies on the input power of the bench test vehicle (produced by Harbin Aoshen
Technology Co., Harbin, China, Power output range: 0–25 kW, rotation speed output
range: 2000 r/min), and the forward speed is selected as the most common 6 km/h [34].
The TQ-660 torque sensor (produced by Beijing Shitong Technology Co., Beijing, China,
range: 0 ± 500 Nm, accuracy: 0.5 V) is connected to the drive shaft of the blade through a
coupling, and then the torque of the machine operation is measured in real time. As shown
in Figure 3b, the torque sensor can transmit the cutting resistance torque to the computer
in real time, and the test data in the effective test area is fitted to the time-torque curve
g(t) by MATLAB software, and the operating power consumption is derived according to
Equation (1). As shown in Figure 3c, the straw crushing length was measured manually,
and the crushing length qualification rate was derived according to Equation (2).

Q =
∫ L/V

0
g(t)dt (1)

 
Figure 3. Soil bin test procedure. (a) Test equipment linking method. (b) Cutting energy consumption test data output.
(c) Manual test results of crushing length qualification rate.

Note: Q means cutting energy consumption, L means Effective length of soil bin, V
means forward speed of bench test vehicle, g(t) means instantaneous torque-time function
equation, t means operation time.

Y =
N1

N1+N2
× 100% (2)

Note: Y means crushing length qualification rate, N1 means crushing length less than
10 cm pieces, N2 means crushing length greater than 10 cm pieces.

2.4. Test Data Statistics

Based on the results of the parameter optimization test, a regression model was
established using regression analysis, and the accuracy of the model was evaluated by
ANOVA analysis and lack-of-fit term analysis. Both the parameter optimization test and
the operational performance comparison test used LSD to determine whether there was a
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significant difference between the different levels, and ANOVA to determine whether the
test factors had a significant effect on the test index. All data were processed and analyzed
using MATLAB and Design-expert software, and plotted using Origin software.

3. Results

3.1. Parameter Optimization Test Results

As shown in Figure 4a,b, under the condition of fixed rotation radius, the cutting
energy consumption first decreases and then increases as the output rotation speed acceler-
ates, while the crushing length qualification rate becomes a gradually increasing trend, and
the increasing trend gradually decreases. As shown in Figure 4c,d, under the condition
of the fixed output rotation speed, the cutting energy consumption decreases and then
rises with the increase of the rotation radius, while the crushing length qualification rate
realizes a gradually rising trend, and the rising trend gradually decreases. The regression
models between the two test factors and the two test indicators were derived separately
using Design-Expert software (Equations (3) and (4)). As shown in Table 3, all parameters
in the two regression models (R (Blade rotation radium), ω (Blade rotation speed), Rω,
R2, ω2) have significant effects on the cutting energy consumption and crushing length
qualification rate. Meanwhile, the p-values of the lack-of-fit term test for both regression
models were greater than 0.1.

Figure 4. Parameter optimization test results. (a) Effect of blade rotation speed on cutting energy consumption. (b) Effect of
blade rotation speed on crushing length qualification rate. (c) Effect of blade rotation radius on cutting energy consumption.
(d) Effect of blade rotation radius on crushing length qualification rate.

Table 3. Test data.

Resources

Regression Model on Crushing Energy
Consumption (Equation (3))

Regression Model on Crushing Length
Qualification Rate (Equation (4))

Sum of
Squares

df F-Value p-Value
Sum of
Squares

df F-Value p-Value

Model 2.05 × 106 5 86.32 <0.0001 ** 138.80 5 584.39 <0.0001 **
R 22,285.06 1 30.34 0.0389 * 58.75 1 1236.85 <0.0001 **
ω 1.41 × 105 1 4.80 <0.0001 ** 70.09 1 1475.57 <0.0001 **

Rω 53,592.95 1 11.54 0.0025 ** 0.25 1 5.26 0.0312
R2 9.35 × 105 1 106.35 <0.0001 ** 1.84 1 38.71 <0.0001 **
ω2 4.94 × 105 1 201.24 <0.0001 ** 6.47 1 136.11 <0.0001 **

Residual 1.07 × 105 23 / / 1.09 23 /
Lack of fit 96,392.45 19 1.94 0.2746 1.00 19 2.29 0.2196
Pure error 10,455.22 4 / / 0.092 4
Cor total 2.11 × 106 28 / / 139.89 28

Note: ** indicates highly significant (p < 0.01), * indicates significant (0.01 < p < 0.05).

The above experimental results show that the two regression models can provide
accurate estimates of the optimal values of the two design parameters. Using MATLAB
software, the minimum crushing energy consumption/acre under the condition that the
crushing length qualification rate is greater than 95% is used as the solution condition.
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The optimal combination of operating parameters of the machine was obtained as follows:
when the blade shaft rotation speed is 930 r/min and the blade rotation radius is 248 mm,
the estimated crushing length qualification rate can reach 92.89% and the crushing energy
consumption can reach 5431.23 kJ.

Q = 5436.96 − 68.55ω + 29.85R − 42.27Rω + 165.00R2 + 215.96ω2 (3)

Y = 92.78 + 2.168ω − 2.368R + 0.21Rω − 0.601R2 − 1.126ω2 (4)

3.2. Performance Verification Test Results of Bionic Straw Returning Machine

As shown in Figure 5a–d, when the straw is returned in the same amount, the crushing
energy consumption from largest to smallest is TB + TD > BB + TD > TB + TD > BB + BD.
As shown in Figure 5e–h, when the straw is returned in the same amount, the crushing
length qualification rate from high to low is: BB + BD > TB + BD > BB + TD > TB + TD.

Figure 5. Parameter optimization test results. (a) Effect of different mechanism collocation methods on operating power
consumption at 30% of straw returning amount. (b) Effect of different mechanism collocation methods on operating power
consumption at 50% of straw returning amount. (c) Effect of different mechanism collocation methods on operating power
consumption at 80% of straw returning amount. (d) Effect of different mechanism collocation methods on operating power
consumption at 100% of straw returning amount. (e) Effect of different mechanism collocation methods on crushing length
qualification rate at 30% of straw returning amount. (f) Effect of different mechanism collocation methods on crushing
length qualification rate at 50% of straw returning amount. (g) Effect of different mechanism collocation methods on
crushing length qualification rate at 80% of straw returning amount. (h) Effect of different mechanism collocation methods
on crushing length qualification rate at 100% of straw returning amount. Averages followed by different lowercase letters
are significantly different according to LSD’s multiple range experiment at the significance level of 0.05. Error bars are
standard deviation.

When the amount of straw returning is 30%, compared with TB + TD, BB + BD,
TB + BD and BB + TD improve the crushing length qualification rate by 10.4%, 7.1% and
3.9%, respectively, and reduce the crushing energy consumption by 9.4%, 6.8% and 4.4%.
When the amount of straw returning is 50%, compared with TB + TD, BB + BD, TB + BD and
BB + TD improve the crushing length qualification rate by 11%, 7.4% and 3.5%, respectively,
and reduce the crushing energy consumption by 9.5%, 6.3% and 4.2%. When the amount of
straw returning is 80%, compared with TB + TD, BB + BD, TB + BD and BB + TD improve
the crushing length qualification rate by 11.9%, 8% and 3.8%, respectively, and reduce
the crushing energy consumption by 11.7%, 9.1% and 6.3%. When the amount of straw
returning is 100%, compared with TB + TD, BB + BD, TB + BD and BB + TD improve the
crushing length qualification rate by 14.7%, 8.8% and 3.6%, respectively, and reduce the
crushing length consumption by 10.9%, 8.8% and 5.0%.
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The above experimental results show that both the bionic blade structure and the
bionic drive method can reduce the crushing energy consumption and improve the crushing
length qualification rate, and the effect is more significant as the amount of straw returning
increases. Compared with the bionic blade structure, the bionic drive method has a more
significant effect on the improvement of operating performance.

4. Discussion

4.1. Discussion on the Law of Influence of Design Parameters on Operational Performance

The crushing length qualification rate of the straw returning machine depends mainly
on the crushing success rate and the number of cutting times [35]. Maize straw can be
cut off only when the driving force of the blade is greater than the cutting resistance [36].
Obviously, when the driving force of the blade is the same, the lower the cutting resistance,
the higher the crushing success rate. Under the condition of the same crushing success
rate, the more the number of cutting times, the higher the qualification rate of crushing
length. Numerous studies have shown that the maximum cutting resistance is inversely
proportional to the cutting linear speed of the blade [37]. From Equation (5), it can be seen
that the larger the rotation radius R and output rotation speed ω, the larger the cutting
linear speed of the blade. The higher the output rotation speed, the more times the straw
is cut. Therefore, the crushing length qualification rate showed a gradual increase with
increasing the rotation radius and output rotation speed. This is similar to the findings of
He et al. in the maize-growing region of central China [17].

Vc = ωR
R − h

R
± V = ωR − ωh ± V (5)

Note: Vc means cutting linear velocity, ω means output rotation speed, R means
rotation radius, h means blade entry depth, V means Forward speed of bench test vehicle.

The crushing energy consumption Q of the bionic straw returning machine mainly
includes the energy consumption Q1 means the energy consumption generated by cutting
straw Q2 generated by disturbing soil. Lu et al. showed that Q1 mainly depends on the
cutting resistance, and the smaller the cutting resistance the lower the Q1 [38]. Ma et al.
showed that Q2 mainly depends on the cutting pitch and the entry depth, and the deeper
the entry depth or the shorter the cutting pitch the greater the Q2 [39]. From the previous
discussion, it is clear that the larger the rotation radius R and the output rotation speed,
the smaller the Q1. From Equation (6), the larger the rotation radius R and output rotation
speed ω, the smaller the cutting pitch. Therefore, the larger the rotation radius R and
output rotation speed ω, the greater the energy consumption Q2 for cutting the soil. Since
the entry depth (90 mm) of the straw returning operation is small, the soil is less disturbed
by the bionic straw returning machine when the cutting pitch is larger, and the magnitude
of Q1 is larger than Q2 at this time. Therefore, when the rotation radius R and the output
rotation speed ω are small, Q decreases as both increase. However, when the cutting pitch
is small, the amount of soil disturbance by the bionic straw returning machine is larger,
and the magnitude of Q2 exceeds Q1 at this time. Therefore, at a larger rotation radius R
and output rotation speed, Q realizes a gradual increase as both increase.[

Q = Q1 + Q2

S = 3000ω2(R−h)
πZ

]
(6)

Note: Q means crushing energy consumption, Q1 means energy consumption gen-
erated by crushing straw, Q2 means energy consumption from soil disturbance, S means
cutting pitch, ω means output rotation speed, R means rotation radius, h means blade entry
depth, Z means Number of bionic straw returning blades.
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4.2. A Discussion on the Impact of Bionic Design on Operational Performance

Maize straw consists of the epidermis and pith [40]. The epidermis is composed of
plant fibers, the pith is composed of lignin and spongy mesophyll [21]. Zhao et al. showed
that the resistance generated by cutting the epidermis accounted for more than 90% of the
total cutting resistance [41]. Zhao et al. showed that the straw epidermis was in a pulled-up
state before the blade pierced the straw epidermis [21]. As the tensile deformation of the
epidermis gradually increases, the tensile stress σ of the fiber gradually increases, resulting
in a continuous increase in cutting resistance [42]. The maximum value of cutting resistance
occurs at the moment when the straw epidermis is pierced [42]. Obviously, the longer it
takes for the blade to pierce the straw epidermis, the greater the deformation generated by
the straw epidermis and the greater the maximum cutting resistance. As shown in Figure 6,
the contact area between the bionic blade structure and the straw epidermis is smaller
compared to the traditional returning blade. As a result, the bionic blade structure produces
less cutting resistance and allows for a higher straw crushing length qualification rate.
Compared with the traditional blade structure, the bionic blade structure will significantly
reduce the energy consumption of straw crushing energy operation Q1, and thus reduce
the total energy consumption of returning operations.

 

Figure 6. Comparison of the operating principle between traditional straw returning machine and bionic straw returning
machine. The straw slips during the operation of traditional straw returning machine, and the contact area between the
blade and the straw is large. During the operation of the bionic straw returning machine, the straw is fixed and the contact
area between the blade and the straw is smaller.

As shown in Figure 6, when adopting the bionic drive method, the straw can realize
the force balance under the joint action of forward and reverse rotation return blades
and soil, and the cutting method at this time belongs to fixed cutting. When adopting
the traditional driving method only one side of the straw is stressed in the horizontal
direction, and the straw will move in the horizontal direction, and the cutting method at
this time belongs to dynamic cutting. Numerous studies have shown that the operational
resistance of fixed cutting is much lower than dynamic cutting [17]. Therefore, the bionic
drive method produces less cutting resistance and can obtain higher straw crushing length
qualification rate. The traditional driving method will throw the straw up and also cause
the straw to translate on the soil surface, thus generating frictional energy and potential
energy consumption. Therefore, the bionic drive method can significantly reduce the energy
consumption of the straw returning operation compared to the traditional drive method.

In recent years, many scholars in the field of agricultural machinery engineering have
conducted a large number of studies on methods to improve the operation performance of
straw returning machines, but have focused more on the optimization of design parameters
or operational parameters of existing machines [8,10–13,15]. The bionic straw returning
machine developed by coupled bionic design with primnoa as the bionic prototype in
this paper has made significant improvements in the cutting edge structure and cutting
motion, thus improving the quality of straw returning operation more significantly than
the previous studies.
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5. Conclusions

In this paper, we found that the efficient gnawing ability of the primnoas on maize
rootstocks was due to the segmented serrated structure of their mouthparts and the isoki-
netic reverse rotational movement. In this paper, we found that the blade rotation radius
and the drive mechanism output rotation speed had a significant effect on the crushing
energy consumption and crushing length qualification rate of the bionic straw returning
machine. The optimized combination of design parameter values most suitable for the
maize production region in northeast China should be 930 r/min and 248 mm. In this
paper, it was found that the bionic blade structure is easier to pierce the epidermal skin of
maize straw, thus reducing the cutting resistance. The bionic drive method can transform
the cutting method of straw returning operation into fixed cutting, which effectively limits
the displacement of straw during the cutting process while reducing the cutting resistance.
The findings of this paper showed that the bionic straw returning machine can improve
the straw crushing length qualification rate by 10.4–14.7% and reduce the straw cutting
energy consumption by 9.4–11.7% compared with the traditional straw returning machine.
The findings of this paper showed that the coupled bionic design can replicate the effi-
cient cutting ability of the primnoa mouthpart to the straw returning machine. Therefore,
this design method can be an effective means to provide future agricultural machinery
design field.

It should also be noted that the current fuel cost of straw returning operations in the
main maize-growing regions of northeast China is about 30 RMB/acre, and the bionic straw
returning machine can reduce power consumption by up to 10.4–14.7%, thus potentially
reducing that cost to 25.59–26.88 RMB/acre. The improvement of the straw crushing length
qualification rate will also reduce the difficulty of sowing operations, which will lead to an
increase in production and also bring greater economic benefits.

There are two limitations to the findings of this paper. First, the findings of this paper
are mainly applicable to the main maize producing regions in northeast China, and the
applicability to other regions or other crops needs further in-depth study. Secondly, due to
the more severe epidemic situation at present, large-scale field trials were not conducted
in this paper, but soil bin tests were used instead of field trials, so the findings of this
paper may not fully reflect the influence of field environment on the operating effect of
the machine.
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Abstract: The threshing of frozen corn is accompanied by breakage and adherence, which influence
the cleaning performance when the corn-cleaning mixture is separated and cleaned. In order to
reduce the impurity ratio and loss ratio during frozen corn cleaning and provide theoretical support
for frozen corn combine harvesting, this study employed a self-made air-screen cleaning system with
adjustable parameters. The optimal process parameters of frozen corn cleaning were determined by
using the response surface method (RSM). The influences of the fan speed (FS), vibrational frequency
(VF), and screen opening (SO) on the cleaning performance were explored. The results showed that
all three process parameters had significant effects on the impurity ratio (IR) and loss ratio (LR). The
fan speed had the most significant impact. The cleaning performance was optimal when the fan
speed was 102.7 rad/s, the vibration frequency was 6.42 Hz, and the screen opening was 21.9 mm,
corresponding to a 0.80% impurity ratio and a 0.61% loss ratio. The predicted values of the regression
models were consistent with the experimental results with a relative error of less than 5%. The
reliability and accuracy of regression models were established and confirmed.

Keywords: frozen corn; freeze adhesion; corn combine harvester; cleaning performance; parame-
ter optimization

1. Introduction

Corn is the most widely produced crop in the world, and it is an important food
and feed source. Corn production has great significance in ensuring food security [1–4].
In Canada, Ukraine, and northeast China, owing to high latitudes, the temperature is
already below zero when corn is harvested. In particular, owing to the long harvesting
period, a large amount of corn is harvested after frost and snowfall [5]. The physical
properties of corn change after freezing, which results in a high loss ratio in the combine
harvesting operation. The combine harvester can simultaneously complete the processes
of ear picking, threshing, cleaning, and collection, resulting in high operational efficiency
and low operating costs [6]. Therefore, it is widely used for frozen corn and harvesting of
other grains.

In combine harvesting, cleaning is an important procedure. The performance of the
cleaning system in a combine harvester directly affects the loss ratio and the impurity
ratio [7]. In order to improve the performance of the cleaning system, several researchers
have carried out numerous analyses on cleaning system in harvesters. Li et al. [8] simulated
and analyzed the motion of rice particles in cleaning device utilizing the discrete element
method (DEM) coupled with computational fluid dynamics (CFD). Their simulation results
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revealed that the longitudinal velocity of the short straw was significantly affected by
inlet airflow velocity. Badretdinov et al. [9] established a kinematic model of the linkage
structure of a grain combine harvester cleaning system by deriving coordinates, velocity,
and acceleration of the nodal points. For wind speed distribution, Ueka et al. [10] analyzed
the turbulent flow characteristics of the cleaning airflow. The results found that the main
factors affecting the airflow distribution were the friction and pressure change of material
particles. Gebrehiwot et al. [11] simulated and compared the airflow distributions of three
forward curved centrifugal fans. The results indicated that adding a cross-flow opening
in the width direction of the centrifugal fan outlet could enhance the utilization efficiency
of airflow. To investigate cleaning screen types, Wang et al. [12,13] designed several corn
cleaning screens, such as a curved screen, combined screen, and rubber screen. Sabashkin
et al. [14] proposed a cylinder screen with a screw dispenser for grain cleaning. Ivanov
et al. [15] established a mathematical model of grain movement in cylindrical screen, and
discussed the impact of feed rate and rotation speed on grain screening. Krzysiak et al. [16]
invented a new conical rotary screen and investigated the effect of the drum inclination
angle on cleaning performance. To address the blocking problem of the cleaning screen,
Cheng et al. [17] proposed an accumulation rule for the corn cob blockage mass in a chaff
screen as the operating hours increased. The response surface method (RSM) was used to
obtain the optimal vibration parameters with minimal corn cob blockage. For the real-time
monitoring of loss during the cleaning process, Xu et al. [18] developed a sieve loss sensor
based on the signal analysis of impacts. In addition, Craessaerts et al. [19,20] proposed a
multivariate input selection methodology and a fuzzy control system. By selecting and
controlling the variables of the sieve, the cleaning performance of the combine harvester
was optimized under different operation conditions. In general, all of these studies were
conducted under conditions in which the temperature was above zero at the time of grain
harvesting.

However, the physical properties of corn change after freezing, and some corn kernels
adhere to each other, which introduce challenges to the cleaning process. Unfortunately, no
experimental studies of air-screen cleaning systems have been reported for such conditions,
and to date, no optimal process parameters have been specified. Therefore, the objective of
this study is to optimize the process parameters of the air-screen cleaning system for frozen
corn to reduce the impurity ratio (IR) and loss ratio (LR). The characteristic dimensions
and the physical properties of components in the cleaning mixture were measured. A
single-factor design and the Box–Behnken design (BBD) were implemented. The effects
of the fan speed (FS), vibrational frequency (VF), the screen opening (SO) on cleaning
performance were analyzed, respectively. The experiments were conducted to determine
the combination of process parameters to obtain the optimal IR and LR. Using the impurity
ratio and loss ratio as response values, the optimal combination of process parameters was
determined and verified by experiments. The results may have potential to use for setting
frozen corn combine harvesting parameters.

2. Materials and Methods

In this section, we provide a brief introduction of the materials used for the cleaning
study. Then, we describe the experimental apparatus. Next, we present the experimental
designs, including the single-factor and the Box–Behnken experimental designs. Finally,
we present the method used to analyze experimental data.

2.1. Materials

For the cleaning study on frozen corn, a corn-cleaning mixture was prepared. The corn
cultivar Feitian 358 was selected as the sample. First, corn ears with the husks were picked
by hand in Changchun city (N 43◦56′, E 125◦14′), Jilin province. The picking time was from
10 to 15 December 2020, while the corn ears were frozen. Then, the ears were threshed on a
longitudinal axial threshing cylinder test device [5]. Referring to the operating parameters
of corn grain harvesters in Northeast China, the feed rate of corn ears was 8.5 kg/s, the
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drum speed was 40.3 rad/s, and the concave clearance was 40 mm [5]. The corn-cleaning
mixture was collected and stored outdoors. The mass of all preparative mixture was
3135 kg. Finally, a corn cleaning test was performed. The whole experimental process,
from threshing to cleaning, was completed outdoors within 7 days after picking the corn
ears. Over the experimental periods, the outdoor average temperature ranged from −10.2
to −12.6 ◦C. This means that the experimental materials were in a native frozen state
throughout the experimental periods.

2.2. Experimental Apparatus

The air-screen cleaning system used in this study is shown in Figure 1. The air-screen
cleaning system separates corn kernels from impurities under the action of airflow and
vibration. It mainly consists of frame, feeding hopper, oscillating plate, fan, fan drive motor,
crank, crank drive motor, swing, upper screen, upper screen box, lower screen, lower screen
box, tailing screen, and collection box. The upper screen and tailing screen are bolted onto
the upper screen box. Similarly, the lower screen is bolted onto the lower screen box. In
Figure 1, the nearside plate of the lower screen box is hidden so as to observe the position
of the lower screen. The oscillating plate, upper screen box, and lower screen box were
powered for reciprocation with a 7.5 kW electric motor through the crank and swing. A
FR500-4T-7.5G frequency converter (Frecon Electric Co., Ltd., Shenzhen, China) was used
to adjust the vibrational frequency of the oscillating plate, upper screen box, and lower
screen box in a range from 0 to 25 Hz. The fan was driven by a 2.2 kW electric motor and
was adjusted by a FR150-2S-2.2B frequency converter (Frecon Electric Co., Ltd., Shenzhen,
China), the speed of which ranged from 0 to 150.7 rad/s. All screens were chaffer sieves
with adjustable opening. The screen slices of the chaffer sieve were arranged in parallel.
The vertical distance between two adjacent parallel screen slices is the screen opening (SO).

 

Figure 1. Air-screen cleaning system: 1. feeding hopper, 2. oscillating plate, 3. frame, 4. upper screen,
5. upper screen box, 6. tailing screen, 7. fan drive motor, 8. crank drive motor, 9. fan, 10. crank, 11.
swing, 12. lower screen, 13. lower screen box, and 14. collection hopper.

2.3. Experimental Design
2.3.1. Single-Factor Experiment

According to the material properties and the operating principle of the air-screen
cleaning system, the impurity ratio (IR) and loss ratio (LR) depend on several factors, such
as fan speed (FS), vibration frequency (VF), and screen opening (SO) [21]. A single-factor
experiment was designed to analyze the effects of these three factors [22,23]. The single-
factor experiment was arranged with six values for each factor with the feed rate of the
corn-cleaning mixture set to 5.5 kg/s. For each set of parameters, a single trial was repeated
three times. The experimental scheme is shown in Table 1. Given that air flow plays an
important role in the cleaning process, the fan outlet airflows at different fan speeds were
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measured with an AS866 hot-film anemometer (SMART SENSOR, Hong Kong, China) and
the airflows corresponding to the six fan speed values were 7.9, 9.4, 10.8, 12.7, 14.3, and
16.8 m/s.

Table 1. Experimental scheme design of the single-factor experiment.

Numbers Factors Values Condition

1–5 Fan speed
(FS) (rad/s)

73.2, 83.7, 94.2, 104.7,
115.2, 125.6

VF = 5 Hz
SO = 22 mm

6–10 Vibration frequency
(VF) (Hz) 3, 4, 5, 6, 7, 8 FS = 104.7 rad/s

SO = 22 mm

11–15 Screen opening
(SO) (mm) 18, 20, 22, 24, 26, 28 FS = 104.7 rad/s

VF = 5 Hz

2.3.2. Box–Behnken Experiment

A Box–Behnken design (BBD) with three factors and three levels was implemented to
explore the interaction between factors [24,25]. The coded levels are shown in Table 2. The
impurity ratio and loss ratio were used as evaluation indexes. As shown in Table 3, the
experiment was performed with seventeen groups of trials including twelve combinations
of factors and five replicates at the center point [26]. The feed rate of the corn-cleaning
mixture was set to 5.5 kg/s.

Table 2. Levels of each experimental factor.

Levels
Fan Speed

(rad/s)
Vibration Frequency

(Hz)
Screen Opening

(mm)

−1 94.2 5 20
0 104.7 6 22
1 115.2 7 24

Table 3. The experimental design and results.

Factors Evaluation Indexes

Numbers
Fan Speed

(rad/s)
Vibration

Frequency (Hz)
Screen Opening

(mm)
Impurity
Ratio (%)

Loss Ratio (%)

1 −1 −1 0 1.39 0.69
2 1 −1 0 0.85 1.47
3 −1 1 0 0.94 0.71
4 1 1 0 0.79 1.24
5 −1 0 −1 1.05 0.64
6 1 0 −1 0.9 1.65
7 −1 0 1 1.32 0.82
8 1 0 1 1.03 1.19
9 0 −1 −1 0.99 1.03

10 0 1 −1 0.89 1.01
11 0 −1 1 1.25 1.08
12 0 1 1 0.9 0.82
13 0 0 0 0.73 0.73
14 0 0 0 0.85 0.66
15 0 0 0 0.83 0.69
16 0 0 0 0.75 0.73
17 0 0 0 0.87 0.74

After cleaning, the mixture was collected in the collection box, and the impurities
therein were manually selected and weighed to calculate the impurity ratio. All discharged
materials at the end of the tailing screen were gathered in a net bag, and the corn kernels
therein were picked out and weighed to calculate the loss ratio. The impurity ratio and
loss ratio were calculated by using the following equations [7]:

IR =
mi
mh

× 100%, (1)
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LR =
ml
mt

× 100%, (2)

where mi is the mass in kg of impurities in the collection box, mh is the mass in kg of corn
kernels in the collection box, ml is the mass in kg of lost kernels, and mt is the total mass in
kg of the corn-cleaning mixture.

2.4. Data Analysis Method

In this study, the experimental results of the BBD were statistically analyzed using
Design-Expert 2021 software (Stat-Ease Inc., Minneapolis, MN, USA). The response surface
method (RSM) was applied to analyze the experimental data. Quadratic regression models
were evaluated through the coefficient of determination (R2) [27]. The significance of
each factor for the experimental evaluation indexes was determined using the analysis of
variance (ANOVA) [27], and the significance level was p = 0.05. Subsequently, response
surface plots for interactions were generated using RSM. In addition, the optimal values
of process parameters and the predicted IR and LR values were determined. The optimal
parameters obtained from the regression analysis were further verified by experiments.

3. Results

In this section, the physical properties of materials are described, and the effects of
process parameters on the cleaning performance are analyzed. Regression models and the
optimal parameters combination are presented.

3.1. Physical Properties of Components

The physical properties of materials are an important basis for the design and de-
termination of parameters for an air-screen cleaning system. After freezing, the physical
properties of corn components change, which affects the cleaning performance [28]. There-
fore, in order to provide a data reference, the physical properties of each component in
the corn-cleaning mixture were measured. The corn-cleaning mixture included five crop
components, namely, corn kernels, corn cobs, corn stalks, corn husks, and corn stigma,
together with the noncrop component, ice. Five hundred grams corn kernels, 100 g corn
cobs, 50 g corn stalks and 50 g corn husks were randomly selected from the mixture as a
group of samples to determine the moisture contents. Samples were prepared in triplicate
and were dried in a DZF–6050 thermostatic drying oven (Rongshida Electric Equipment
Co., Ltd., Kunshan, China) at 105 ± 1 ◦C for 24 h [29]. The moisture contents of kernels,
cobs, stalks, hulks, and stigma, measured on a wet basis method, were 24.8 ± 0.19%,
54.5 ± 0.22%, 68.3 ± 0.15%, 26.6 ± 0.17%, and 25.7 ± 0.11%, respectively.

The shapes of corn kernels were horse-toothed, conical, and spherical [30]. Taking
the horse-toothed kernel as an example, the characteristic dimensions comprise the upper
width (W1), bottom width (W2), height (Hh), and thickness (T). The dimensions were
measured by a digital caliper with 0.01 mm accuracy (Prokits Industries Co., Ltd., Shanghai,
China). The characteristic dimensions of corn kernel in three shapes are shown in Table 4.

Table 4. Shapes and characteristic dimensions of corn kernels in three shapes.

Shape Characteristic Dimensions Value Proportion (%)

Horse-toothed kernel

W1 (mm) 4.44–6.39

88.2
W2 (mm) 7.32–9.61
Hh (mm) 10.18–14.20
T (mm) 4.01–6.46
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Table 4. Cont.

Shape Characteristic Dimensions Value Proportion (%)

Conical kernel

Dc (mm) 4.65–6.23
7.5

Hc (mm) 9.26–13.65

Spherical kernel

Ds (mm) 3.98–6.27
4.3

Hs (mm) 3.65–6.51

The length (Lc), radius (Rc), and broken angle (α) were determined as the characteristic
dimensions of corn cobs. The length (Ls) and radius (Rs) were determined as the character-
istic dimensions of corn stalks. The dimensions were measured with the digital caliper and
an angle gauge with 0.01◦ accuracy (Dongmei Instruments Ltd., Shenzhen, China). The
characteristic sizes and the measurement results are listed in Tables 5 and 6.

Table 5. Characteristic dimensions of corn cobs.

Characteristic Dimensions Value Proportion (%)

Corn cob

Rc (mm)

10–20 38.1
20–30 36.4
30–40 15.4
40–50 5.5
50–60 2.7
60–70 1.9

Lc (mm)

8–10 22.2
10–12 37.8
12–14 26.4
14–16 4.5

α (◦)

0–90 51.2
90–180 29.0
180–270 9.1
270–360 10.7

Table 6. Characteristic dimensions of corn stalks.

Corn stalk

Characteristic Dimensions Value Proportion (%)

Ls (mm)

10–20 11.9
20–30 38.5
30–40 31.7
40–50 12.8
50–60 5.1

Rs (mm)

5–6 6.9
6–7 44.2
7–8 35.7
8–9 13.2

The coefficient of static friction was measured by applying a self-made test platform
(Figure 2). A corn kernel was placed on the wall; the slope was then lifted by adjusting
the screw and was stopped just as the kernel began to slide [31]. The angle displayed
on the digital protractor was recorded. When the coefficient of friction between kernels
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was measured, a corn kernel was placed on the wall that was glued with kernels, and
then the previous step was repeated. The coefficient of static friction can be calculated by
Equation (3):

μ = tan θ (3)

 

Figure 2. Platform to test the static friction coefficient.

The coefficient of rolling friction was measured by using the slope method [32]. As
shown in Figure 3, a corn stalk was released at no initial velocity at the top of the slope and
rolled on the horizontal surface until static. The vertical distance h and rolling distance d
were measured, and coefficient of rolling friction was calculated using Equation (4):

f =
h
d

(4)

 

Figure 3. Platform to test the roll friction coefficient.

The coefficient of restitution was measured by the self-made restitution coefficient
test platform (Figure 4). We used a dropping test to determine the coefficient of restitution
between each component and screen [33]. A corn kernel was released from the position
of height H0 and collided with the horizontal collision plane. A high-speed camera was
used to record the rebound height of the kernel H1 after the collision. The coefficient of
restitution can be calculated by using Equation (5). We used a pendulum test to determine
the coefficient of restitution between components [34]. As shown in Figure 4, two corn
kernels were glued and connected with fishing line. The kernel on the right was released
at the height H0 with no initial velocity and collided with another kernel. After collision,
kernels reached the heights H1 and H2. The coefficient of restitution was calculated by
using Equation (6). The results of the physical properties characterizing the contact are
shown in Table 7.

ew =

√
H1

H0
(5)
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ep =

√
H2 −

√
H1√

H0
(6)

 
Figure 4. Platform to test the restitution coefficient.

Table 7. The physical properties of characterizing contact between components.

Property
Coefficient of

Restitution
Coefficient of
Static Friction

Coefficient of
Rolling Friction

Corn kernel–corn kernel 0.37 0.36 0.04
Corn kernel–corn cob 0.28 0.62 0.02

Corn kernel–corn stalk 0.26 0.34 0.05
Corn kernel–screen 0.58 0.39 0.05
Corn cob–corn cob 0.25 0.78 0.02

Corn cob–corn stalk 0.24 0.39 0.04
Corn cob–screen 0.35 0.65 0.02

Corn stalk–corn stalk 0.23 0.38 0.06
Corn stalk–screen 0.30 0.34 0.05

When corn was harvested in the frozen state, some corn kernels after threshing
presented the phenomenon of freeze-adhesion, as shown in Figure 5. Adhering kernels
had difficulty penetrating the screen due to the overall increase in dimensions. Therefore,
the characteristic dimensions of adhering kernels were measured, as shown in Table 8.

  

Figure 5. Adhering kernels and their characteristic dimensions.

Table 8. Types and characteristic dimensions of adhesive kernels.

Types A (mm) B (mm) H (mm)

Two-kernel adhesion 6.9–8.8 7.3–9.6 12.2–14.5
Three-kernel adhesion 11.9–14.3 7.5–10.1 12.0–15.4
Four-kernel adhesion 15.5–17.2 7.2–10.5 11.8–15.9
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3.2. Results of Single-Factor Experiment
3.2.1. Fan Speed

The nonlinear fitting curve in Figure 6 indicates the influence of fan speed on the
impurity ratio and loss ratio. With the increase in fan speed, the IR decreased from 1.45%
to 0.86%. Conversely, the LR increased from 0.75% to 1.42%. It can be seen in Figure 6
that the reduction in IR was more significant, ranging from 73.2 to 104.7 rad/s. The IR
maintained a small decline from 104.7 to 125.6 rad/s. The LR increased slightly at first
and then experienced a sharp increase when the fan speed exceeded 104.7 rad/s. As
the fan speed increased, more impurities, such as corn cobs and husks. were blown out
from the cleaning system, resulting in a decrease in the IR. However, the blowing effect of
airflow on corn kernels was strengthened with the increase in the fan speed. Some kernels
intermingled within impurities were blown out without being screened, which caused a
large loss.

Figure 6. Influence of fan speed on the impurity ratio and loss ratio.

3.2.2. Vibration Frequency

The nonlinear fitting curve in Figure 7 indicates the influence of vibration frequency
on the impurity ratio and loss ratio. With the increase in the vibration frequency, the IR
decreased from 1.44% to 0.80%. Conversely, the LR increased from 0.79% to 1.18%. In
particular, the IR decreased mainly in the range of 3–6 Hz, and it leveled off within the range
of 6–8 Hz. The rising tendency of the LR caused by the vibration frequency was similar to
that caused by the fan speed. The LR increased significantly when the vibration frequency
exceeded 6 Hz. The increase in vibration frequency facilitated layering and dispersal of
material from the cleaning mixture on the screen surface, which was conducive to kernel
penetration. The airflow on the screen surface was evenly distributed, which facilitated the
backward movement of impurities. Therefore, the IR continuously decreased. However,
the kernel loss increased as the vibration frequency increased. The reason for this is that
the screening time of the cleaning-mixture decreased as the vibration frequency increased.
Some corn kernels were discharged from the chaff screen before passing through it.

3.2.3. Screen Opening

The nonlinear fitting curve in Figure 8 indicates the influence of the screen opening
on the impurity ratio and the loss ratio. With the increase of the screen opening, the LR
decreased from 1.39% to 0.72%. Conversely, the IR increased from 0.73% to 1.42%. It can be
seen that the IR increased slightly at first. After reaching 22 mm, the rise in the IR became
steep. The LR showed a sharp downward trend from 18 to 24 mm and a slow downward
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trend from 24 to 28 mm. As the screen opening increased, corn kernels were more likely to
pass through the screen rather than exit the cleaning system, explaining the decline in the
LR. With a small screen opening, a large number of corn stalks and corn cobs were unable
to penetrate the screen due to the size limitation. When the size of the screen opening
increased until it exceeded that of impurities, the impurities passed through the screen and
entered the collection box, which caused an increase in the IR.

Figure 7. Influence of vibration frequency on the impurity ratio and loss ratio.

Figure 8. The influence of screen opening on the impurity ratio and the loss ratio.

3.3. Analysis of Variance

The results of ANOVA on the impurity ratio are shown in Table 9. In the ANOVA
results, a p-value of less than 0.05 indicates that the model term had a significant influence.
The p-value of this model was less than 0.001, which indicates that the regression model of
the IR was significant. For the linear terms, the results clearly show that FS, VF, and SO all
had a significant influence on the IR. Moreover, FS was the most significant factor, with an
F-value of 43.15, and VF was the second most significant. For the interaction terms, only
FS–VF had a significant influence on the IR. Moreover, the quadratic terms (FS)2 and (SO)2
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also had a significant influence on the IR. Therefore, after excluding nonsignificant terms,
the regression model of the IR is shown as follows:

IR = 31.834 − 0.274FS − 1.119VF − 1.158SO + 9.286×10−3FS ×VF + 1.152 × 10−3(FS)2 + 3.5500 × 10−2(SO)2 (7)

Table 9. ANOVA of the impurity ratio.

Cause of
Variance

Sum of
Squares

Freedom
Mean

Square
F-Value p-Value Significant

Model 0.57 9 0.064 17.25 0.0006 *
FS 0.16 1 0.16 43.15 0.0003 *
VF 0.12 1 0.12 31.14 0.0008 *
SO 0.056 1 0.056 15.17 0.0059 *

FS–VF 0.038 1 0.038 10.28 0.0149 *
FS–SO 0.0049 1 0.0059 1.32 0.2876
VF–SO 0.016 1 0.016 4.22 0.0789
(FS)2 0.068 1 0.068 18.36 0.0036 *
(VF)2 0.015 1 0.015 4.03 0.0847
(SO)2 0.085 1 0.085 22.95 0.0020 *

Residual 0.026 7 0.003699
Lack of Fit 0.010 3 0.003458 0.89 0.5186
Pure Error 0.016 4 0.003.88

Total 0.60 16
* Significant (p < 0.05)

The results of ANOVA on the loss ratio are shown in Table 10. The p-value of this
model was less than 0.0001, implying that the regression model of the LR was extremely
significant. For the linear terms, it was clear that FS, VF, and SO all had a significant
influence on changing the LR. Moreover, FS was the most significant factor. Furthermore,
the F-value of FS far outweighed that of VF and SO. For the interaction terms, only FS–VF
had a significant influence on changing the LR. Moreover, the quadratic terms of (FS)2,
(VF)2, and (SO)2 had a significant influence on changing the LR. Therefore, the regression
model of the LR after excluding the nonsignificant items is shown as follows:

LR = 34.508 − 0.317FS − 2.787VF − 0.935SO + 6.429 × 10−3FS ×VF+ 1.73 × 10−3(FS)2 + 0.176(VF)2 + 2.594 × 10−2(SO)2 (8)

Table 10. ANOVA for the loss ratio.

Cause of
Variance

Sum of
Squares

Freedom
Mean

Square
F-Value p-Value Significant

Model 1.69 9 0.19 58.86 <0.0001 *
FS 1.24 1 1.24 388.90 <0.0001 *
VF 0.023 1 0.023 7.25 0.0310 *
SO 0.034 1 0.034 10.60 0.0140 *

FS–VF 0.018 1 0.018 5.71 0.0481 *
FS–SO 0.0081 1 0.0081 2.54 0.1550
VF–SO 0.0004 1 0.0004 0.031 0.8645
(FS)2 0.15 1 0.15 48.29 0.0002 *
(VF)2 0.13 1 0.13 41.01 0.0004 *
(SO)2 0.045 1 0.045 14.21 0.0070 *

Residual 0.022 7 0.003189 58.86
Lack of Fit 0.018 3 0.005908 0.0739
Pure Error 0.0046 4 0.00115

Total 1.71 16
* Significant (p < 0.05).

3.4. Response Surface Analysis

The response surface plots shown in Figure 9 depict the effects of interactions between
FS, VF, and SO on the IR. The IR presents a similar trend in Figure 9a–c; it first decreases
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and then increases with the increase in FS, VF, and SO. However, comparing the curve
gradient of the response surface shows that the changing trend shown in Figure 9a is the
strongest. The p-value of FS–VF listed in Table 9 is greater than those of FS–SO and VF–SO.
Therefore, the interaction of FS–VF for the IR had the most significant effect on the IR.

(a) 

(b) 

(c) 

Figure 9. Response surface plots for interaction between the pairs (a) FS–VF, (b) FS–SO, and (c)
VF–SO.

The response surface plots shown in Figure 10 depict the effects of interactions between
FS, VF, and SO on the LR. In the cleaning process, the LR significantly increased with the
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increase in FS. The enhancement of the LR can be explained by the stronger carrying effect
of the airflow on the corn kernels. The increase in VF led to a corresponding decline in the
LR when the VF was low. However, a further increase in VF resulted in a rise of the LR.
The trend of the LR caused by the increase of SO was similar to that of VF. Comparing the
curve gradient of the response surfaces in Figure 10 and the p-values in Table 10 confirms
that the interaction of FS–VF had the most significant effect on the LR.

(a) 

(b) 

(c) 

Figure 10. Response surface plots for interaction between the pairs (a) FS–VF, (b) FS–SO, and (c)
VF–SO.
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3.5. Optimization and Verification

The analysis above shows that the IR and the LR varied inversely with the variation
in process parameters. Response surface optimization [35,36] was carried out. The aim of
optimization was to obtain the optimal combination of FS, VF, and SO to simultaneously
minimize the IR and LR in the process of frozen corn cleaning. Therefore, the response
values of the IR and LR were taken as the minimum values. The ranges of FS, VF, and SO
were constrained to 94.2–115.2 rad/s, 5–7 Hz, and 20–24 mm, respectively. The optimal
combination was obtained using Design-Expert 2021 software. The IR and LR were both
minimized when the FS was 102.7 rad/s, the VF was 6.42 Hz, the SO was 21.9 mm. The
predicted values of IR and LR were 0.80% and 0.61%, respectively. Three validation
experiments were then carried out under the optimal parameters. As shown in Table 11,
the experimental results were highly consistent with the predicted values, with a relative
error of less than 5%. These results indicate that the optimization model is reliable in the
frozen corn cleaning operation.

Table 11. Results of validation experiments and predicted values.

1 2 3 Mean Prediction Relative Error (%)

IR (%) 0.74 0.82 0.76 0.77 0.80 3.89
LR (%) 0.59 0.66 0.68 0.64 0.61 4.69

4. Discussion

4.1. Physical Properties

When frozen corn is harvested, the ice contained in the mixture causes the phe-
nomenon of corn freeze-adhesion. According to statistical data, adhering kernels accounted
for 1% of the corn-cleaning mixture. Amongst them, there were 74% cases with two-kernel
adhesion, 24% cases with three-kernel adhesion, and 2% with four-kernel adhesion. Some
physical properties of components were determined, including characteristic dimensions,
coefficient of restitution, coefficient of static friction, and coefficient of rolling friction.
Compared with literature reports [13,30,31], no notable differences in characteristic dimen-
sions of nonadhesive corn kernels, corn cobs and corn stalks were observed. However,
the proportion of corn cobs decreased by 1.2% because in the frozen state, corn cobs are
difficult to break when corn ears are threshed. Most corn cobs with full or half lengths
were discharged at the end of the threshing drum and did not enter the cleaning system.
The coefficient of restitution, coefficient of static friction, and coefficient of rolling friction
of frozen corn were slightly higher than those of nonfrozen corn, which is similar to the
results reported in the literature [33].

4.2. Single-Factor Experiment

With the increase in the fan speed, the impurity ratio continuously decreased while
the loss ratio continuously increased. When the fan speed was 73.2 rad/s, the minimum
loss ratio occurred, which was 0.69%; however, the maximum impurity ratio of 1.45% was
observed. When the fan speed was 125.6 rad/s, the impurity ratio of 0.78% was the lowest,
while the loss ratio peaked at 1.42%. For cleaning performance, both the low impurity
ratio and loss ratio should be taken into account. Therefore, as presented in Figure 6, the
fan speed interval 94.2–115.2 rad/s was superior, ensuring both a lower impurity ratio
and loss ratio. Similarly, as shown in Figures 7 and 8, the superior interval of vibration
frequency and screen opening were 5–7 Hz and 20–24 mm, respectively. The results of
the single-factor experiment provided the data support that selected the levels of each
experimental factor in the Box–Behnken experiment.

4.3. Response Surface Analysis

The ANOVA results for response surface demonstrated that fan speed was the most
important factor for affecting both the impurity ratio and loss ratio. The response sur-
face plots also showed that the change of impurity ratio with fan speed (Figure 9a,b)
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was stronger than those with vibrational frequency (Figure 9a,c) and screen opening
(Figure 9b,c). This changing tendency was the same for the loss ratio. For the interaction
terms, the function was realized by synergism between FS and VF, which led to a decrease
in impurity ratio and an increase in loss ratio. The optimal combination was fan speed
102.7 rad/s, vibration frequency 6.42 Hz, and screen opening 21.9 mm. Correspondingly,
the impurity ratio was 0.80% and loss ratio was 0.61%. Results of validation tests were
a 0.77% impurity ratio and a 0.64% loss ratio, which meet the requirements of Chinese
National Standard GB/T 21962-2020 for the impurity ratio and loss ratio in corn combine
harvesters (IR ≤ 2%, LR ≤ 2%).

4.4. Cleaning Process Parameters between Frozen and Nonfrozen Corn

At present, no studies have reported on cleaning process parameters for frozen corn.
In contrast to harvesting at above-zero temperature, there were certain differences in the
parameter values. In literature reports [12,13,35], the values of fan speed covered a range
from 78.5 to 94.2 rad/s, and the values of vibrational frequency covered a range from
4.45 to 6 Hz. In this study, the optimal values of the fan speed and vibration frequency
were 102.7 rad/s and 6.42 Hz, which were higher than optimum values for harvesting
above zero. This is because of the physical properties of crop components and ice in the
mixture. Firstly, the increase of static friction coefficient reduced the moving velocity of the
mixture. Secondly, as the screen slices of chaffer screen were inclined upwards, this caused
rebound forward of mixture to occur frequently when the screen was in reciprocating
movement. The increase of coefficient of restitution enabled the backward motion velocity
of the mixture increase, but it also meant that the forward rebound velocity of the mixture
was increased. Thus, these physical properties affected the movement of the mixture.
Thirdly, frozen kernel adhesion weakened the fluidity of the mixture as small pieces of ice
were present. In particular, this effect was exacerbated by ice attaching to the oscillating
plate and screen surface. Hence, the fan speed and vibrational frequency needed to be
larger to promote the flow of the mixture. Additionally, there was not much difference in
screen opening values.

5. Conclusions

In this study, the process parameters of an air-screen cleaning system for frozen corn
were optimized by using the response surface method (RSM). The physical properties of
materials were measured. The influences of fan speed, vibration frequency, and screen
opening on evaluation indexes were analyzed. The single-factor experiment results indicate
that the impurity ratio was negatively correlated with fan speed and vibration frequency,
and it was positively correlated with screen opening. The loss ratio was positively corre-
lated with fan speed and vibration frequency, and it was negatively correlated with screen
opening. The optimal combination of process parameters was a fan speed of 102.7 rad/s,
vibrational frequency of 6.42 Hz, and screen opening of 21.9 mm. Under this condition, the
impurity ratio was 0.80% and the loss ratio was 0.61%. Compared to the results of valida-
tion experiments, the relative error of the predicted values was less than 5%, proving the
reliability of the regression models that were determined. This study provided a theoretical
basis for the process of optimizing air-screen cleaning systems for frozen corn.

It is worth noting that this study has some limitations. First, the influence of the
variation in moisture content was not explored. The moisture content influences the
physical properties of corn and then affects the parameter ranges. Second, in the study,
we only investigated the cleaning of a single corn cultivar. The differences between corn
varieties in frozen state merit further study.

Therefore, further research is needed to address these limitations. The effect of mois-
ture content as a factor on cleaning performance will be investigated. Additional corn
varieties require consideration. More types of screen and hole sizes in the screen will be
selected. Based on the test results, a new cleaning system will be designed to improve
higher cleaning performance for frozen corn harvesting.
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Abstract: The black soil of Northeast China has a strong adhesion ability because of its unique
physical properties, and the soil often adheres to the surface of the grouser shoes of tracked vehicles
during the operation. The adhesion performance depends largely on structure parameters of the
grouser shoes. The grouser height, the grouser thickness, and the grouser splayed angle were selected
as structure parameters. The adhesion force and adhesive soil mass were selected as indicators
of adhesion performance. Therefore, the mathematical model between structure parameters and
response indicators was established by the response surface method (RSM). The optimal parameters
combination was that the grouser height was 20 mm, grouser thickness was 6.34 mm, and grouser
splayed angle was 40.45◦. The average data of verification experiments occurred when the adhesion
force reached 1.11 kPa and adhesive soil mass reached 22.68 g. Compared with the average value of
un-optimized experiment results, the adhesion force and adhesive soil mass reduced by 12.84% and
4.63%, respectively. The relative error of the predicted values and measured values was less than
5%, proving the reliability of the regression models. This study could provide a reference method
for parameters optimization, and a new structure of the grouser shoes of tracked vehicles will be
designed to reduce adhesion.

Keywords: soil adhesion; grouser shoe; structure parameters; optimization; black soil; RSM

1. Introduction

Black soil is mainly distributed in the Northeast China, with high moisture content,
low soil porosity, stickiness, and easy agglomeration [1,2]. After the rainy season, the
moisture content often exceeds 20% which is close to rheological properties, therefore,
the adhesion performance is very prominent [3,4]. Because of the strong adhesion, the
phenomenon of soil adhesion frequently occurs between the soil and the grouser shoes of
tracked vehicles, which significantly increases the energy consumption and the working
resistance and has greatly affected the production efficiency [5–7].

In order to reduce the undesirable influence of the soil adhesion, various studies have
been carried out in the past few years. Massah et al. [8] designed a bionic electro-osmotic
soil-engaging plate to investigate the effect of several design and functional parameters
on soil adhesion reduction during a simulated tillage operation. The results showed
that using the bionic electro-osmosis technology, plates’ soil adhesion reduced by 29.8%.
Barzegar et al. [9] applied the ultra-high molecular weight polyethylene (UHMW-PE) to
the surface of tine compared with the uncoated tine in the heavy clay soil to evaluate the
soil-tool adhesion of the UHMW-PE-coated tine. The soil did not adhere to the UHMW-PE
plastic tine while moving through the heavy clay soil. The results presented the self-
scouring ability and low adhesion characteristics of UHMW-PE. Marani et al. [10] studied
the effect of Nano-coating materials on reduction of soil adhesion and external friction and
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developed a precise measuring system to measure the adhesion and friction coefficient of
soil and metal. Nano-coated plates exhibited a much lower friction angle and less adhesion
than steel due to hydrophobic surfaces and roughness in the nanoscale. Ucgul et al. [11]
accounted for the soil adhesion and cohesion by using the hysteretic spring contact model
to establish the three-dimensional discrete element modelling (DEM) of tillage. Results of
modelling the direct shear test showed that the DEM could predict tillage draft and vertical
tillage forces in a range of soil and operating conditions. Zenkov et al. [12,13] analyzed the
temperature–time characteristics of three self-regulating heating elements and presented
the thermal effect as a method to combat ground-and-machine part adhesion. For reducing
the adhesion of soils to working bodies of machines, an intermediate layer at the interface
between the phases of the system was created, similar to a screen for intermolecular in-
teraction forces of phases, which has a lubricating effect. Ren et al. [14–16], based on the
principles of bionics, used the electro-osmosis method to reduce adhesion of soil against
loading shovel and designed and tested the pole plates of the non-smooth surfaces with
different dimensions. The results showed that the adhesion of soil to a shovel was sub-
stantially reduced at a low electro-osmosis voltage. Meanwhile, theoretical analysis was
carried out to reveal the mechanism of resistance reduction/anti-adhesion. Tong et al. [17]
studied the geometrical features and wettability of dung beetles and discovered that the
head was similar to bulldozing blades, and the forelegs have a tooth-like structure with
strong burrowing ability. Wang et al. [18] used the mild steel plate as a model to study
on the use of vibration to reduce soil adhesion. The vibration was produced by blowing
compressed air, and the frequencies between 60 Hz and 100 Hz were significantly effective
in removing soil from the blade during operation. The study explored a new mechanism
to prevent soil adhesion to machines. Jia et al. [19] analyzed the characteristic of earth-
worm motion and designed the anti-adhesion structure of a press roller, which revealed
the anti-adhesion mechanism of the rubber bulge structure. Field experiments showed
that the press roller with rubber bulge structure had a lower adhesive soil mass than the
conventional press roller. Sun et al. [20] extracted and analyzed the features of the bear
claws and designed a new soil plowing device for resistance reduction/anti-adhesion
using the discrete element method (DEM) simulation of the bear-claw bionic ditcher to
verify the accuracy of the model and obtained the motion characteristics. Zhang et al. [21]
and Sun et al. [22] summarized the biological structures of some soil-burrowing animals
by designing and developing the biomimetic disc furrow opener and other tillage imple-
ments, which presented the application of biomimetic for designing soil-engaging tillage
implements in Northeast China. From the present research, it could be concluded that
the methods of the biomimetic of bionic electro-osmotic, the UHMW-PE/Nano coating,
the DEM simulation, the self-regulating heating effect, the mechanical vibration, and the
biomimetic of soil-burrowing animals are commonly used to reduce the soil adhesion.

However, almost all researchers focused on the tractive performance of the grouser
shoes of tracked vehicles [23–26]. Additionally, the soil types were mainly paddy soil, clay
soil, and red soil that were distributed in the south. Therefore, there is a paucity of theory
and method to estimate the effect of structure parameters of the grouser shoes of tracked
vehicles on the adhesion performance under black soil in Northeast China. To address
the above problem, the theoretical analysis based on the Bekker’s sinkage model needs
to be built to explore the impact factors of structure parameters of the grouser shoes on
the adhesion force. Furthermore, the appropriate structure parameters (i.e., the grouser
height, the grouser thickness, and the grouser splayed angle) and the response indicators
of adhesion performance (i.e., the adhesion force and adhesive soil mass) also should be
optimized synchronously.

The objectives of this study were to: (a) evaluate the adhesion performance of the
grouser shoes with different structure parameters; (b) utilize the RSM to optimize the
structure parameters of the grouser shoes of tracked vehicles for minimum soil adhesion;
(c) establish the verification experiment in the soil bin to verify the performance of the
optimal structure parameters on soil adhesion reduction.
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2. Materials and Methods

2.1. Soil Sampling

The soil samples were collected from the Agricultural Experimental Base of Jilin
University (N43◦56′45.99′′, E125◦14′52.44′′) in Changchun, Jilin province, Northeast China.
In order to simulate the real subsidence amount of tracked vehicles working in the field,
considering the previous crop of the test field was mainly wheat, the depth of the plow
layer was between 250 mm and 300 mm. Therefore, we selected the characterization of the
soil samples up to 300 mm from the surface for the adhesion test. The soil stress distribution
was uniform under the compaction of the crawler walking mechanism [27]. The black
soil physical properties of each sample are listed in Table 1. The test was repeated three
times on the same condition to obtain the precise results. The average hardness of the black
soil was 854 kPa, measured by a SC-900 soil hardness tester (Spectrum Technologies Inc.,
Aurora, IL, USA). The average bulk density of the black soil was a 1269 kg/m3, measured
by a TJSD-750-IV soil bulk density determination detector. The results showed that the
bulk density was positively correlated with the hardness.

Table 1. Measured black soil physical properties.

Sample Depth
(mm)

Bulk Density
(kg·m−3)

Hardness
(kPa)

Moisture Content
(%)

0–100 1130 42 24.31
100–200 1352 972 21.28
200–300 1326 1165 19.87

The soil moisture content has an important effect on the adhesion force, and the
mechanical properties of soil samples vary greatly under different moisture contents. The
study mainly optimized different structure parameters of the grouser shoes for adhesion
reduction. In order to minimize the influence of other variables on the study, we performed
the experiments at only one soil moisture content. Additionally, we tested the plastic limit
and liquid limit of soil samples by using the LP-100D digital display soil liquid-plastic limit
combined tester (Kedaluqiao Electric Equipment Co., Ltd., Cangzhou, China). The plastic
limit and the liquid limit of soil samples were 15.83% and 32.25%, respectively. The average
moisture content of each layer of soil samples was dried in a DZF-6050 thermostatic drying
oven (Rongshida Electric Equipment Co., Ltd., Kunshan, China) at 105 ± 5 ◦C for 6 h.

The soil moisture content for all the soil samples was in the range of 19.87–24.31%, and
the average moisture content was 21.82% (d.b.) (i.e., dry basis). The results showed that
the soil samples were higher than the plastic limit and lower than the liquid limit. Overall,
the average moisture content of all the soil samples were within the plastic state, which
had a strong adhesion to the grouser shoes of tracked vehicles. This critically restricted the
efficiency of the tracked vehicles during the operation.

2.2. Vertical Stress Analysis of the Grouser Shoes

When the vertical load was applied on the grouser shoes, the entire grouser shoes
sank in the black soil. The vertical stress analysis of grouser shoes is shown in Figure 1.

As is presented in Figure 1, the vertical forces of the grouser shoes were expressed by
Equation (1):

W = P1(L − d) + P2d (d = λL) (1)

where W is vertical load, L is the length of grouser shoe, d is grouser thickness. P1 is the
contact stress of the top surface of the grouser, and P2 is the stress at the bottom surface
of the grouser shoe. According to the Beeker’s sinkage formula [28,29], the stress was
expressed as follows:

P1 =

(
Kc

b
+ Kϕ

)
× Zn (2)
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P2 =

(
Kc

b
+ Kϕ

)
× (Z + h)n (3)

where kc is soil cohesive modulus, kϕ is soil frictional modulus, Z is sinkage depth, n is
sinkage exponent, h is the grouser height, and b is the width of grouser shoe. Apart from
the fixed value b, these parameters are only depended on the soil properties, and tested by
the penetration test.

Therefore, the vertical load equation could make the following Equation (4):

W =
(

Kc
b + Kϕ

)
bL

{
(h + z)nλ + (1 − λ)Zn}

=
(
Kc + bKϕ

)
L
{
(h + z)nλ + (1 − λ)Zn} (4)

 
Figure 1. Vertical stress analysis of the grouser shoes. L is the length of grouser shoe, W is vertical
load, Z is sinkage depth, h is the grouser height, d is the grouser thickness. P1 is the contact stress of
the top surface of the grouser, and P2 is the stress at the bottom surface of the grouser shoe.

2.3. Experimental Equipment

In this experiment, the soil bin was 500 mm (length) × 350 mm (width) × 200 mm
(height) and filled with black soil. Electronic universal material testing machine was custom
developed and used for the adhesion force tests, which was multi-functional and had high
precision. The overall structure of the test platform is shown in Figure 2. The test platform
is composed of computer system, TMC digital measurement, and control system. The
ZLF-D 1093 spoke sensor (Zhenhai Electric Equipment Co., Ltd., Ningbo, China), which is
equipped with 500 N force range, has a precision class of 0.02% and the output sensitivity
range is 1.5–2 mV/V.

 
(a) (b) 

Figure 2. Overall structure of the test platform. (a) A soil bin test; (b) structure of the grouser shoes. L is the length of grouser
shoe, b is the width of grouser shoe, h is the grouser height, d is the grouser thickness, and α is the grouser splayed angle.
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This paper mainly considered the static normal adhesion performance of the grouser
shoes. When the normal loading speed of the equipment was 5 mm/min, the relative
displacement of soil samples along the tangential direction of the contact surface of the
grouser shoes was less than 1 mm, and the effect of tractor traction forces on the adhesive
force between the belt and the ground may be ignored in this study.

During the test, when the cross beam started moving upward at a speed of 5 mm/min,
the pressure on the grouser shoes also started decreasing from the maximum until the
moment of separation of black soil and the grouser shoes. At that moment, the adhesion
force appeared and the test platform had to apply a force (P) more than the weight of the
grouser shoes (G) to separate the grouser shoes from the black soil. The difference between
the force applied by the test platform and the grouser shoes’ weight divided by the contact
area of the grouser shoes (A) was defined as the adhesion force (Fa). The methodology for
measuring the adhesion force was consistent with the related papers studied by Massah,
Ren, and Zhang et al. [8,14,30,31]. The adhesion force could be established by utilizing
Equation (5). Additionally, the adhesive soil mass to the grouser shoes was measured by
LQ-A 30002 electronic scales (Ante Weighing Electric Equipment Co., Ltd., Ruian, China),
and the level of accuracy was 1% (i.e., reading of 0.01).

Fa =
P
A = W−G

3[dh cos α+d(b−2h cos α)]

=
(Kc+bKϕ)L{(h+z)nλ+(1−λ)Zn}−mg

3d(b−h cos α)

(5)

where m is the mass of the grouser shoes, g is the acceleration of gravity (g = 9.8 kg/s), d is
the grouser thickness, h is the grouser height, α is the grouser splayed angle, and the other
variables are fixed values. Equation (5) showed that the adhesion force is mainly dependent
on the three structure parameters of the grouser shoes, such as the grouser height (h), the
grouser thickness (d), and the grouser splayed angle (α). Thus, these parameters were
selected as the experimental factors to be optimized.

2.4. Experiment Scheme

In order to determine the optimal level interval of the factors, pre-experiments were
carried out. The results presented the reasonable range of the level value of the factors:
the grouser height was 20–30 mm, the grouser thickness was 5–7 mm, and the grouser
splayed angle was 35◦–45◦. The grouser height (h), the grouser thickness (d), and the
grouser splayed angle (α) were considered as the independent variables, the adhesion
force (Fa) and adhesive soil mass (Ma) were determined as the response indicators. The
functional relationship between the independent variables and the response indicators
was established by the RSM, and a Box-Behnken Design (BBD) was adopted to optimize
structure parameters of the grouser shoes [32,33]. According to the BBD, it took five center
points per block and three levels of each factor and took rotatable alpha, which the factor
level encodes (−1, 0, 1). There was a total of 17 sets of coded conditions for the modeling
of the experiment results, and each group of tests was repeated at least 3 times to obtain
the real average value. The coded levels of the independent variables are shown in Table 2.
The experimental scheme and results are presented in Table 3.

Table 2. Coded levels of independent variables.

Coded Levels
Grouser Height

(mm)
Grouser Thickness

(mm)
Grouser Splayed

Angle (◦)

−1 20 5 35
0 25 6 40
1 30 7 45
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Table 3. The experimental scheme and results.

Factors Evaluation Indexes

Numbers
Grouser Height

(mm)
Grouser Thickness

(mm)
Grouser Splayed

Angle (◦)
Adhesion Force

(kPa)
Adhesive Soil

Mass (g)

1 1 0 1 1.48 23.55
2 1 1 0 1.54 23.62
3 −1 0 −1 0.97 24.18
4 −1 1 0 1.31 23.63
5 1 −1 0 1.47 23.41
6 −1 0 1 1.35 23.79
7 0 1 −1 1.15 24.12
8 0 1 1 1.60 23.65
9 −1 −1 0 1.02 24.18

10 0 −1 1 1.24 23.92
11 0 −1 −1 1.27 23.99
12 1 0 −1 1.42 23.51
13 0 0 0 1.27 23.71
14 0 0 0 1.09 23.74
15 0 0 0 1.18 23.78
16 0 0 0 1.15 23.75
17 0 0 0 1.14 23.73

2.5. Data Analysis

The data of the experiment were analyzed by using the analysis of variance (ANOVA)
and least-significant difference (LSD) at the significance levels of 0.01 and 0.05 in Origin
8.0 software [34,35]. The Design-Expert software was employed to generate response
surfaces and conduct multi-objective optimization. The quadratic polynomial equation of
the independent variables and the response indicators could be established by Equation (6):

yi = β0 +
p

∑
j=1

β jzj + ∑
h<j

βhjzhzj +
p

∑
j=1

β jjz2
j + εi j = 1, 2, ... N (6)

where yi is the response indicators, zj is the independent variables, β0 is the fixed value, β j
is the first order term of coefficient, βhj is the interaction term coefficient, β jj is the second
order term of coefficient, εi is the error value.

3. Results and Discussion

3.1. ANOVA Analysis

ANOVA analysis and the determination coefficient are usually used to evaluate the
fitting quality of a model [36,37]. According to the experiment result of BBD, the results of
analysis of variance for the response indicators are presented in Table 4.

Table 4. Analysis of variance for the response indicators.

Source

Adhesion Force (kPa) Adhesive Soil Mass (g)

Sum of
Squares

Degrees of
Freedom

F-Value p Value
Sum of
Squares

Degrees of
Freedom

F-Value p-Value

Model 0.5150 9 19.24 0.0004 *** 0.8227 9 44.73 <0.0001 ***
h 0.1985 1 66.72 <0.0001 *** 0.3570 1 174.70 <0.0001 ***
d 0.0450 1 15.13 0.0060 ** 0.0288 1 14.09 0.0071 *
α 0.0925 1 31.08 0.0008 *** 0.0990 1 48.45 0.0002 ***

h-d 0.0121 1 4.07 0.0835 0.1444 1 70.66 <0.0001 ***
h-α 0.0256 1 8.61 0.0219 * 0.0462 1 22.62 0.0021 **
d-α 0.0576 1 19.37 0.0032 ** 0.0400 1 19.57 0.0031 **
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Table 4. Cont.

Source

Adhesion Force (kPa) Adhesive Soil Mass (g)

Sum of
Squares

Degrees of
Freedom

F-Value p Value
Sum of
Squares

Degrees of
Freedom

F-Value p-Value

h2 0.0266 1 8.95 0.0202 * 0.0398 1 19.49 0.0031 *
d2 0.0337 1 11.34 0.0120 * 0.0179 1 8.77 0.0211 *
α2 0.0149 1 5.01 0.0602 0.0535 1 26.19 0.0014 **

Residual 0.0208 7 0.0143 7
Lack of Fit 0.0031 3 0.2333 0.8692 0.0116 3 5.78 0.0615
Pure Error 0.0177 4 0.0027 4
Cor Total 0.5358 16 0.8370 16

F-value = Fischer’s variance ratio; p value = probability value. *** Extremely significant level (p < 0.001); ** Very Significant level (p < 0.01);
* Significant level (p < 0.05).

The p values of the two models were less than 0.001, indicating that the grouser
height, the grouser splayed angle, and the grouser thickness were all very significant. The
lack of fit was greater than 0.05, which was not significant. Hence, the model reflects the
experimental data more realistically, which could predict and analyze the influence of
various factors on the response indicators. Within the level range of the selected factors,
according to the F-value of each factor, the weight of the factors affecting the adhesion force
and the adhesive soil mass were both the grouser height > the grouser splayed angle > the
grouser thickness. Based on the orthogonal test results, eliminating non-significant factors
(p > 0.05), experimental data were analyzed and fitted with the quadratic polynomials that
were obtained using the regression model. Equation (7) showed the regression models of
the adhesion force, and Equation (8) represented adhesive soil mass regression response
surface models.

Fa = 7.054 − 5.763 × 10−3h − 1.997d − 0.043α − 3.2 × 10−3h ∗ α + 0.024d ∗ α + 3.305 × 10−3h2 + 0.093d2 (7)

Ma = 38.382 − 0.248 h − 0.993d − 0.371α + 0.038h ∗ d + 4.3 × 10−3h ∗ α − 0.02d ∗ α − 3.89 × 10−3h2 + 0.065d2 + 4.51 × 10−3α2 (8)

To ensure the adaptability and accuracy of the model, it was necessary to evaluate
the predictive ability by analyzing the determination coefficient. The response model fit
summary output for indicators is illustrated in Table 5. The coefficients of determination
(R2) of the adhesion force and the adhesive soil mass were all larger than 0.95, suggesting
that more than 95% of variations in the indices could be explained by the models. More-
over, both of the models’ difference between predicted R2 and adjusted R2 less than 0.2
indicates that the response surfaces of the two models established had good consistency
and predictability for the experimental results [20]. The predicted vs. actual values for the
response indicators are shown in Figure 3. It could be seen from the scatter plot that the
actual values were basically distributed on the predicted curve, consistent with the trend of
the predicted values, and linearly distributed. The predicted precision of the models was
15.72 and 23.61, which was far larger than four, suggesting the models were precise [35].

Table 5. Fit statistics for the response indicators.

Response Indicators R2 Adjusted R2 Predicted R2 Predicted
Precision

Adhesion force (kPa) 0.96 0.91 0.86 15.72
Adhesive soil mass (g) 0.98 0.96 0.77 23.61
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(a) (b) 

Figure 3. Predicted vs. actual values of the response indicators. (a) Predicted vs. actual values of adhesion force;
(b) predicted vs. actual values of adhesive soil mass.

3.2. Analysis of Interactive Factors

According to the established quadratic Equations (7) and (8), a 3D response surface
diagram was drawn to assess the interactive effects of the variables on the adhesion force
and the adhesive soil mass. The interactive impact of two factors on the response indicators
were analyzed by maintaining one factor as constant. The 3D response surface diagram of
pairwise interaction of the grouser height, the grouser thickness, and the grouser splayed
angle on adhesion force is shown in Figure 4. The 3D response surface diagram of pairwise
interaction of the grouser height, the grouser thickness, and the grouser splayed angle on
adhesive soil mass is shown in Figure 5.

  
(a) (b) 

Figure 4. 3D response surface diagram of pairwise interaction of the grouser height, grouser thickness, and grouser splayed
angle on adhesion force. (a) Interaction of grouser height and grouser splayed angle; (b) interaction of grouser thickness
and grouser splayed angle.
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(a) (b) 

 
(c) 

Figure 5. 3D response surface diagram of pairwise interaction of the grouser height, grouser thickness, and grouser splayed
angle on adhesive soil mass. (a) Interaction of grouse height and grouser thickness; (b) interaction of grouser height and
grouser splayed angle; (c) interaction of grouser thickness and grouser splayed angle.

3.2.1. Analysis of Interactive Factors on Adhesion Force

From the results of Table 4, the p-value of the grouser height and grouser thickness
was 0.0835, which did not reach a significant level (p < 0.05). Therefore, the analysis of
interaction of grouser height and grouser thickness on adhesion force does not need to be
discussed. It could be seen from Figure 4a,b that when the one factor was fixed, another
two factors were considered as interactive factors on adhesion force and the adhesion force
exhibited an increasing trend, which ranged from 0.97 kPa to 1.6 kPa. Figure 4a showed
that when the grouser thickness was maintained at 6 mm, the grouser splayed angle was
fixed and the adhesion force increased with the growth of the grouser height. The grouser
splayed angle was 35◦; when the grouser height increased from 20 mm to 30 mm, the
adhesion force increased from 0.97 kPa to 1.42 kPa, which was an increase of 46.39%. The
grouser splayed angle was 45◦; when the grouser height increased from 20 mm to 30 mm,
the adhesion force increased from 1.35 kPa to 1.48 kPa, which was an increase of 9.63%. The
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results showed that the grouser splayed angle and the grouser height had an interactive
effect on soil adhesion force, and the effect of the grouser splayed angle on soil adhesion
force exceeded that of the grouser height. Figure 4b showed that when the grouser height
was maintained at 25 mm, the grouser splayed angle was fixed and the adhesion force
decreased with the growth of the grouser thickness. The grouser splayed angle was 35◦;
when the grouser thickness increased from 5 mm to 7 mm, the adhesion force decreased
from 1.27 kPa to 1.15 kPa, which decreased by 9.45%. The grouser splayed angle was
45◦; when the grouser height thickness increased from 5 mm to 7 mm, the adhesion force
increased from 1.24 kPa to 1.6 kPa, which was an increase of 29.03%. The results showed
that the grouser splayed angle and the grouser thickness had an interactive effect on soil
adhesion force, and the effect of grouser splayed angle on soil adhesion force exceeded
that of the grouser thickness. In summary, the interactive impact of combined factors on
adhesion force was ranked as dα > hα.

3.2.2. Analysis of Interactive Factors on Adhesive Soil Mass

As was presented in Figure 5a–c, when one factor was fixed, another two factors
were considered as interactive factors on adhesive soil mass. Figure 5a,b showed that the
adhesive soil mass appeared to be a declining trend, which ranged from 24.18 g to 23.41 g,
and Figure 5c showed that adhesive soil mass initially appeared as a declining trend and
subsequently an increasing trend. Figure 5a showed that when the grouser splayed angle
was maintained at 40◦, the adhesive soil mass declined slowly with increases in the grouser
height and the grouser thickness. The maximum adhesive soil mass was obtained when
the grouser height was 20 mm and the grouser thickness was 5 mm. When the grouser
height was 30 mm and the grouser thickness was 5 mm, the adhesive soil mass reached
the minimum. The grouser thickness and the grouser height had an interactive effect on
adhesive soil mass, and the effect of the grouser height on adhesive soil mass exceeded
that of the grouser thickness. Figure 5b showed that when the grouser thickness was
maintained at 6 mm, the adhesive soil mass declined with increases in the grouser height
and the grouser splayed angle. The maximum adhesive soil mass was obtained when
the grouser height was 20 mm and the grouser splayed angle was 35◦. When the grouser
height was 30 mm and the grouser splayed angle was 35◦, the adhesive soil mass reached
the minimum. The grouser height and the grouser splayed angle had an interactive effect
on adhesive soil mass, and the effect of grouser height on adhesive soil mass exceeded
that of the grouser splayed angle. Figure 5c showed that when the grouser height was
maintained at 25 mm, the adhesive soil mass initially declined and subsequently increased
with increases in the grouser height and the grouser splayed angle. The maximum adhesive
soil mass was obtained when the grouser thickness was 7 mm and the grouser splayed
angle was 35◦. When the grouser thickness was 5 mm and the grouser splayed angle was
35◦, the adhesive soil mass reached the minimum. The grouser thickness and the grouser
splayed angle had an interactive effect on adhesive soil mass, and the effect of the grouser
splayed angle on adhesive soil mass exceeded that of the grouser thickness. In a word, the
interactive impact of combined factors on adhesive mass was ranked as hd > hα > dα.

3.3. Multi-Objective Optimization Model

We used the multi-objective optimization method of the Design-Expert 12.0 software
(Stat-Ease Inc., Minneapolis, MN, USA) to predict the optimal parameters combination,
the minimum value for the adhesion force, and the adhesive soil mass in this study. The
grouser height (h), the grouser thickness (d), and the grouser splayed angle (α) were selected
as parameters to be optimized. The constraint condition of the multi-objective optimization
model was as followed: ⎧⎨

⎩
20 mm ≤ h ≤ 30 mm

5 mm ≤ d ≤ 7 mm
35

◦ ≤ α ≤ 45
◦

(9)
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Under the constraints given in Equation (9), the Design-Expert 12.0 software (Min-
neapolis, MN, USA) presented the optimal parameters combination when the grouser
height was 20 mm, grouser thickness was 6.34 mm, and grouser splayed angle was 40.45◦.
The predicted value for the adhesion force and the adhesive soil mass were 1.16 kPa and
23.76 g, respectively.

3.4. Verification Experiment

Although the results from the ANOVA analysis indicated that the established math-
ematical models had a good accuracy of predicting the adhesion force and the adhesive
soil mass in this study, the verification experiment was still needed to verify the model
performance. Each experiment was repeated at least three times to obtain the average data.
The results of the verification experiment are presented in Table 6. The average data of the
measured adhesion force reached 1.11 kPa, and adhesive soil mass reached 22.68 g. The
relative error of the predicted values and measured values was less than 5%, proving the
reliability of the regression models. Compared with the average value of the un-optimized
experiment results in Table 3, the adhesion force and adhesive soil mass reduced by 12.84%
and 4.63%, respectively. The results showed that the mathematical models were reliable,
and the optimized structure parameters of the grouser shoes by the RSM could reduce
soil adhesion.

Table 6. Results of the verification experiment.

Indicators Adhesion Force (kPa) Adhesive Soil Mass (g)

Predicted value 1.16 23.76
Measured value 1.11 22.68

Relative error value 0.045 0.0476

4. Conclusions

Theoretical analysis was carried out to explore the impact factors of structure param-
eters of the grouser shoes on the adhesion performance. The structure parameters were
optimized by the RSM. The optimal parameter combination occurred when the grouser
height was 20 mm, grouser thickness was 6.34 mm, and grouser splayed angle was 40.45◦.
The average data of verification experiments occurred when the adhesion force reached
1.11 kPa and adhesive soil mass reached 22.68 g. Compared with the average value of
un-optimized experiment results, the adhesion force and adhesive soil mass reduced by
12.84% and 4.63, respectively. The relative error of the predicted values and measured
values was less than 5%, proving the reliability of the regression models. This study can
provide a reference method for parameters optimization, and a new structure of the grouser
shoes of tracked vehicles will be designed to reduce adhesion.

Even though the established mathematical model has a good accuracy in predicting
structure parameters of the grouser shoes on the adhesion force and adhesive soil mass in
this study, it is worth noting that there are some limitations. Firstly, the optimal structure
parameters combination may reduce the adhesion but may also affect the traction, and the
effect of traction on the adhesive force between the belt and the ground were not analyzed.
Secondly, there are many parameters that could cause adhesion to vary, including not
only the structure parameters, but other parameters (e.g., materials, geometry, or surface
porosity). In this study, we mainly analyzed the effect of structure parameters of the
grouser shoes on the adhesion, and the other parameters were not explored. Thirdly, the
adhesion-related parameters (i.e., soil cohesive and friction modulus, soil cohesion, or
internal friction angle) under different soil moisture content were not studied.

Therefore, further study needs to be carried out to address the limitations. We propose
to establish a multi-objective evaluation system based on adhesion and traction, and the
effect of traction on the adhesive force between the belt and the ground also need to be
analyzed. The impact of other parameters (e.g., materials, geometry, or surface porosity) on
the soil adhesion should be explored and compared with the structure parameters of the
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grouser shoes. Additionally, the adhesion-related parameters under different soil moisture
contents by penetration test will be carried out in a following study.
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Abstract: In order to solve the problems of easy-to-break kernels and substantial harvest losses
during kernel harvesting in breeding trials plot of corn, an ear-picking device and a threshing device
of corn plot kernel harvester has been optimized. To automatically change the gap of the ear-picking
plate, a self-elastic structure with compression spring and connecting rod is used. The ear-picking
plate is glued, and an elastic rubber gasket is placed underneath it, which effectively improves the
adaptability of the ear-picking device and reduces corn kernel collision damage during ear-picking.
To ensure the self-purification of the ear-picking device, a combination of auger sieve hole cleaning
device and lateral pneumatic auxiliary cleaning system is used. A dual-axial flow threshing device
is designed, which uses a “U”-shaped conveying system to transport maize ears in the threshing
chamber. The spacing of the concave sieve may be adjusted, and the residual kernels in the threshing
chamber can be cleaned up after harvesting one plot by combining three cleanings, which meets the
requirements of no mixing between plots. The force analysis of corn ears in the threshing chamber
determines the best design plan for the forward speed, the speed of the second threshing drum,
and the threshing gap. The breakage rate and non-threshing rate regression models were created
using the quadratic regression orthogonal combination test, and the parameters were optimized
using MATLAB. The verification test results showed that when the forward speed was 0.61 m/s,
the second threshing drum speed was 500 r/min, and the threshing gap was 40 mm, the breakage
rate was 1.47%, and the non-threshing rate was 0.89%, which met the kernel harvesting requirements
in corn plots.

Keywords: breeding plots; corn; low-damage harvesting; optimization design; field experiment

1. Introduction

The need for seeds continues to rise as the breeding business develops at a rapid pace.
Seed integrity is important for seed transportation, storage, and breeding, etc. [1–4]. In our
country, there are few studies on corn breeding machines, although foreign research on
corn kernel plot harvesters is rather developed [5–7]. For example, the WINTERSTEIGER
(WINTERSTEIGER AG, Ried im Innkreis, Austria) combine plot harvester can harvest rice,
corn, soybeans, and other different crop plots at the same time, and by using an axial flow
threshing device and a pneumatic seed conveying system, it can basically guarantee low
damage and no mixed seeds when working in two consecutive plots. However, foreign
machines have not been widely used in China due to their expensive cost and differences
in cropping patterns.

In recent years, researchers have performed a study in order to overcome the problems of
excessive harvest losses and high kernel damage in corn harvesters. Pickard [8] investigated
the effect of cylinder and concave bar variations on the threshing of corn. It was discovered
that the rasp-type cylinder bar outperformed the angle-type cylinder bar in terms of shelling
efficiency and kernel damage, meanwhile covering the cylinder or concave bars with rubber
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had no impact on shelling efficiency or kernel damage. Srivastava et al. [9] investigated
the mechanical properties of corn kernels and discovered certain impact features of corn
kernels that are related to damage during harvesting and handling by measuring corn
impact parameters. When maize kernels are subjected to impact forces, they discovered that
longitudinal shear is weaker than transverse shear. Voicu et al. [10] investigated dimensional
analysis theory in order to develop a mathematical model of the seeds separation process
at the cleaning system level of grain harvester combines in order to anticipate seed losses.
Fu et al. [11] analytically evaluated the collision force of corn ears during the ear-picking
process and built a wheel-type rigid-flexible coupling loss-reducing head with a flexible
surface and a buffer spring to efficiently decrease kernel loss. Geng et al. [12] developed a
mathematical model of corn ear force by analyzing the influencing factors and trends of corn
damage during the ear-picking process, which led to the discovery of damage mechanism
and major influencing factors of mechanical ear-picking. Li et al. [13] developed a corn bionic
threshing machine based on the discrete first and then threshing principle, which refers to the
chicken beak cut into the kernel gap and the bare-hand low-damage threshing mechanism.
Li et al. [14] used discrete element method solution (DEM) software to analyze the threshing
process of corn ears in order to reduce the rate of broken and non-threshing during the corn
threshing process. They discovered an effective combination of structural parameters that
can be used to design a high moisture content kernel threshing device and combine harvester
by combining the characteristics of high moisture content during harvesting. Di et al. [15]
investigated the factors that influence the breakage rate and non-threshing rate of corn kernels
and designed a combined axial flow corn threshing drum with rasp bar and nail tooth to
meet low-loss rate and non-determinate rate field harvesting requirements. In particular,
the above researches are all focused on the field, and the demand of breeding companies
for breakage rate and non-threshing rate during plot harvesting process far outweighs field
technical requirements. The needs of field breeding experiments cannot be met by domestic
research in this area.

Therefore, aiming at the demand of Huanghuaihai region corn breeding harvesting
machinery, a flexible gap self-adjusting ear-picking plate and a dual-axial flow threshing
device were designed to achieve low-damage and self-purification harvesting in plots,
and the field experiment was completed to verify the performance of ear-picking and
threshing devices. This study achieves non-mixed kernel harvesting between plots and
serves as a useful reference for future research into low-damage, self-purification combined
harvesting in corn plots.

2. Structure Design

2.1. Structure Design of Ear-Picking Device

The corn plot kernel harvester requires to be equipped with an undamaged ear-picking
device. This paper chose an ear-picking device combined with an ear-picking plate and
snapping rolls in order to ensure a low breakage rate during the ear-picking process. If the
gap between ear-picking plates is too large, corn ears will directly contact the snapping
rolls, and if the gap is too small, thick stalk feeding and impurity discharge will be affected.
Therefore, this paper develops a gap self-adjusting ear-picking plate, as shown in Figure 1.

This institution uses a self-elastic structure with a compression spring and connecting
rod. Stalks give the ear-picking plate a lateral thrust when stalks are fed into the ear-picking
device through the stalk chain, and the spring is compressed by a connecting rod. Due to
the preload of spring, the ear-picking plate returns to its initial state after the ear-picking
operation, allowing for automatic adjustment of the ear-picking plate gap. According to
the previous measurement data of different corn varieties, the minimum diameter of corn
ears at the big end is 46.1 mm, and the maximum diameter of stalks at a distance of 200 mm
from the root is 31.9 mm. The adjustment range of this institution is 20–36 mm.
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Figure 1. Installation and working diagram of gap self-adjusting ear-picking plate.

2.1.1. Structure Design of Picking Plate

According to the reference [16], increasing the diameter at the point where the ear-
picking plate and corn ears come into contact can reduce the instantaneous impact force.
However, the flat plate or rounded edge is usually used in the existing corn ear-picking
device that includes an ear-picking plate and snapping rolls. It has a small equivalent
contact radius and cannot buffer the impact force generated during the ear-picking pro-
cess. Therefore, the inverted right angle ear-picking plate of this paper has an inclination
angle between the edge and horizontal plane. According to ear size measurement data,
the bending length of the ear-picking plate is 33 mm, and the angle between the plate
and horizon is 17◦. Because the force area of the ear in relation to the ear-picking plate is
greater than that of the plane plate, the impact force is insufficient to collide kernels. At the
same time, two flexible treatments on the ear-picking plate parts have been made to reduce
the damage of corn ears during the working process. As shown in Figure 2, the surface
layer of the ear-picking plate is treated with glue for 3~5 mm, and an elastic rubber gasket
is added under the ear-picking plate to further reduce the impact force received by corn
ears in the working process. When the ear-picking device receives the impact of corn ears,
the buffering effect of the elastic rubber pad allows it to convert the impact force of corn
ears into the potential energy of the elastic rubber pad. The elastic rubber pad returns to its
original shape after corn ears are picked, reducing kernels damage.

Figure 2. Structural scheme of V-shaped ear-picking plate.

2.1.2. Structure Design of Snapping Rolls

Snapping rolls are welded with ribs on the surface in combination with processing
technology to ensure the continuity of the pulling stalk process and improve working
efficiency. The snapping rolls have a six-ribbed structure that increases the diameter of the
roller [17,18], which can improve the ability of the snapping rolls to grab stalk, and the
working principle of the ear-picking device is shown in Figure 3.
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Figure 3. Working scheme of snapping rolls. 1. Corn ear 2. Snapping rolls 3. Ear-picking plate 4. Snapping rolls gap
adjustment device 5. Gathering chain 6. Corn stalk. (a) Working scheme, (b) A-A Cross section scheme. Note: Lj is the ear
height of corn plant, mm; Ls is the height of the center line in front of snapping rolls above ground, mm; Lg is the working
length of snapping rolls, mm; α is the angle between snapping rolls and horizontal plane, (◦); d is the diameter of the stalk at
corn ear, mm; h is the working gap of snapping rolls, mm; D is the outer diameter of snapping rolls, mm; D1 is the diameter
of snapping rolls drum, mm; β is the grabbing angle of snapping rolls to the stalk, (◦).

When calculating the actual working length of snapping rolls, it should be noted that
it can adjust to different corn varieties’ height at corn ear setting, avoiding the phenomenon
of snapping rolls pulling two corn plants at the same time.

According to Figure 3, the length Lg is satisfied by the following equation:

Lg = (Lj − Ls) · cos α (1)

where Lj is the ear height of corn plant, mm; Ls is the height of the center line in front of
snapping rolls above ground, mm; Lg is the working length of snapping rolls, mm; α is the
angle between snapping rolls and horizontal plane, (◦).

According to information collected and sorted from the mainly promoted breeding
corn in the Huanghuaihai region of China, the height Lj is 700~1100 mm, the height Ls
is 300~500 mm, and the angle α is 25~35◦ when corns are harvested [19]. It can be seen
from Equation (1) that the length of snapping rolls is 328~725 mm. When snapping rolls
are installed obliquely, and the length is less than 400 mm, the ear-picking effect is not sui.
Combined with the overall structure of the machine, the length Lg is selected as 550 mm,
which can satisfy the corn breeding harvest of various varieties and growth.

The compression ratio of stalks by the snapping rolls ‘i’ is described as the
following equation:

i =
d − h

d
(2)

where d is the diameter of the stalk at corn ear, mm; h is the working gap of snapping rolls, mm.
The gripping force produced by snapping rolls will not be able to pick off corn ears if

the compression ratio is too small, and the stalk will be prone to breakage if the compression
ratio is too high. According to the references [20,21], the best compression ratio is 0.5~0.7,
and the corn plant has suitable trafficability when the gap between snapping rolls is
1/2~1/3 of the stalk diameter. Through measurement, the diameter d is 16.1~26.8 mm,
and the average value is 21.45 mm. Therefore, the working gap h is set to 10 mm.

The outer diameter D and the diameter D1 can be expressed as the following equation:

D =
d − h

1 − cos β
(3)
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D1 = D − h (4)

where D is the outer diameter of snapping rolls, mm; D1 is the diameter of snapping rolls
drum, mm; β is the grabbing angle of snapping rolls to the stalk, (◦).

In the expected state, the rib on the one snapping roll moves to the lowest position
when the rib on the other snapping roll just touches the stalk. On snapping rolls, six ribs are
evenly distributed, and the angle of two adjacent ribs is 60◦, then β ≈ 30◦. Substitute the
working gap h and the average diameter d into Equations (3) and (4). The outer diameter D
is 85 mm, and the diameter D1 is 75 mm.

2.1.3. Structure Design of Cleaning System

A type of ear-conveying auger with kernel removal function is designed to meet the
self-purification agronomic requirements of corn plot harvesters. The structure is shown in
Figure 4, including a pneumatically assisted seed cleaning system, auger discharge port,
auger blades, ear-conveying auger, scrapers, sieve hole cleaning device, and auger-type
kernel recovery devices. The auger rotational speed is 267 r/min, which can fit the input
amount of ear-picking device. A centrifugal fan with a rotational speed of 860 r/min and a
maximum wind force of 0.36 m3/s is used in the system. The fan’s air outlet is fitted with a
pneumatic assisted system that allows the cleaning wind size to be adjusted in real-time
according to the harvesting operation.

Figure 4. Cleaning system scheme of ear-picking device. 1. Pneumatic assisted seed cleaning system 2. Auger discharge
port 3. Auger blades 4. Ear-conveying auger 5. Scraper 6. Sieve hole cleaning device 7. Auger-type kernel recovery device.
(a) Top view, (b) Main view.

The ear-conveying auger and the auger-type kernel recovery device are driven by the
hydraulic motor to rotate, and the auger transports ears and bracts upwards to the ear lifter.
The rubber is wrapped around the edge of the auger blade, which could not only reduce the
collision force of corn ears but also eliminate the gap between the auger blade and the bottom
of the auger. The inner wall of the auger channel is designed as a streamlined diversion surface
with a sieve hole at the bottom. When a plot is harvested, a small number of kernels left in
the conveying process will be removed by a sieve hole and lateral pneumatic assisted kernel
cleaning system, and the kernels will fall into the kernel recovery device through the sieve
hole. A kernel storage box is attached to one end of the auger-type kernel recovery device.
After cleaning, the extra kernels will be poured out to prevent mixing between different plots
and ensure self-purification of corn harvest in the plot.

2.2. Structure Design of Threshing Device

As shown in Figure 5, the threshing device is composed of a dual-axial flow threshing
drum, concave sieve, clutch adjusting device, spiral cleaning device, fan, vibration sieve, etc.
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Figure 5. Structural scheme of threshing device. 1. kernel discharge port 2. Crank drive wheel 3. Inclined guide plate 4.
Frame 5. Front fan 6. Clutch adjustment device 7. Rear fan 8. Core discharging device 9. Vibrating sieve 10. Front fan air
supply channel 11. Threshing roller 12. Concave plate screen 13. Drive wheel 14. Spiral impurity removal device. (a) Main
view, (b) Top view.

In the threshing chamber, corn ears are threshed by the blow, friction, and rubbing of
the dual-axial flow threshing drum, concave sieve, and cover plate. The removed kernels,
bracts, and part of broken cores pass through the holes of the concave sieve and fall into
a vibrating sieve via an inclined guide plate, while the rear fan blows impurities out of
the machine via wind force, completing the first cleaning. A spiral cleaning device at
the feeding end of the second threshing chamber is designed to lead a small number of
impurities and entrained kernels out of the threshing chamber and fall into a vibrating sieve
via the wind force of the front fan to complete the second cleaning. Vibrating separation
of kernels and impurities is realized by shaking the sieve under the rotation of the crank,
and kernels fall into the unloading port for pneumatic conveying. The kernels and remain-
ing impurities are transported to the zone-bagging device, where the lighter impurities
are blown out of the upper part of the zone-bagging device, completing the third cleaning.
After harvesting a plot, the machine stops moving forward and continues the wind cleaning
operation until the entire threshing device achieves self-purification.

2.2.1. Structure Design of Threshing Drum

The function of the threshing drum is to separate the kernels by beating them, and its
structure directly affects the extraction effect of kernels [22–25]. This paper uses a dual-axial
flow threshing drum with a rubber sleeve is provided on the top of each threshing element
to reduce the non-threshing and breakage rates in the breeding harvest. The drum speed is
low in the front and high in the back, with a speed ratio of 1:2. Figure 6a shows the model
and expansion scheme for the threshing element, which uses a hemispherical spike-tooth
and spiral arrangement on the threshing shaft. A single drum consists primarily of a drum
body and four rows of spike-teeth, with each row of spike-teeth consisting of nine threshing
units evenly spaced on each line. So as to lessen the impact on corn.
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Figure 6. Model and expansion scheme of threshing drum. 1. Feeding inlet 2. Rubber 3. First drum body 4. Threshing tooth
5. Ear guide plate 6. Second drum body. (a) Structure scheme, (b) Cylinder unfolded view. Note: m is the distance between
two adjacent teeth on the same axis, mm; n is the arc length of two adjacent teeth on the same spiral line, mm; L is the drum
length, mm.

The feed quantity should be the main design basis of the threshing drum. Because this
threshing device is installed on a 2-row corn kernel plot harvester, it should meet the initial
setting parameter of 2.5~4 kg/s of the harvester’s feed quantity. Then the drum length L is
described as the following equation:

L ≥ q
q0

(5)

where q is the feed quantity, kg/s; q0 is the allowable feed quantity per unit length, which
is 3~4 (kg/s·m) for the combined harvester.

Substituting the data into Equation (5) will get the drum length L as 0.625~1.33 m, ac-
cording to the overall design requirements of the whole machine and drum,
take L = 960 mm. Figure 6b shows an expanded view of the threshing drum. In the
figure, m is the distance between two adjacent teeth on the same axis, and n is the arc
length of two adjacent teeth on the same spiral line. In order to increase the threshing time
and beat frequency in the threshing chamber, the threshing teeth on the same axis should
satisfy that m is less than the length of corn ears and n is greater than the length of corn
ears. Equation (6) exists and is described as follows:

{
m < l
n > l

(6)

where l is the length of corn ears, mm.
In order to satisfy the axial pushing effect of the threshing drum on corn ears, it is

necessary to analyze the distance between two adjacent teeth on the same spiral line.
The mathematical model diagram is shown in Figure 7.

Assuming that the shortest length of threshing teeth is x, it should satisfy Equation (7)
and is described as follows: ⎧⎪⎨

⎪⎩
l12 + (m

4 )
2 = l22

l2 ≤ l

l1 =
√

2(r + x)

(7)

where l1 is the shortest distance between two teeth tangent to drum body on the same
section, mm; l2 is the distance between two teeth tangent to the drum body on the same
spiral line, mm; r is the radius of the drum, mm.
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Figure 7. Mathematical model diagram. 1. Threshing drum 2. Threshing gear a 3. Virtual threshing
gear b 4. Threshing gear c. (a) Cylinder section view, (b) Distribution of threshing teeth. Note: l1 is
the shortest distance between two teeth tangent to drum body on the same section, mm; l2 is the
distance between two teeth tangent to the drum body on the same spiral line, mm; r is the radius of
the drum, mm.

According to the corn ears length of the plot (l is 175 mm) and the actual working
conditions of the harvester, the radius r is selected as 80 mm and m is 100 mm, and the
shortest length x of threshing teeth is 42.47 mm by Equation (7). The length of the threshing
teeth is 45 mm.

2.2.2. Structure Design of Concave Sieve

The concave sieve is the main threshing component [26,27]. As shown in Figure 8,
the concave sieve is grid-type in order to meet the requirements of self-purification during
the harvesting of corn kernels in the plot. In order to improve the adaptability of different
varieties of harvest, the upper part of the concave plate screen is equipped with a cylindrical
pin to enable rotation, and the lower part is drilled with a slot-shaped hole, which is
adjusted and fixed by a stud. The bars are 8 mm wide, which have a 30 mm gap between
them, and each radial bar extends 20 mm. When the gap between the corncob and vibrating
screen is adjusted, the corncob will not fall into the vibrating screen below. Increase the gap
after harvesting a plot so that the corn kernels, corn cobs, and impurities in the threshing
chamber are cleaned up, and the seeds do not mix when harvesting the next plot.

Figure 8. Concave sieve model diagram. 1. Fixed plate 2. Movable sieve 3. Slot hole. (a) Concave Screen Combination
Diagram, (b) Concave sieve split diagram. Note: B is the width of concave, mm; L1 is the arc length of concave, mm.
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The concave sieve is in direct contact with the ears of corn during the threshing
process, which aids in the shedding of the kernels. The equation of concave sieve area A
with respect to arc length L1 is as follows:

A = BL1 ≥ (1 − ε)q/0.6qa (8)

where B is the width of concave sieve, mm; L1 is the arc length of concave sieve, mm;
q is the feed quantity, kg/s; ε is the ratio of kernels fed into crops; qa is the allowable feed
quantity per unit concave sieve area when ε was 0.4, the combine harvester takes 5~8.

The wrap angle δ of concave sieve should satisfy Equation (9) and is described
as follows:

δ =
180L1

πD
(9)

Among them, the width B is equal to the length L, which is 960 mm, and the range
of arc length L1 can be calculated as 360 mm ≤ L1 ≤ 830 mm. The higher the arc length,
the stronger the threshing ability, but the power consumption and the arc length wrap
angle will also increase. The wrap angle is mostly 90◦~120◦, under the premise of satisfying
the work quality, take L1 = 500 mm, and put the data into Equation (9) to obtain the wrap
angle δ = 120◦.

3. Materials and Methods

As shown in Figure 9, firstly, select evaluation indicators and factors according to
the analysis and related requirements, and then use the quadratic regression orthogonal
combination design experiment to carry out the field test so as to obtain the regression
equation corresponding to evaluation indicators. The regression equation is used to analyze
the influence of factors and optimize the index, and finally, the optimized value is verified
and compared with the corresponding field test.

Figure 9. Flowchart of materials and methods.

3.1. Force Analysis of Threshing Device

The force involved in threshing corn ears is more complicated. The single corn ear
threshing process is taken as the research object under the ideal state of low feed rate,
the force on the ear is translated to the barycenter, and the force analysis is shown in
Figure 10a without considering the torque. Using the barycenter position O of corn ears as
the origin, the connecting line between the barycenter of corn ears and the center of the
threshing drum is the Y axis, the movement direction of corn is the positive direction of the
X axis, and A is the contact point where the ear meets the concave sieve.
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Figure 10. Stress analysis of corn. 1. Concave sieve 2. Threshing drum 3. Threshing teeth 4. Corn. (a)
Low-feeding ear force diagram, (b) High-feeding ear force diagram. Note: F1 is the supporting force
of concave sieve on the ear, N; F2 is the impact of threshing teeth on the ear, N; F3 is the impact force of
threshing tooth on ear c, N; F4 is the pressure of ear d on ear c, N; μ1 is the friction coefficient between
the ear and concave sieve; μ2 is the friction coefficient between the ear and threshing teeth; Ff1 is the
friction between the ear and concave sieve, N; Ff2 is the friction between the ear and threshing teeth,
N; Ff3 is the friction force between ear c and threshing tooth, N; θ’ is the included angle between Y
axis and the axis of the threshing tooth, ◦; ϕ is the angle between Y axis and the direction of gravity,
◦; γ is the angle between the pressure F4 and the friction force Ff1, ◦; ω is the angular speed of the
drum, rad/s; r is ear radius, mm; a is the distance from the intersection of ear and the threshing tooth
to the concave sieve, mm; b is the distance from the barycenter of the ear to the concave sieve, mm.

Then the force acting on the ear with low feeding should satisfy the following equation:

F2 cos θ′ + mg sin φ − Ff 1 − Ff 2 sin θ′ = 0 (10)

F1 − F2 sin θ′ − mg cos φ − Ff 2 cos θ′ + mrω2 = 0 (11)

where F1 is the supporting force of concave sieve on the ear, N; F2 is the impact of threshing
teeth on the ear, N; μ1 is the friction coefficient between the ear and concave sieve; usually,
μ1 is 0.059; μ2 is the friction coefficient between the ear and threshing teeth; usually,
μ2 is 0.102 [28]; Ff1 is the friction between the ear and concave sieve, Ff1 = μ1F1, N; Ff2 is the
friction between the ear and threshing teeth, Ff2 = μ2F2, N; θ′ is the included angle between
Y axis and the axis of the threshing tooth, ◦; usually, θ′ is 17 ◦; ϕ is the angle between
Y axis and the direction of gravity, ◦; r is ear radius, mm; ω is the angular speed of the
drum, rad/s.

According to Equations (10) and (11), the force F2 is simplified by Equation (12):

F2 =
mg(μ1 cos φ − sin φ)− μ1mrω2

cos θ′(1 − μ1μ2)− sin θ′(μ1 + μ2)
(12)

The equation of the moment of the force acting on the ear to point A is as follows:

∑ MA = F2a cos θ′ + mgb sin φ − F2r sin2 θ′
−Ff 2a sin θ′ − Ff 2r sin θ′ cos θ′ (13)

where a is the distance from the intersection of the ear and the threshing tooth to the concave
sieve, mm; b is the distance from the barycenter of the ear to the concave sieve, mm.

From the above mechanical analysis, it can be seen that the ear force with low feeding is
mainly related to the impact force F2, the included angle θ′, and the length a, etc. Therefore,
the drum speed and threshing gap have an effect on the damage of kernels.
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Under the ideal state of high-feeding, take ear c as the research object, and its force
analysis is shown in Figure 10b, then the Equations (14) and (15) exists and is described
as follow:

F3 cos θ′ + mg sin φ − Ff 1 − Ff 3 sin θ′ − F4 cos γ = 0 (14)

F1 − F3 sin θ′ − mg cos φ − Ff 3 cos θ′ − F4 sin γ + mrω2 = 0 (15)

where F3 is the impact force of threshing tooth on the ear c, N; F4 is the pressure of ear d on
ear c, N; Ff3 is the friction force between ear c and threshing tooth, Ff3 = μ2F3, N; γ is the
angle between the pressure F4 and the friction force Ff1, ◦.

According to Equations (10)~(15), the force F3 is simplified by Equation (16):

F3 =
mg(μ1 cos φ − sin φ) + F4(cos γ + μ1 sin γ)− μ1mrω2

cos θ′(1 − μ1μ2)− sin θ′(μ1 + μ2)
(16)

According to Equations (12) and (16), the impact of threshing teeth on the ear can be
express by Equation (17):

F3 − F2 =
F4(cos γ + μ1 sin γ)

cos θ′(1 − μ1μ2)− sin θ′(μ1 + μ2)
(17)

According to Equation (17), when 0◦ < γ < 90◦, F3 − F2 > 0. Therefore, the feed
quantity increases, then the impact force of threshing teeth on the ear increases under the
condition of a certain drum speed.

3.2. Key Performance Parameters of Corn Plot Kernel Harvester
3.2.1. Breakage Rate

In the measurement area, extract kernels from kernel outlet at least 2000 g after
threshing and cleaning. Pick out the machine-damaged, cracked, and broken kernels and
weigh the quality of damaged kernels and the total mass of sample kernels, respectively.
Their test method in this research followed the National Standards of China, Corn combine
harvester (GB/T 21962-2020). The breakage rate is calculated according to Equation (18),
and it is described as follows:

Zs =
Ws

Wi
× 100% (18)

where Zs is the breaking rate, %; Ws is the mass of damaged kernels, g; Wi is the total mass
of sample kernels, g.

3.2.2. Non-Threshing Rate

The quality of non-threshing kernels accounts for a percentage of the total quality of
kernels after one plot has been harvested and threshing has been completed. The non-
threshing rate is calculated according to Equation (19), which is described as follows:

Sw =
Ww

W
× 100% (19)

where Sw is the non-threshing rate, %; Ww is the quality of kernels that are not decontami-
nated, g; W is the total mass of kernels, g.

3.3. Key Experimental Factors of Corn Plot Kernel Harvester

From the above analysis, the factors that affect kernels breakage during the harvesting
process of corn plot are drum speed, threshing gap, and feed quantity. In order to facilitate
calculation, the forward speed of the machine is used instead of feed quantity.

3.3.1. Speed of Threshing Drum

The speed of the threshing drum is closely related to the breakage rate, which directly
affects the impact, friction, and rubbing force of ears during threshing [29]. The front drum
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is faster than the back drum in this article. Therefore, the second threshing drum speed is
selected as the test factor for the convenience of measurement. If the speed of the threshing
drum is too fast, the impact force increased, resulting in an increase in the rate of kernel
breakage and broken straw impurities. The burden of cleaning is greatly increased, and the
power consumption will increase as well. If the speed is too low, the impact force will be
insufficient, and kernels will not be removed. Meanwhile, the material staying and rubbing
repeatedly in the threshing chamber for a long time will also increase the breakage rate.
Therefore, the adjustment range of the second drum speed is set to 500~800 r/min.

3.3.2. Threshing Gap

The threshing gap is the minimum distance between the top of the drum threshing
tooth and the concave sieve, and its size is related to the diameter of the ears. The gap is
narrower than the average diameter of ears generally so that the ear can be squeezed and
rubbed during the feeding process [30]. The basic characteristic parameters of Zhengdan
958 ears are shown in Table 1. Based on the statistical results in Table 1 and the overall
structure of the machine, the adjustment range of the threshing gap is set to 20~40 mm.

Table 1. Corn basic characteristic parameters in the plot.

Parameters Value

Average ear length/mm 174.36
Average weight per ear/kg 0.348

Average diameter of large end/mm 54.2
Average diameter of small end/mm 35.8

Kernel moisture content/% 21~26

3.3.3. Forward Speed

While increasing the feed rate can achieve higher harvest efficiency and shorten the
working time, the quality of the operation will suffer, resulting in an increase in the rate
of corn breakage during harvest, which affects the quality of the harvest. The relational
function equation between the feeding amount and the forward speed of the harvester is
described as follow:

q = n × m × v
s

(20)

where q is the feed quantity, Kg/s; n is the number of corn rows; m is the quality of single
corn, Kg; v is the forward speed of the harvester, m/s; s is the distance between corn
plants, m.

According to the planting mode of the test base, the feed quantity is proposed to
be 1~2.5 kg/s, and the adjustment range of forward speed is 0.5~1.26 m/s based on
Equation (20).

3.4. Materials of Field Test

The test site was conducted in Zhangpan Town, Xuchang County, Henan Province.
The test plot was 100 × 70 m in size, with corn rows 800 mm apart, plants 350 mm apart,
the plant lodging rate was less than 5%, and the minimum scion height was 1100 mm.
The corn variety used in the field test was Zhengdan 958, and its basic characteristic
parameters are listed in Table 1.

As shown in Figure 11, the flexible gap self-adjusting ear-picking plate and the dual-
axial flow threshing device were installed to a 4YZL-2 corn plot kernel harvester (Henan
Haofeng Machinery Manufacturing Co., Ltd., Henan, China), which can complete ear-
picking lifting, threshing, and collection in one operation. The lossless harvest of corn
plots and the realization of no mixed kernels between plots are the technical features.
The harvester has extremely high technical requirements, and the working parameters are
shown in Table 2.

344



Agriculture 2021, 11, 904

Figure 11. Ear-picking device and threshing device with 4YZL-2 corn plot kernel harvester. (a) Structural diagram, (b) Real
machine diagram.

Table 2. Main technical parameters of plot corn kernel harvester.

Parameters Value

Structure form Self-propelled wheel
Type of diesel engine JDM490

Rated power of engine/kW 37
Rated speed of engine/(r·min−1) 2400

Vehicle weight/kg 2600
Harvest rows/row 2

Minimum ground clearance/mm 250
Applicable line spacing/mm 550~650

Size/(mm × mm × mm) 5200 × 1300 × 2650
Working width/mm 1200

3.5. Methods of Field Test

Combined with the above analysis and the actual working conditions of the prototype,
taking the forward speed z1, the second threshing drum speed z2, and the threshing gap z3
as the experimental factors. The experimental factors and levels are shown in Table 3.

Table 3. Experimental factors and levels.

Levels

Factors
Forward Speed z1/(m· s−1)

Speed of Second Threshing Drum
z2/ (r·min−1)

Threshing Gap z3/mm

1 0.5 500 20
2 0.88 650 30
3 1.26 800 40

This test adopts a three-factor quadratic regression orthogonal combination design and
sets three zero-level tests (m0 = 3), which can be obtained r2 = 1.831 [31]. The experimental
factors need to be coded before the test, and the coding method is shown in Table 4.

The formula for centralizing the quadratic term is described as follows:

x′ij = x2
ij − 0.686 i = 1, 2, · · · , 17; j = 1, 2, 3 (21)

The breakage rate y1 and the non-threshing rate y2 has been used as the test evaluating
indexes. The total number of tests is 17, and each group of tests is repeated 3 times to
obtain the average value, and the test scheme and results are shown in Table 5.
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Table 4. Coding method of experimental factors.

Factors
Code

Forward Speed Z1/(m· s−1)
Speed of Second Threshing Drum

Z2/ (r·min−1)
Threshing Gap Z3/mm

r (Z2j) 1.26 800 40
1(Z0j + Δj) 1.16 760.86 37.39

0(Z0j) 0.88 650 30
1(Z0j − Δj) 0.6 539.14 22.61
−r (Z1j) 0.50 500 20

Δj = (Z2j − Z1j)/2r 0.28 110.86 7.39
xj = (Zj − Z0j)/Δj x1 = 3.571(z1 − 0.52) x2 = 0.009(z2 − 650) x3 = 0.135(z3 − 30)

Note: Δj is the minimum change interval of the j-th factor, j = 1, 2, 3; xj is the encoded factor; r is the asterisk arm.

Table 5. Test program and results by quadratic regression orthogonal combination design.

Test

Factors
x0 x1 x2 x3 x1x2 x1x3 x2x3 x1

2 x2
2 x3

2 y1 y2

1 1 1 1 1 1 1 1 1 1 1 1.54 0.83
2 1 1 1 −1 1 −1 −1 1 1 1 1.66 1.12
3 1 1 −1 1 −1 1 −1 1 1 1 1.48 0.78
4 1 1 −1 −1 −1 −1 1 1 1 1 1.55 0.95
5 1 −1 1 1 −1 −1 1 1 1 1 1.62 1.07
6 1 −1 1 −1 −1 1 −1 1 1 1 1.87 1.19
7 1 −1 −1 1 1 −1 −1 1 1 1 1.53 0.98
8 1 −1 −1 −1 1 1 1 1 1 1 1.76 1.05

9 1 −r 0 0 0 0 0 r2 0 0 1.69 1.13
10 1 r 0 0 0 0 0 r2 0 0 1.59 0.81
11 1 0 −r 0 0 0 0 0 r2 0 1.49 0.92
12 1 0 r 0 0 0 0 0 r2 0 1.61 1.09
13 1 0 0 −r 0 0 0 0 0 r2 1.67 0.96
14 1 0 0 r 0 0 0 0 0 r2 1.51 0.84

15 1 0 0 0 0 0 0 0 0 0 1.56 0.93
16 1 0 0 0 0 0 0 0 0 0 1.57 0.91
17 1 0 0 0 0 0 0 0 0 0 1.54 0.95

Note: xj is the encoded factor, j = 1, 2, 3; r is the asterisk arm.

4. Results and Discussion

4.1. Results of Filed Test

The test project and field test results by quadratic regression orthogonal combination
design are shown in Table 5, while the regression analysis results are shown in Table 6.
Figure 12 shows that the kernels were undamaged and that threshing was completed by
the optimized and threshing device.

Figure 12. Presentation of harvest result. (a) Harvested corn grain, (b) threshed corn.
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Table 6. Variance analysis for breakage rate.

Source Sum of Squares
Degree of
Freedom

Mean Square F Value p-Value

x1 0.040 1 0.0402 58.98 0.00012 **
x2 0.024 1 0.0243 35.59 0.00056 **
x3 0.067 1 0.0674 98.70 0.00002 **

x1x2 0.0001 1 0.00011 0.165 0.69693
x1x3 0.011 1 0.0105 15.40 0.00572 **
x2x3 0.0006 1 0.00061 0.897 0.37511
x1

2 0.016 1 0.0161 23.65 0.00183 **
x2

2 0.00000004 1 0.00000004 0.00006 0.99391
X3

2 0.0032 1 0.0032 4.653 0.06791
Regression 0.163 9 0.0181 26.45 0.00014 **
Residuals 0.0048 7 0.00068 / /
Lack of fit 0.0043 5 0.00086 1.58 0.2691

Error 0.00047 2 0.00023 / /
Total 0.1673 16 / / /

Note: ** indicates highly significant (p ≤ 0.01).

4.2. Regression Analysis of Filed Test

As shown in Table 6, the p-value of lack of fit Pl is 0.2691, the p-value of residuals
model PR is 0.00014, indicating that the regression equation of the experimental index fits
well. Taking α = 0.05 as the significance level, the primary term x1, x2, x3, the square term
x1

2, and the interaction term x1x3 have extremely significant effects, while other factors
have no significant effects. After removing the insignificant terms, the regression equation
of the dimensionless code value of the breakage rate is obtained as:

ŷ1 = 1.554 − 0.059x1 + 0.046x2 − 0.076x3 + 0.036x1x3 + 0.049x2
1 (22)

From Equation (22), it can be seen that the influence order of experimental factors on
breakage rate is that threshing clearance, forward speed, and second threshing cylinder
speed. According to Table 4, the actual regression equation of breakage rate was obtained
after sorting:

y1 = 2.737 − 1.828x1 + 0.0004x2 − 0.026x3 + 0.017x1x3 + 0.622x2
1 (23)

As shown in Table 7, the p-value of lack of fit Pl is 0.1894, the p-value of residuals
model PR is 0.00052, indicating that the regression equation of the experimental index fits
well. Taking α = 0.05 as the significance level, the primary term x1, x2, and x3 have highly
significant effects, the square term x1

2 and the interaction term x1x3 have significant effects,
while other factors have no significant effects. After removing the insignificant terms,
the regression equation of the dimensionless code value of the non-threshing rate is ob-
tained as:

ŷ2 = 0.924 − 0.089x1 + 0.058x2 − 0.070x3 − 0.034x1x3 + 0.048x2
2 (24)

Table 7. Variance analysis for non-threshing rate.

Source Sum of Squares
Degree of
Freedom

Mean Square F Value p-Value

x1 0.09328 1 0.0933 65.77 0.000084 **
x2 0.03965 1 0.0397 27.96 0.001138 **
x3 0.05659 1 0.0566 39.901 0.000398 **

x1x2 0.000013 1 0.000013 0.0088 0.9278
x1x3 0.00911 1 0.0091 6.425 0.03896 *
x2x3 0.00361 1 0.0036 2.547 0.1545
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Table 7. Cont.

Source Sum of Squares
Degree of
Freedom

Mean Square F Value p-Value

x1
2 0.00575 1 0.0058 4.051 0.08401

x2
2 0.0157 1 0.0157 11.07 0.01264 *

X3
2 0.00054 1 0.00054 0.3793 0.5575

Regression 0.22425 9 0.0249 17.568 0.00052 **
Residuals 0.00993 7 0.00141 / /
Lack of fit 0.00913 5 0.00183 4.564 0.1894

Error 0.0008 2 0.0004 / /
Total 0.2342 16 / / /

Note: ** indicates highly significant (p ≤ 0.01); * indicates significant (0.01 ≤ p ≤ 0.05).

From Equation (24), it can be seen that the influence order of experimental factors on
the non-threshing rate is that forward speed, threshing clearance, and second threshing
cylinder speed. According to Table 4, the actual regression equation of non-threshing rate
was obtained after sorting:

y2 = 2.394 + 0.169x1 − 0.0046x2 + 0.005x3 − 0.016x1x3 + 0.000004x2
2 (25)

The regression analysis results are shown in Table 8. The correlation coefficient R
of the breakage rate y1 and the non-threshing rate y2 reached 0.9856 and 0.9786, which
indicating that there is a strong linear relationship between experimental factors and test
indicators in the regression model. The coefficient of determination R2 of the breakage
rate y1 and the non-threshing rate y2 reached 0.9714 and 0.9576, which indicating that the
regression model has a high degree of fit. In order to avoid the limitation of coefficient of
determination R2, and adjusted coefficient of determination Adj R2 is obtained. It shows
that the adjusted coefficient of determination of breakage rate y1 is 0.9668, which means
the independent variables in the model can explain the 96.68% variation of breakage rate.
Similarly, the adjusted coefficient of determination of non-threshing rate y2 is 0.9503, which
means the independent variables in the model can explain the 95.03% variation of the
non-threshing rate. Durbin-Watson statistic satisfies the conditions of 1 < d < 3 at the same
time, so the test data have strong reliability.

Table 8. Significance analysis of regression coefficient on the test results.

Inspection Items y1 y2

R 0.9856 0.9786
R2 0.9714 0.9576

Adj R2 0.9668 0.9503
S 0.0261 0.0377

Durbin-Watson
statistic

2.7176
(1 < d < 3)

2.1973
(1 < d < 3)

The distribution of test measured and fitted values for the two regression models are
shown in Figure 13. The test measured values are represented by the blue line, while the
sample fitted values are represented by the orange line. It can be seen that the two values
are very well matched.

4.3. Interaction Analysis of Filed Test

In order to obtain the influence law of the experimental factors on each test index
more intuitively, study the interaction effect of the other two factors by fixing a certain
factor at zero levels, and the regression equation is transformed into a three-dimensional
contour map through MATLAB, which are shown in Figures 14–16.
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Figure 13. Distribution of test measured and fitted values. (a) Fitting curve of breakage rate, (b) fitting curve of non-threshing rate.

Figure 14. Interaction between the forward speed and the speed of the second threshing drum. (a)
Effect on breakage rate, (b) effect on the non-threshing rate.

Figure 15. Interaction between the forward speed and the threshing gap. (a) Effect on breakage rate,
(b) effect on the non-threshing rate.
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Figure 16. Interaction between the speed of the second threshing drum and the threshing gap. (a)
Effect on breakage rate, (b) effect on the non-threshing rate.

4.3.1. Interaction Analysis between Forward Speed and Second Threshing Speed Drum

Figure 14a shows that the breakage rate decreases at first and then increases as the
forward speed increase. This is because when the feed amount is low, the strike force and
strikes number of nail teeth are limited. After that, according to Equation (17), when 0◦
< γ < 90◦, the impact force of threshing gear under high feed amount F3 is greater than
the impact force of the threshing gear under low feed amount F2. The feeding amount
increases with the forward speed increase, and the impact force of threshing teeth will
also increase, resulting in a higher breakage rate. Therefore, there will be a double change
phenomenon. In order to ensure a small and reasonable breakage rate, the forward speed
can be controlled within the range of 0.5~0.88 m·s−1.

Duane et al. [32] showed that the kernel damage increased with increased kernel
velocity and was related more to this than any of the other factors tested. With the increase
in threshing drum speed, the overall breakage rate shows an upward trend. Increasing the
speed of the threshing drum will increase the hitting frequency of threshing teeth and the
number of impacts and rubbing, which increases the breakage rate. The drum speed should
be controlled at a minimum of 500 r·min−1. These findings are consistent with the findings
of Di et al. [15]. It can be concluded that the effect of forward speed on the breakage rate is
significantly higher than that of the threshing drum speed from the response cloud map.

Figure 14b shows that the non-threshing rate presents a downward trend as the
forward speed increases. This is due to the increase in feed quantity, which increases the
chances of contact between drum and ear. As the speed of the threshing drum increases,
the non-threshing rate decreases first and then increases. This is because the drum speed
increases, allowing for more contact opportunities. It is known from Equation (12) that the
impact of threshing teeth on ear F2 decreases when the angular speed of drum ω increases,
thereby lowering the non-threshing rate. It can be concluded that the forward speed has a
higher impact on the non-threshing rate than the speed of the threshing drum from the
response cloud map.

4.3.2. Interaction Analysis between Forward Speed and Threshing Gap

Figure 15a shows that the increase in the threshing gap causes the breakage rate to
decrease significantly. This is because as the threshing gap widens, the effect of threshing
elements on the ear was weakened, the grain crushing rate was reduced, the mutual
squeezing and rubbing effect between ear was weakened, resulting in the non-threshing
rate was increased. This is similar to the findings of Chen et al. [29]. The breakage rate
decreases at first then increases as the forward speed increases. This is because, with the
increase in the feeding amount, the ears cannot move in the axial direction in time, which
will cause accumulation. It can be concluded that the effect of the threshing gap on the
breakage rate is slightly higher than the forward speed from the response cloud map.
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Figure 15b shows that the non-threshing rate increases slightly as the threshing gap
widens and decreases significantly as the forward speed increases, and the response speed
of forward speed in the map is faster than the threshing gap. When the feeding amount
is large, there are more ears in the gap between the threshing drum and concave plate,
and the threshing elements are in full contact with the corn ears to improve the non-
threshing rate [33]. It can be concluded that the effect of the threshing gap on the non-
threshing rate is lower than the forward speed from the response cloud map.

4.3.3. Interaction Analysis between Second Threshing Drum Speed and Threshing Gap

Figure 16a shows that the breakage rate decreases significantly as the threshing gap
widens and increases as the threshing drum speed increases. This is because when the
feeding amount is constant, the threshing gap increases and the beating frequency of corn
will not increase rapidly with the increase in drum speed. It can be concluded that the
effect of the threshing gap on the breakage rate is slightly higher than the speed of the
threshing drum from the response cloud map.

Figure 16b shows that when the forward speed is consistent, the non-threshing rate
decreases at first and then increases as the threshing drum speed increases and decreases
slightly as the threshing gap widens, but the response speed of the threshing gap in the
map is much slower than the threshing drum speed. This is because with the increase in
drum speed, the threshing efficiency of the drum was also improved, and the retention time
of corn in the threshing chamber was reduced, resulting in the increase in non-threshing
rate [30]. It can be concluded that the effect of threshing drum speed on the non-threshing
rate is significantly higher than the threshing gap from the response cloud map.

4.4. Performance Optimization of Filed Test

According to the requirements of corn plot kernel harvesting, the minimum breakage
rate and non-threshing rate of kernels should be met during harvest. Create the objective
function for the two indicators above, and substitute the obtained regression model into
the function. The objective function and constraint conditions are described as follows:

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

Fmin(z) =
{

y1(z1, z2, z3)
y2(z1, z2, z3)

}

s.t.

⎧⎪⎪⎨
⎪⎪⎩

0.5 m/s ≤ z1 ≤ 1.26 m/s

500 r/min ≤ z2 ≤ 800 r/min

20 mm ≤ z3 ≤ 40 mm

(26)

Using MATLAB to optimize the parameters, the optimal value is obtained as the
forward speed is 0.61 m/s, the speed of the threshing drum is 500 r/min, and the threshing
gap is 40 mm. The verification test uses Zhengdan 958, which is the same variety as the
regression orthogonal combination design test. The number of tests is three times, and the
average value is taken. The results are shown in Table 9. The test results show that in the
optimal parameters test, the field test validation value is close to the theoretical value.

Table 9. Optimum parameters test results.

Breaking Rate y1/% Non-Threshing Rate y2/% Fmin/%

Theoretical value 1.45 0.82 2.27
Field test validation

value 1.47 0.89 2.36

5. Conclusions

(1) Based on the existing ear-picking mechanism, the basic parameters of the ear-
picking device are theoretically studied by sorting out and collecting information on the
main popularized breeding corn to ensure the reasonable and reliability of the design.
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Combining with the structural characteristics of corn plot kernel harvester, a flexible
gap self-adjusting ear-picking device and a dual-axial flow corn threshing device were
optimized through a pneumatically assisted seed cleaning system and three times of
cleaning to realize the non-mixed harvest of kernels between plots.

(2) Through the mechanical analysis of corn ears, it is concluded that the factors
affecting kernel damage were drum speed, threshing gap, and feed quantity. Combining
the actual working conditions of the prototype, it is determined that the forward speed
of the unit varies from 0.4 to 1.0 m/s, the speed of the threshing drum varies from 300 to
500 r/min, and the threshing gap is arbitrarily adjustable within the range of 20~40 mm.

(3) The field test carried out the quadratic regression orthogonal combination design
by taking the breakage rate and the non-threshing rate as the test evaluating indexes.
The test data were analyzed to produce a quadratic regression model between the breakage
rate and the non-threshing rate. Through the significance analysis of regression coefficients,
it is known that the regression model has a high degree of fit. Meanwhile, the distribution
of test measured and fitted values for the two regression models are very well matched.

(4) Furthermore, through the interactive analysis of three factors, it can be concluded
that the forward speed has a significant impact on the breakage rate and the non-threshing
rate. The threshing gap has a greater impact on the breakage rate than the speed of the
threshing drum. The effect of the threshing drum speed on the non-threshing rate is greater
than the effect of the threshing gap. Then the optimal operating parameters of the machine
are calculated by optimization, which showed that the forward speed was 0.61 m/s,
the speed of the threshing drum was 500 r/min, and the threshing gap was 40 mm.
More importantly, the minimum breakage rate and non-threshing rate were 1.47% and
0.89%, respectively in the field validation test.

6. Patents

The flexible gap self-adjusting ear-picking device and dual-axial flow corn threshing
device reported in this manuscript have been applied for patents in China (Application No.
CN108293421A).
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Abstract: Hot peppers are well known for being spicy and also have a high nutrient content. Human
resources have formerly been used to harvest hot peppers; however, a high level of musculoskeletal
risk to the human workforce has been reported. Therefore, to reduce the risk to farmers and
replace the human workforce, the mechanical harvesting of hot pepper and steps to improve the
harvesting efficiency of farmers were conducted. To achieve this, the effect of planting distance on
the mechanical harvesting of hot peppers was analyzed at three planting distances (30, 40, and 50 cm)
with several cultivars. Subsequently, machine-harvested hot peppers were classified into five groups
(marketable, damaged, lost, unharvested, and twigged hot pepper), depending on their postharvest
status. The average weight ratio of each group was then calculated, after which statistical analyses
were conducted. The effect of planting distance on mechanical harvesting was then analyzed by
comparing the differences between each group’s average weight ratio and the total weight of hot
pepper, which was simultaneously harvested mechanically at each planting distance. Results showed
that the average weight ratio of marketable, unharvested, and twigged hot pepper improved as the
planting distance increased. However, no effect on the average weight ratio of damaged and lost hot
pepper was observed. The highest yield of marketable hot pepper was found at a planting distance
of 40 cm, and the average weight ratio to the whole was lower than at 50 cm of planting distance.
Thus, the most suitable planting distance for mechanical harvesting was 40 cm.

Keywords: Capsicum annuum L.; hot pepper harvester; machinery harvest efficiency; planting distance

1. Introduction

Hot pepper (Capsicum annuum L.) is among the most popular and demanded vegeta-
bles globally because of its intense flavor, attractive color, and high nutrient content [1,2].
Its nutrient content, such as L-ascorbic acid, soluble sugars, and carotenoids, are beneficial
for human nutrition. Therefore, breeding methods have been studied previously to enhance
its chemical quality [3–5].

Hot pepper is harvested manually, and it’s cultivated area has been increasing glob-
ally [6]. It is well known that harvesting hot pepper requires long periods of manual labor;
this results in the manifestation of many musculoskeletal problems among farmers. Studies
have shown that farmers are exposed to higher risks of hazard when they manually harvest
the crop. These includes musculoskeletal symptoms on their backs, knees, necks, and
shoulders after daily work [7,8]. These long periods of field work also results in high labor
costs, and continuous increase in base wage rates are annually [9]. Hence, the mechanical
hot pepper harvester was developed and used for convenience to hazards faced by growers
and replace human workforce. Unlike the manual harvesting process conducted several
times, mechanical harvesting of hot pepper is undertaken only once. The quantity of
mechanically harvested hot pepper, in addition to its harvesting efficiency, is better than
handwork. Also, hot pepper cultivars should be highly resistant against anthrax which
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occurs during late harvesting of the fruit. Field performance tests were conducted on
double-opened helix-type harvesters by calculating their harvesting efficiency, successful
harvesting rates, pepper with twig rates, pepper left on plant rates, and ground fall loss
rates at different rotational speeds of the helix. As reported, the harvesting efficiency
increased with an increase in the speed of the helix; however, pepper with twigs and
damage rates also increased. Thus, successfully harvesting rates require improvements in
all rotational speeds of the helix [10].

Furthermore, comparisons of mechanical harvesting performance among five harvest
mechanisms, including comparisons of harvest efficiency among four hot pepper cultivars,
were conducted. From the study, all cultivars’ harvest efficiencies were <70%, and the
double-open helix mechanism had the best machine-harvest performance among those
five, with a harvest efficiency of 88.3%. However, this mechanism also had the highest
ratio of the whole to damaged fruit, and the low yield of marketable hot pepper was
unsatisfactory [11]. Likewise, the mechanical harvest efficiency of six new Mexican hot
pepper cultivars showed an efficiency below 60%, and the average yield of the six cultivars
under study was 27.3 ton/ha. Nevertheless, considering that the yield of pepper in
studies conducted in the United States of America, and Europe was 31.8 and 32.02 ton/ha,
respectively, in 2019, his yield value desperately required improvement for sustainability.
Another factor for yield differences among cultivars that were also analyzed was the
architecture of the plant [6,12]. Moreover, a study reported that commercialized harvesters
had a severe problem with the low harvest efficiency of commercial hot pepper that reduced
the yield of these hot peppers. Thus, the hot pepper harvester needed improvement by
reducing its damage to the crop and minimizing the ground-fallen peppers [13].

A previous study indicated that mechanical harvest efficiency was related to plant
structure [14], proposing that the growth of the pepper plant is related to the planting
distance. Therefore, planting distance affected the growth of pepper plants, including yield,
number per plant, and weight of plant [15,16]. Furthermore, the growth of the pepper
plant, such as plant height, fruit diameter, fruit thickness, and fruit length, increased with
distance [17,18]. The yield of hot peppers per plant and stem girth also increased with
distance [19–21]. These results, wherein planting distance influenced the number of fruits
and weight of fruits per plant were confirmed in other plants, such as cocoyam, mango,
onion, rice, and tomato [22–26].

Based on these findings, it was evident that the planting distances of hot pepper
plants were highly related to the quantity of the pepper obtained at harvest and affected
mechanical harvesting efficiency. However, planting distance was used at a variety of levels:
35 cm in Canada [27], 38–45 cm in the United Kingdom [28], 30–45 cm in America [29,30],
30 cm in Brazil [31], and 30–40 cm in the Republic of Korea [32]. Based on the total yield
of hot peppers per plant and marketable fruit yield per plant, a previous study indicated
that a low planting density resulted in a high total yield of hot pepper [33–35]. There are
suggested planting distance for manual work in each country, but there is no recommended
planting distance for mechanical harvesting to the best of our knowledge. Consequently, a
comparison of different planting distances to improve mechanical harvesting efficiency
was conducted in this study.

2. Materials and Methods

2.1. Hot Pepper Harvester

Hot pepper harvesters (CH301, TYM CO., LTD., Daegu, Republic of Korea) com-
prised of three main components: threshing, transporting, and loading bay. The threshing
component was placed in front of the machine, where the rotating double-helix system
threshes the whole plant and pulls out the fruit. Then, the harvested fruit is transported
to the loading bay, after which a motor-created airflow was used to separate leaves. The
specifications of the hot pepper harvesting machine used in this study are presented in
Figure 1 and Table 1 [36].
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Figure 1. Hot pepper harvester used for the field test.

Table 1. Specifications of the hot pepper harvester.

Hot Pepper Harvester Specifications

Model CH301 (TYM CO., LTD./Republic of Korea)

Company/country TYM CO., LTD./Republic of Korea

Length/width/height (mm) 4380/1810/1800

Ground clearance (mm) 600

Engine power (kW) 20.1

Revolution speed of helix (RPM) 700

Weight (kg) 2065

Work speed (km/h) 1.6

Maximum capacity of loading bay (kg) 200

Diameter of the helix (mm) 100

Length of helix (mm) 1700

2.2. Cultivars

Three hot pepper cultivars were selected: AR Legend (Pepper & Breeding Institute,
Gimje, Republic of Korea), Maeuntan (Syngenta Korea, Daegu, Republic of Korea), and
Jeockyoung (Rural Development Administration, Jinju, Republic of Korea).

2.3. Planting Distance

Hot peppers were harvested using the double-helix harvester with a threshing com-
ponent, where the whole pepper plant goes through the gap between the double-helix.
Consequently, controlling the planting distance is proposed to decrease the impact between
pepper plants, thereby earning enough time for the harvester to thresh the whole pepper
plant before a new inflow.

Therefore, to obtain a low planting density, a narrow planting distance was required.
For planting distance, 30–50 cm is used globally. Thus, in this study, three levels of planting
distances were selected for the mechanical harvesting experiment (Figure 2).
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Figure 2. Three levels of planting distance selected for harvesting experiment (a) 30 cm planting
distance, (b) 40 cm planting distance, (c) 50 cm planting distance.

2.4. Field Conditions

The experiment was conducted at the upland-field machinery research center at
Gunwi-gu, Gyeongsangbuk-do, Republic of Korea (latitude 36◦06′55.1′′-N, longitude
128◦38′28.1′′-E). The field area was 1487 m2, and the soil was clay loam with a pH of
6.2. The experimental region had an average annual air temperature between 30.2 ◦C and
19.2 ◦C, and a 460 mm average annual rainfall during summer. The distance between rows
was 130 cm, with three rows in each cultivar, and the length of each row was 90 m. All
cultivars were sown on 3 March 2020, raised for 75 days, and transplanted on 18 May 2020.
The pepper plant reached 80 cm in height in all cultivars.

2.5. Mechanical Harvest

The mechanical harvest was conducted at 10 m for each planting distance. The
constant forward speed of the harvester was 1.6 km/h, and the rotational speed of the
helix was 700 rpm. After 10 m mechanical harvesting, harvested peppers were manually
classified into five groups depending on their status, and fresh weight was used for
measurement (Figure 3). The groups included marketable, damaged, lost, unharvested,
and twigged hot peppers. Marketable hot pepper was defined as well-harvested pepper,
which is whole and safely transported into the loading bay; damaged hot pepper was
defined as that which was ripped and chopped; lost hot pepper was defined as ground-
fallen peppers during mechanical harvesting; unharvested hot pepper was the fruit left
after mechanical harvesting; and twigged hot pepper was defined as those peppers still
having twigs and leaves attached postharvest.

Figure 3. Image of classified machinery-based harvested peppers (a) marketable hot pepper, (b) dam-
aged hot pepper, (c) lost hot pepper, (d) unharvested hot pepper, and (e) twigged hot pepper.
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Following this, each group was weighed using an electric scale (PAG4102, OHAUS,
Parsippany, NJ, USA). The mechanically harvested hot pepper in the loading bay consisted
of five groups of hot pepper. For analysis of the percentage of each group in the loading bay
after 10 m of harvesting, the weight ratio of the whole weight of mechanically harvested
pepper was calculated using Equation (1) below with the parameters shown in Table 2.

Rn =
Sn (kg)

∑5
n=1 Sn (kg)

× 100 (%) (1)

Table 2. Symbols and definitions for equation one.

Symbols Definitions Symbols Definitions

R1 The weight ratio of marketable hot pepper S1 Weight of marketable hot pepper

R2 The weight ratio of damaged hot pepper S2 Weight of damaged hot pepper

R3 The weight ratio of lost hot pepper S3 Weight of lost hot pepper

R4 The weight ratio of unharvested hot pepper S4 Weight of unharvested hot pepper

R5 The weight ratio of twigged hot pepper S5 Weight of twigged hot pepper

2.6. Statistical Analysis

Statistical analysis was conducted using SPSS (IBM SPSS Statistics 26, IBM, Armonk,
NY, USA) at a 5% significance level. Results are presented for each group regarding
the mean weight ratio, conducted nine times during mechanical harvesting experiments.
Furthermore, the difference in weight ratios between planting distances was elaborated
using one-way analysis of variance (ANOVA) with Duncan’s test. Pearson’s correlation
test was conducted to elaborate on the relationship between the planting distance and
the weight ratio of each classified group. Furthermore, multiple ways ANOVA was
conducted to analyze the effect of planting distance on the variables and to compare the
three cultivars statistically.

3. Results

3.1. Marketable Hot Pepper

Mechanical harvesting efficiency at different planting distances was evaluated using
the weighted ratio of marketable, damaged, lost, unharvested, and twigged hot peppers.
Table 3 presents the mean statistical analysis of the weight ratio obtained from marketable
harvested hot peppers in all cultivars. Comparing the planting distances, the average
weight ratios were 71.1 ± 4.0% (SD), 77.1 ± 3.5% (SD), and 81.5 ± 2.2% (SD) for AR
legend; 74.3 ± 3.0% (SD), 80.0 ± 1.4% (SD), and 82.1 ± 1.9% (SD) for Maeuntan; and
71.0 ± 1.5% (SD), 74.5 ± 2.1% (SD), and 81.1 ± 2.2% (SD) for Jeockyoung. Results showed
that the average weight ratio of marketable hot pepper increased with planting distance.
Moreover, the highest weight ratio of marketable hot pepper was indicated at a planting
distance of 50 cm for all cultivars. Furthermore, results of the ANOVA on the effects of
planting distance and cultivar on the weight ratio of marketable hot pepper showed a
significantly different effect as all p-values were <0.05. However, there was no interaction
effect between planting distance and cultivar as the p-value was >0.05.

Furthermore, previous studies have reported that yield per plant was significantly
influenced by planting distance. The yield per plant was also increased with an increase in
planting distances [19,33,35]. However, further planting distances caused a leak in pepper
yield because increased planting distances meant fewer plants per unit area of hot pepper
fields. Therefore, the highest weight of marketable hot pepper was obtained at a 40 cm
planting distance (Table 3), with 7.0 ± 0.2 kg (SD) for AR Legend, 9.5 ± 0.7 kg (SD) for
Maeuntan, and 6.2 ± 0.5 kg (SD) for Jeockyoung obtained for all cultivars. Hence, we
propose that the most suitable planting distance for mechanical harvesting of hot pepper
is 40 cm.
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Table 3. Statistical analysis results on marketable hot pepper.

Cultivar PD (cm) M ± SD (%) Weight (kg) PCC F-Value p-Value

AR
Legend

30 71.1 ± 4.0 a (1) 5.9 ± 0.25
0.780 ** 11.928 0.00140 77.1 ± 3.5 b 7.0 ± 0.2

50 81.5 ± 2.2 b 6.3 ± 0.1

Maeuntan
30 74.3 ± 3.0 a 8.0 ± 0.3

0.802 ** 16.331 0.00040 80.0 ± 1.4 b 9.5 ± 0.7
50 82.1 ± 1.9 b 8.2 ± 0.4

Jeockyoung
30 71.0 ± 1.5 a 5.3 ± 0.4

0.889 ** 33.191 0.00040 74.5 ± 2.1 b 6.2 ± 0.5
50 81.1 ± 2.2 c 5.1 ± 0.3

Group Source DF ANOVA SS Mean Square F-Value p-Value

Marketable hot pepper

PD 2 804.111 402.056 49.478 0.000 **
Cultivar 2 100.778 50.389 6.201 0.004 **

PD*Cultivar 4 35.444 8.861 1.090 0.373
Error 45 365.667 8.126
Total 53 1306.000

PD: Planting Distance; M: Mean; SD: Standard Deviation; PCC: Pearson’s Correlation Coefficient; SS: Sum of Squares. (1): Mean separation
within columns by Duncan’s Multiple Range test at p = 0.05. ** p < 0.01.

3.2. Damaged Hot Pepper

The physical quality of hot pepper, which was pre-harvested manually, and hot
pepper, which was post-mechanically harvested are shown in Figure 4. This method
of quality assessment was adopted because it was difficult to carry out the standard
wet chemistry methods. These wet chemistry methods are also destructive and time-
consuming. The assessment showed that the physical quality of the two hot peppers
(Figure 4a,b) was defined with no chop or rip on their pericarp. The statistical analysis of
the average weight ratio of damaged hot pepper is shown in Table 4. Comparing between
the planting distances, the average weight ratios were 4.2 ± 1.4% (SD), 2.5 ± 0.7% (SD),
and 2.2 ± 0.3% (SD) for AR legend; 3.8 ± 1.6% (SD), 3.7 ± 0.9% (SD), and 3.5 ± 0.9% (SD)
for Maeuntan; and 4.8 ± 1.8% (SD), 4.2 ± 1.0% (SD), and 3.0 ± 1.5% (SD) for Jeockyoung.
The average weight ratio of damaged hot pepper was only related to the planting distance;
no significantly different interaction effect was found between planting distance and
cultivar. Furthermore, most damaged hot peppers were recorded during transportation
to the loading bay; thus, we suspect that too much force was applied to the hot pepper,
resulting in the peppers being chopped and ripped out. Compared with a previous study
on mechanical harvesting experiments, the damaged ratio observed in this study was
much lower (8.37%) because the broader and blockier structure of the hot pepper ridges,
characterized by the different planting distances, was more acceptable in managing the
mechanical damage [10]. Furthermore, additional studies with fruit damage measurement
in each harvester unit are required and would be done in the future.

Figure 4. Physical quality of hot pepper (a) manually pre-harvested and (b) post-mechanically harvested.
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Table 4. Statistical analysis results on damaged hot pepper.

Cultivar PD (cm) M ± SD (%) Weight (kg) PCC F-Value p-Value

AR
Legend

30 4.2 ± 1.4 b (1) 0.4 ± 0.2
−0.623 ** 6.019 0.01240 2.5 ± 0.7 a 0.2 ± 0.1

50 2.2 ± 0.3 a 0.2 ± 0.1

Maeuntan
30 3.8 ± 1.6 a 0.4 ± 0.2

−0.109 0.090 0.91440 3.7 ± 0.9 a 0.4 ± 0.1
50 3.5 ± 0.9 a 0.3 ± 0.1

Jeockyoung
30 4.8 ± 1.8 a 0.2 ± 0.1

−0.440 1.860 0.19040 4.2 ± 1.0 a 0.4 ± 0.1
50 3.0 ± 1.5 a 0.2 ± 0.1

Group Source DF ANOVA SS Mean Square F-Value p-Value

Damaged hot pepper

PD 2 17.593 8.796 4.576 0.016 **
Cultivar 2 10.481 5.241 2.726 0.076

PD*Cultivar 4 6.852 1.713 0.891 0.477
Error 45 86.500 1.922
Total 53 121.426

PD: Planting Distance; M: Mean; SD: Standard Deviation; PCC: Pearson’s Correlation Coefficient; SS: Sum of Squares. (1): Mean separation
within columns by Duncan’s Multiple Range test at p = 0.05. **: p < 0.01.

3.3. Lost Hot Pepper

The statistical analysis of the average weight ratio of lost hot pepper are shown in
Table 5. Comparing planting distances, the average weight ratios were 4.2 ± 1.3% (SD),
3.8 ± 1.3% (SD), and 4.8 ± 2.6% (SD) for AR legend; 3.0 ± 1.0% (SD), 2.8 ± 0.9% (SD), and
5.1 ± 1.2% (SD) for Maeuntan; and 4.0 ± 1.0% (SD), 4.1 ± 2.3% (SD), and 2.1 ± 1.3% (SD) for
Jeockyoung. Results also showed that the average weight ratios of lost hot pepper cultivars
did not relate to the planting distance or cultivar; therefore, no significantly different effect
was observed. The result of two-way ANOVA indicated that there was an interaction effect
between planting distance and cultivar. Therefore, the weight ratio of lost hot pepper was
significantly different when planting distance and cultivar were considered. Most lost hot
peppers were observed during transportation and probably caused by airflow, which was
created in the harvester for separating the fruits from the leaves.

3.4. Unharvested Hot Pepper

Table 6 presents the statistical analysis results of average weight ratios of unharvested
hot peppers in all cultivars. Comparing the planting distances, the average weight ratio
was 10.0 ± 1.2% (SD), 8.8 ± 2.6% (SD), and 5.5 ± 1.3% (SD) for AR Legend; 9.3 ± 2.4% (SD),
7.5 ± 1.9% (SD), and 5.0 ± 1.0% (SD) for Maeuntan; and 10.5 ± 0.5% (SD), 8.6 ± 0.7% (SD),
and 7.5 ± 0.7% (SD) for Jeockyoung. From the results, the weight ratio of unharvested
hot pepper decreased with the planting distance and cultivar. The lowest weight ratio of
unharvested hot pepper was at a planting distance of 50 cm for all cultivars. Nevertheless,
results of the ANOVA regarding the effect of planting distance on the average weight ratio
of unharvested hot pepper showed a significantly different effect as all p-values were <0.05,
and but no interaction effect between planting distance and cultivar was found as the
p-value was >0.05.

3.5. Twigged Hot Pepper

Statistical analysis results of the average weight ratio of twigged hot pepper are shown
in Table 7. Comparing the planting distances, the average weight ratios were 10.5 ± 1.3%
(SD), 7.5 ± 1.2% (SD), and 6.1 ± 2.6% (SD) for AR legend; 9.8 ± 0.6% (SD), 5.3 ± 0.4%
(SD), and 4.1 ± 0.9% (SD) for Maeuntan, and 10.3 ± 1.9% (SD), 8.3 ± 1.8% (SD), and
6.1 ± 0.9% (SD) for Jeockyoung. As shown, the weighed ratios of twigged hot pepper
cultivars decreased with the planting distance, and the lowest weight ratio of twigged
hot peppers was at a planting distance of 50 cm for all cultivars. Moreover, the results
of the ANOVA on the effect of planting distance and cultivar on average weight ratios
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of twigged hot peppers showed significantly different effects as all p-values were <0.05,
but no interaction effect between planting distance and cultivar was found. Likewise, in a
previous study, the whole to twigged ratios of AR Legend and Jeockyoung were 44.3% and
23.1%, respectively, respectively [9].

Table 5. Statistical analysis results for lost hot pepper.

Cultivar PD (cm) M ± SD (%) Weight (kg) PCC F-Value p-Value

AR
Legend

30 4.3 ± 1.3 a (1) 0.4 ± 0.1
0.105 0.346 0.71340 3.8 ± 1.3 a 0.4 ± 0.1

50 4.8 ± 2.6 a 0.2 ± 0.1

Maeuntan
30 3.0 ± 1.0 a 0.3 ± 0.1

0.593 ** 7.754 0.00540 2.8 ± 0.9 a 0.4 ± 0.1
50 5.1 ± 1.2 b 0.6 ± 0.1

Jeockyoung
30 4.0 ± 1.0 a 0.2 ± 0.1

−0.396 2.232 0.14240 4.1 ± 2.3 a 0.3 ± 0.1
50 2.1 ± 1.3 a 0.2 ± 0.1

Group Source DF ANOVA SS Mean Square F-Value p-Value

Lost hot pepper

PD 2 1.815 0.907 0.304 0.739
Cultivar 2 7.704 3.852 1.290 0.285

PD*Cultivar 4 36.296 9.074 3.040 0.027 **
Error 45 134.333 2.985
Total 53 180.148

PD: Planting Distance; M: Mean; SD: Standard Deviation; PCC: Pearson’s Correlation Coefficient; SS: Sum of Squares. (1): Mean separation
within columns by Duncan’s Multiple Range test at p = 0.05. ** p < 0.01.

Table 6. Statistical analysis results on unharvested hot pepper.

Cultivar PD (cm) M ± SD (%) Weight (kg) PCC F-Value p-Value

AR
Legend

30 10.0 ± 1.2 b (1) 0.9 ± 0.1
−0.690 ** 7.874 0.00540 8.8 ± 2.6 b 1.1 ± 0.1

50 5.5 ± 1.3 a 0.5 ± 0.1

Maeuntan
30 9.3 ± 2.4 b 1.3 ± 0.2

−0.681 ** 6.568 0.00940 7.5 ± 1.9 ab 1.1 ± 0.2
50 5.0 ± 1.0 a 0.5 ± 0.1

Jeockyoung
30 10.5 ± 0.5 c 0.8 ± 0.1

−0.869 ** 24.700 0.00040 8.6 ± 0.7 b 0.7 ± 0.1
50 7.5 ± 0.7 a 0.5 ± 0.1

Group Source DF ANOVA SS Mean Square F-Value p-Value

Unharvested
hot pepper

PD 2 141.593 70.796 23.512 0.000 **
Cultivar 2 23.370 11.685 3.881 0.028 **

PD*Cultivar 4 8.074 2.019 0.670 0.616
Error 45 135.500 3.011
Total 53 308.537

PD: Planting Distance; M: Mean; SD: Standard Deviation; PCC: Pearson’s Correlation Coefficient; SS: Sum of Squares. (1): Mean separation
within columns by Duncan’s Multiple Range test at p = 0.05. **: p < 0.01.

3.6. Twigged Hot Pepper

Statistical analysis results of the average weight ratio of twigged hot pepper are shown
in Table 7. Comparing the planting distances, the average weight ratios were 10.5 ± 1.3%
(SD), 7.5 ± 1.2% (SD), and 6.1 ± 2.6% (SD) for AR legend; 9.8 ± 0.6% (SD), 5.3 ± 0.4%
(SD), and 4.1 ± 0.9% (SD) for Maeuntan, and 10.3 ± 1.9% (SD), 8.3 ± 1.8% (SD), and
6.1 ± 0.9% (SD) for Jeockyoung. As shown, the weighed ratios of twigged hot pepper
cultivars decreased with the planting distance, and the lowest weight ratio of twigged
hot peppers was at a planting distance of 50 cm for all cultivars. Moreover, the results
of the ANOVA on the effect of planting distance and cultivar on average weight ratios
of twigged hot peppers showed significantly different effects as all p-values were <0.05,
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but no interaction effect between planting distance and cultivar was found. Likewise, in a
previous study, the whole to twigged ratios of AR Legend and Jeockyoung were 44.3% and
23.1%, respectively, respectively [9].

Table 7. Statistical analysis results for twigged hot pepper.

Cultivar PD (cm) M ± SD (%) Weight (kg) PCC F-Value p-Value

AR
Legend

30 10.5 ± 1.3 b (1) 1.0 ± 0.1
−0.682 ** 7.170 0.00740 7.5 ± 1.2 b 0.8 ± 0.1

50 6.1 ± 2.6 a 0.7 ± 0.1

Maeuntan
30 9.8 ± 0.6 c 1.1 ± 0.1

−0.910 ** 89.537 0.00040 5.3 ± 0.4 b 0.6 ± 0.1
50 4.1 ± 0.9 a 0.4 ± 0.1

Jeockyoung
30 10.3 ± 1.9 b 0.9 ± 0.1

−0.723 ** 8.228 0.00440 8.3 ± 1.8 ab 0.8 ± 0.1
50 6.1 ± 0.9 a 0.4 ± 0.1

Group Source DF ANOVA SS Mean Square F-Value p-Value

Twigged hot
pepper

PD 2 208.481 104.241 39.641 0.000 **
Cultivar 2 36.037 18.019 6.852 0.000 **

PD*Cultivar 4 10.185 2.546 0.968 0.434
Error 45 118.333 2.630
Total 53 373.037

PD: Planting Distance; M: Mean; SD: Standard Deviation; PCC: Pearson’s Correlation Coefficient; SS: Sum of Squares. (1): Mean separation
within columns by Duncan’s Multiple Range test at p = 0.05. ** p < 0.01.

4. Discussion

Previous studies have reported that yield per plant was significantly influenced by
planting distance. The yield per plant was also increased with an increase in planting
distance [19,33,35]. However, increased planting distances caused a decrease in pepper
yield because further planting distances meant fewer plants per unit area of hot pepper
field. Therefore, the highest weight of marketable hot pepper was indicated at the 40 cm
planting distance (Table 3), with 7.0 ± 0.2 kg (SD) for AR Legend, 9.5 ± 0.7 kg (SD) for
Maeuntan, and 6.2 ± 0.5 kg (SD) for Jeockyoung obtained for all cultivars. Hence, we
propose that the most suitable planting distance for mechanical harvesting of hot pepper
is 40 cm.

The average weight ratio of damaged hot pepper was only related to the planting
distance. The average weight ratio of lost hot pepper was significantly different when
planting distance and cultivar were considered together. However, most damaged hot
peppers were found during transportation to the loading bay causing too much force
to be applied to the hot pepper. To improve the mechanical harvesting efficiency, the
average weight ratio of damage should be reduced. The harvester consisted of three
main components (threshing, transporting, and loading bay). A study to determine the
specific harvester unit where the damage occurred needs to be conducted in the future with
measurement of fruit damage. It was observed that the rotational speed of the helix had
an effect on unharvested hot pepper rate in a previous study [9]. However, another factor
was found in this study; according to Table 6, shortening the planting distance reduced the
average weight ratio of unharvested hot peppers. Through the results of this study, the
planting distance can also be said to affect the unharvested hot pepper rate. By controlling
the planting distance and rotational speed of the helix, a more consistent performance for
mechanically harvesting hot pepper can be conducted.

The average weight ratio of twigged hot pepper was decreased with further planting
distance. The minimum weight ratio of twigged hot pepper was 4.1% in this study. Consid-
ering the twigged ratios of AR Legend and Jeockyoung were 44.3% and 23.1%, respectively,
in a previous study [9], controlled planting distance seems to be a controlling factor for
twigged hot pepper.
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5. Conclusions

This study classified mechanically harvested hot peppers into five groups—marketable,
damaged, lost, unharvested, and twigged. Evaluation of mechanical harvesting perfor-
mances was conducted at three levels of planting distance with three different cultivars. We
verified the effect of planting distance and cultivars on mechanical harvesting of hot pepper.
The weight ratio of marketable hot pepper was highest at a planting distance of 50 cm for
Maeuntan, followed by AR Legend and Jeockyoung. However, the yield of marketable
hot pepper was highest at a planting distance of 40 cm. Moreover, the weight ratios of
unharvested and twigged hot peppers were lowest at a planting distance of 50 cm for
Maeuntan, followed by AR Legend and Jeockyoung. Therefore, we propose that increasing
the planting distance provided enough time for the double helix to thresh the whole pepper
plant, thereby reducing the intersection between the pepper plants and facilitating proper
harvest. The proposed distance also resulted in increased weight ratios of marketable hot
pepper and decreased weight ratios of damaged, unharvested, and twigged hot peppers.
An interaction effect between planting distance and cultivar was found with the weight
ratio of lost hot pepper. However, the damaged hot peppers were more related to the
mechanical structure of the transporting component of the harvester; additional study
is required with measurements of damage in each component of the machineTherefore,
considering the yield of marketable hot pepper and the observed decrease in the weight
ratio of unharvested and twigged hot peppers with the further planting distances used in
this study, we propose the most suitable planting distance for mechanical harvesting of hot
pepper is 40 cm.

Author Contributions: Authors have contributed to this work in the following roles: Conceptualiza-
tion, S.K. and Y.K.; Methodology, S.K. and S.W.; Software, S.K. and Y.K.; Formal analysis, S.K. and
H.P.; Investigation, S.K. and H.P.; Resources, S.K., Y.K. and H.P.; Writing—Original Draft Preparation,
S.K.; Writing—Review and Editing, D.D.U. and Y.H.; Supervision, Y.H. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the Technology Innovation Program (2003975, Development
of intelligent 30 kW crawler-based traveling platform for multi-purpose farming) funded by the
Ministry of Trade, Industry& Energy (MOTIE, Korea).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Crapnell, R.D.; Banks, C.E. Electroanalytical overview: The pungency of chile and chilli products determined via the sensing of
capsaicinoids. Analyst 2021, 146, 2769–2783. [CrossRef]

2. Nair, K.P. The Geography of Black Pepper (Piper nigrum): The “King” of Spices; Springer Nature: London, UK, 2020; Volume 1.
3. Cebula, S.; Jakubas, A.; Sekara, A.; Kalisz, A.; Pohl, A. The relationship between morphological features and nutritive value of

sweet pepper fruits. Acta Sci. Pol. Hortorum Cultus 2015, 14, 79–91.
4. Conforti, F.; Statti, G.A.; Menichini, F. Chemical and biological variability of hot pepper fruits (Capsicum annuum var. acuminatum

L.) in relation to maturity stage. Food Chem. 2007, 102, 1096–1104. [CrossRef]
5. Sharma, V.K.; Srivastava, A.; Mangal, M. Accelerated Plant Breeding Volume 2 Vegetable Crops; Gosal, S.S., Wani, S.H., Eds.; Springer:

Berlin/Heidelberg, Germany, 2020; pp. 417–444.
6. FAO. Database for World Area Harvested of Hot Pepper in the World 2019. Available online: https://fao.org/faostat/en/#data/

QC (accessed on 22 July 2021).
7. Jain, R.; Meena, M.L.; Dangayach, G.S.; Bhardwaj, A.K. Association of risk factors with musculoskeletal disorders in manual-

working farmers. Arch. Environ. Occup. Health 2018, 73, 19–28. [CrossRef] [PubMed]
8. Momeni, Z.; Choobineh, A.; Razeghi, M.; Ghaem, H.; Azadian, F.; Daneshmandi, H. Work-related musculoskeletal symptoms

among agricultural workers: A cross-sectional study in Iran. J. Agromed. 2020, 25, 339–348. [CrossRef]
9. National Agricultural Statistics Service. Farm Labor. Available online: https://downloads.usda.library.cornell.edu/usda-esmis/

files/x920fw89s/q237jp329/1g05g852h/fmla0521.pdf (accessed on 17 September 2021).

364



Agriculture 2021, 11, 945

10. Kim, T.H.; Kim, D.C.; Cho, Y.J. Performance comparison and evaluation of two small chili pepper harvester prototypes that attach
to walking cultivators. Appl. Sci. 2020, 10, 2570–2580. [CrossRef]

11. Funk, P.A.; Walker, S.J. Evaluation of five green chile cultivars utilizing five different harvest mechanisms. Appl. Eng. Agric. 2010,
26, 955–964. [CrossRef]

12. Joukhadar, I.S.; Walker, S.J.; Funk, P.A. Comparative mechanical harvest efficiency of six New Mexico pod-type green chile pepper
cultivars. Hort. Technol. 2018, 28, 310–318. [CrossRef]

13. Funk, P.A.; Walker, S.J.; Herbon, R.P. A systems approach to chile harvest mechanization. Int. J. Veg. Sci. 2011, 17, 296–309.
[CrossRef]

14. Akay, O.E.; Guzel, E.; Ozcan, M.T. Development of a harvest mechanism for the Kahramanmaras chili pepper. Int. J. Agric. Biosyst.
Eng. 2016, 10, 666–670.

15. Decoteau, D.R.; Graham, H.A.H. Plant spatial arrangement affects growth, yield, and pod distribution of cayenne peppers. Hortic.
Sci. 1994, 29, 149–151. [CrossRef]

16. Russo, V.M. Yield in nonpungent jalapeño pepper established at different in-row spacings. Hort. Sci. 2008, 43, 2018–2021. [CrossRef]
17. Edgar, O.N.; Gweyi-Onyango, J.P.; Korir, N.K. Plant row spacing effect on growth and yield of green pepper (Capsicum annuum

L.) in Western Kenya. Arch. Curr. Res. Int. 2017, 7, 1–9. [CrossRef]
18. El-Gazzar, T.M.; Tartoura, E.A.; Nada, M.M.; Ismail, M.E. Effect of some treatments to reduce the injury of high temperature on

sweet pepper grown in late summer season. J. Plant Prod. 2020, 11, 855–860. [CrossRef]
19. Islam, M.; Satyaranjan, S.A.H.A.; Akand, H.; Rahim, A. Effect of spacing on the growth and yield of sweet pepper (Capsicum

annuum L.). J. Cent. Eur. Agric. 2001, 12, 328–335. [CrossRef]
20. Jadama, L.; Jammeh, P.T.; Cham, A.K.; Diedhiou, I. Effect of different spacing on the growth and yield of California wonder bell

pepper (Capsicum annuum) on sandy loam soil in the Gambia. Asian J. Biol. 2021, 12, 1–9. [CrossRef]
21. Santos, B.M.; Salame-Donoso, T.P.; Obregon-Olivas, H.A.; Inestroza, J.E.; Galeano, R.; Saenz, M.V.; Monge-Perez, J.E.; Cuevas,

M.G.; Torres-Quezada, E.A.; Mendez-Urbaez, C.J. Evaluation of planting densities and shoot pruning practices for indeterminate
bell pepper production in Dominican Republic, Honduras, and Costa Rica. In Proceedings of the Florida State Horticultural
Society, Crystal River, FL, USA, 6–8 June 2010; Volume 124, pp. 191–193.

22. Ansari, A.M.; Ahmad, E.; Bhagat, B.K.; Singh, D.N. Effect of planting space and pruning intensity in mango (Mangiferaindica L.)
cv. Amrapali. J. Pharm. Phytochem. 2018, 1, 198–201.

23. Ginoya, A.V.; Patel, J.B.; Delvadiya, I.R.; Jethva, A.S. Effect of bulb size and plant spacing on seed quality parameters of onion
(Allium cepa L.) cv. GJWO 3. J. Pharm. Phytochem. 2018, 7, 2511–2515.

24. Mamnoie, E.; Dolatkhahi, A. Plant spacing and cultivar affects yield components, qualitative traits and early ripening of tomato
(Lycopersicon esculentum). Not. Sci. Biol. 2013, 5, 494–498. [CrossRef]

25. Ogbonna, P.E.; Orji, K.O.; Nweze, N.J.; Opata, P. Effect of planting space on plant population at harvest and tuber yield in taro
(Colocasia esculenta L.). Afr. J. Agric. Res. 2015, 10, 308–316. [CrossRef]

26. Samanhudi, A.Y.; Dinana, A. Liquid organic fertilizer and planting space influencing the growth and yield of rice (Oryza sativa L.)
in system of rice intensification (SRI) methods. J. Agric. Sci. Technol. 2011, 5, 232–238.

27. Growveg. Chili Pepper Growing Guide. 2021. Available online: https://growveg.com/plants/us-and-canada/how-to-grow-
chili-peppers/ (accessed on 22 July 2021).

28. RHS. Peppers and Chillies. 2021. Available online: https://rhs.org.uk/advice/profile?pid=664 (accessed on 22 July 2021).
29. HGIC. Pepper. 2020. Available online: https://hgic.clemson.edu/factsheet/pepper/ (accessed on 22 July 2021).
30. UI. Growing Peppers in Short-Season, High-Altitude Idaho Gardens. 2020. Available online: https://www.extension.uidaho.

edu/publishing/html/BUL974-Growing-Peppers-in-Short-Season-High-Altitude-Gardens.aspx (accessed on 22 July 2021).
31. Ragassi, C.F.; Zucolotto, J.; Gomes, L.M.; Ribeiro, C.S.; Madeira, N.R.; Reifschneider, F.J.B. Productivity, quality of fruits and

architecture of jalapeño pepper at different planting densities. Hortic. Bras. 2019, 37, 331–337. [CrossRef]
32. NIHHS. Technical Information for Horticultural Special Crops No. 89. National Institute of Horticultural and Herbal Science.

2020. Available online: https://www.nihhs.go.kr/usr/nihhs/news_Public_view.do?idx=27927 (accessed on 22 July 2021).
33. Aminifard, M.H.; Aroiee, H.; Karimpour, S.; Nemati, H. Growth and yield characteristics of paprika pepper (Capsicum annum L.)

in response to plant density. Asian J. Plant Sci. 2010, 9, 276–280. [CrossRef]
34. Cavero, J.; Ortega, R.G.; Gutierrez, M. Plant Density Affects Yield, Yield Components, of Color of Direct-seeded Paprika Pepper.

Hort. Sci. 2001, 36, 76–79. [CrossRef]
35. Nasto, T.; Balliu, A.; Zeka, N. The influence of planting density on growth characteristics and fruit yield of peppers (Capsicum

annuum L.). Acta Hortic. 2009, 28, 609–612. [CrossRef]
36. Kang, S.H. Effect of Planting Distance and NaCl Treatment on Machinery Harvest by Hot Pepper Cultivar. Master’s Thesis,

Kyungpook National University, Daegu, Korea, June 2021.

365





agriculture

Article

Research on Loading Method of Tractor PTO Based on Dynamic
Load Spectrum

Yu Wang, Ling Wang *, Jianhua Zong, Dongxiao Lv and Shumao Wang

Citation: Wang, Y.; Wang, L.; Zong,

J.; Lv, D.; Wang, S. Research on

Loading Method of Tractor PTO

Based on Dynamic Load Spectrum.

Agriculture 2021, 11, 982. https://

doi.org/10.3390/agriculture11100982

Academic Editor: José Pérez-Alonso

Received: 6 September 2021

Accepted: 4 October 2021

Published: 9 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Beijing Key Laboratory of Optimized Design for Modern Agricultural Equipment, College of Engineering,
China Agricultural University (East Campus), Beijing 100083, China; wysummer@cau.edu.cn (Y.W.);
zongjianhua@cau.edu.cn (J.Z.); lvdongxiao@cau.edu.cn (D.L.); wangshumao@cau.edu.cn (S.W.)
* Correspondence: wangling2017068@cau.edu.cn; Tel.: +86-138-1123-6360

Abstract: The torque load spectrum is an important basis for the strength design and durability
test verification of tractor power take-off (PTO), and the performance and reliability of tractor PTO
directly affect the quality and efficiency of agricultural operations. In this paper, taking the PTO
torque load as the object, a PTO loading method based on the dynamic load spectrum acquired in
the actual field work was proposed in this paper. Based on the Peak Over Threshold model, the
extrapolation of the PTO load spectrum was realized, and the load spectrum throughout the whole
life cycle was obtained. On the basis of this, the mobile tractor PTO loading test bench and Fuzzy-
Proportional-Integral-Derivative (Fuzzy-PID) controller were developed to achieve the dynamic
loading of the PTO load spectrum, and the dynamic characteristics were analyzed and verified by the
simulation and laboratory test. The results showed that with the time domain extrapolation method,
the load extreme value was expanded from (63.24, 469.50) to (60.88, 475.18), and the coverage was
expanded by 1.98%. By comparing with the fitting results, statistical characteristics and rain flow
counting results, the load spectrum extrapolation method was effective. In addition, the response
time of simulation and laboratory test were 0.05s and 0.75s, respectively; the maximum error was
1.77% and 4.03%, respectively; and the goodness of fit was 16.78 N·m, which indicated that the PTO
loading test bench, can accurately restore the dynamic loading of the tractor and the Fuzzy-PID
controller had better accuracy and stability. It would provide a reference for the practical application
of PTO load spectrum of the tractors.

Keywords: dynamic load spectrum; power take-off; tractor PTO loading test bench; Fuzzy-PID controller

1. Introduction

Tractor power take-off (PTO) is an important component for driving agricultural
implement such as rotary tillage and harrowing [1,2], and its performance and reliability
directly affect the quality and efficiency of agricultural operations [3,4]. Nowadays, the
tractor PTO loading test bench is a commonly used piece of equipment for PTO performance
test, sensor device calibration, and reliability test. Wang Jiankang [5] and Sumer et al. [6]
built a PTO loading test-bed with alternating current (AC) dynamometer and eddy current
dynamometer, respectively, which was mainly used to test the performance of tractor
PTO and determine its load characteristics. Siddique et al. [7] used PTO dynamometer to
analyze the fuel consumption level of tractor under different loads in order to optimize the
load characteristics. Roeber et al. [8] used a PTO loading test bench dynameter of Nebraska
tracker test lab to calibrate the tractor torque measurement system. In addition, some
companies such as HORIBA group (Kyoto, Japan) and Powerlink Company (Bangkok,
Thailand) have also developed PTO loading systems, which could realize the detection of
speed and torque performance of tractors. Until recently, these loading test benches are
performed in a fixed load mode, which is different from the load borne by the tractor in
actual field operation, resulting in errors in the detection results [9]. Moreover, there are
few studies on dynamic loading methods for tractor PTO.
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The PTO load spectrum can reflect the time history of the torque load borne by tractor
PTO in actual operation [9], which is an important way to explore the relationship between
the operating load and the performance and reliability of tractor PTO. However, due to
the limitation of time and cost, it is impossible to obtain the load time-history during its
whole life cycle in the load spectrum collection process. Therefore, it is necessary to extend
the load coverage by extrapolating the load spectrum. The commonly used load spectrum
extrapolation methods can be divided into frequency domain extrapolation method (FDE),
rain-flow domain extrapolation method (RDE) and time domain extrapolation method
(TDE) [10]. The main approach of the FDE method is to use normal distribution and
Weibull distribution to fit the mean value and the amplitude value of the load spectrum,
and then the extrapolation can be realized based on the load joint distribution function [11].
Jixin Wang et al. achieved the extrapolation of transmission load of wheel loader based on
FDE method [10]. For the RDE method, it uses nonparametric estimation to achieve data
fitting based on the distribution characteristics of rain flow matrix [12,13]. However, there
is a common problem with both approaches, that is, the load signal in the time domain
should be converted to the frequency domain in the process of extrapolation, which will
break the time sequence of the original load and bring inconvenience to the application of
the load spectrum. The TDE method was proposed by Johannesson and Thomas [14] and
Johannesson [15], and the extrapolation can be actualized on the basis of the extreme value
distribution characteristics of the original load based on the extreme value theory [11].
This approach offers a way to retain the time-domain order and reduce the conversion
error. Yang Zihan et al. [9] extrapolated the load of tractor drive shaft based on the Peak
Over Threshold model. The optimal thresholds of the upper and lower limits in the time-
domain load data were determined by comparing with the values of grey correlation degree
corresponding to different threshold, and the extrapolation model was built to realize the
extrapolation of the load spectrum of the tractor drive shaft. Yan Xianghai et al. [16] studied
the compilation method of the PTO dynamic torque load spectrum in time domain under
multiple working conditions and the durability test was carried out on PTO torque loading
test bench by using the load spectrum. The test results showed that the actual failure time
of tractor PTO was basically consistent with the theoretical, which verified the effectiveness
of the load spectrum.

At present, although there are many studies on the extrapolation and compilation
methods of the load spectrum, there are relatively few studies on the application in actual
field load test. Therefore, in this paper, taking the tractor PTO torque load as the object,
the load spectrum compilation and loading method of tractor were studied. Firstly, the
extrapolating method of the torque load spectrum of tractor PTO was studied based on
the Peak Over Threshold model. The threshold was selected by using the ForwardStop
sequential test method, and the extrapolation of tractor PTO torque load spectrum was
realized. Secondly, a movable tractor PTO loading test bench was developed. The torque
control of the eddy current dynamometer was realized by using Fuzzy-Proportional-
Integral-Derivative (Fuzzy-PID) controller and the dynamic response characteristics of the
system were simulated and analyzed. On this basis, the load spectrum loading test was
carried out. The test results showed that the tractor PTO loading test bench can realize
the dynamic control of torque. It can provide reference for the compilation and practical
application of PTO torque load spectrum of tractors.

This paper is organized as follows: Section 2 outlines the method applied and presents
the data used. The experiments and results are presented in Section 3; Sections 4 and 5
discuss and summarize the article, respectively. The paper ends with the conclusions.

2. Materials and Methods

2.1. Extrapolation Method of Tractor PTO Torque Load Spectrum

In this paper, the TDE method of the tractor PTO torque load based on Peak Over
Threshold model is realized. Under such approach, the extreme value obtained from
the actual operation conditions can further extrapolate the possible theoretical extreme
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load [17], as well as the bidirectional extrapolation of the maximum and minimum values,
expand the load coverage range, and improve the effectiveness of load spectrum loading.
The extrapolation process is shown in Figure 1.

Figure 1. Extrapolation process based on Peak Over Threshold theory.

The generalized pareto distribution (GPD) is the basis for the extrapolation of excess.
The cumulative distribution function (CDF) of GPD is as follows:
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The probability density function (PDF) of GPD is as follows:
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where, u means the threshold, x − u means the excess, ξ means shape parameter, and σ
means scale parameter.

The GPD shape parameters and scale parameters can be calculated by the maximum
likelihood estimation [18], and it is necessary to select an appropriate threshold value to
establish an accurate Peak Over Threshold model [19]. In this paper, the ForwardStop rule
is used to calculate the threshold value. Based on the multiple test method, the p-value
of the hypothesis test of the threshold fitting results is corrected. The accuracy of the
threshold selection can be improved by controlling the false discovery rate (FDR) of the
fitting results [20]. The specific process is as follows:

Considering the torque load data X = (x1, x2, · · · , xn) and the candidate thresh-
old sequence U = (umin < u2 < · · · < umax), for each candidate threshold ui, the excess
sequence is yi = x|xi>ui − ui . For each peak over sequence yi, the corresponding null
hypothesisH0i is proposed as:

Hi
0: The distribution of the excess sequence yi follows the GPD.

Therefore, for the candidate threshold sequence U = (umin < u2 < · · · < umax), there
are l null hypotheses in total: H0 =

(
H1

0 , H2
0 , · · · , Hi

0
)
. To perform the hypothesis test-

ing on Hi
0 sequentially, the corresponding sequence of p-values: p1, p2, · · · , pi ∈ [0, 1]

are obtained.
The p-value of a single hypothesis test is calculated by using Anderson–Darling test

(AD test) in this paper. The weight coefficient is introduced in the AD test, which makes it
possible to pay more attention to the tail-distributed data in the calculation process and is
more sensitive for the detecting data that deviates from the sample [21,22].

For the threshold ui, when the corresponding AD test statistic does not meet the
expected threshold value, the null hypothesis Hi

0 is rejected. Additionally, according to
the distribution properties of GPD, for umin ≤ uk < ui, Hi

0 Hk
0 will be rejected because the

369



Agriculture 2021, 11, 982

hypothesis test is performed in a monotonic order of the threshold value. On this basis,
the ForwardStop rule is applied. Firstly, in the monotonically increasing order, the null
hypothesis Hi

0 with each threshold value is inspected by the AD test, and the corresponding
AD test statistic can be obtained to construct the p-value sequence; then, the Equation (3) is
used to correct the p-value sequentially, and the new p-value sequence is constructed at the
same time; finally, the minimum k̂ that meets the expected threshold α is found, and the
threshold value corresponding to the sequence k̂ is the optimal threshold value.

k̂ = max

{
k ∈ {1, · · · , l} : −1

k

k

∑
i=1

log(1 − pi) ≤ α

}
(3)

When the threshold value is selected, the maximum likelihood estimation is used to
fit the GPD of the excess. The extrapolated data can be generated randomly based on this
GPD function. Then, the 1-time extrapolated load spectrum can be obtained by replacing
the extreme value data of the original load.

2.2. Data Acquisition and Preprocessing of Tractor PTO Torque Load Spectrum

On 7 November 2018, the load spectrum collection test was carried out at Shangzhuang
Experimental Station of China Agricultural University (Haidian District, Beijing, China).
The detailed parameters are described in Table 1. The tractor PTO torque is measured in
real time by using the torque wireless monitoring system, and the trend term and abnormal
data are removed by preprocessing. The load cycle, being less than 10 % of the maximum
amplitude of the load cycle, is omitted to simplify the load time history. The time history
of tractor PTO torque load after preprocessing is showed in Figure 2.

Table 1. Parameters of load spectrum acquisition test.

Item Parameter

Tractor type TS404

Manufacturer Shandong Wuzheng Group Co., Ltd.
(Rizhao, Shandong, China)

Test condition Rotary tillage
Implement type 1GLN-0145

Tillage depth 200 mm
Tillage width 1800 mm

Average operating speed 7.3 km/h
Torque sampling frequency 20 Hz
Torque sampling duration 900 s

2.3. Extrapolation Model Establishment of Tractor PTO Torque Load Spectrum

The ForwardStop rule is used to select the threshold value of the processed data;
afterwards, the load spectrum extrapolation is realized. For the maximum value in the
load sample, the candidate threshold interval is selected as (63.00, 469.00), increasing by
0.5. Similarly, for the minimum value, the candidate threshold interval is (469.00, 63.00),
decreasing by 0.5. Finally, the calculated upper threshold is 419, and the number of excess
data is 125; the lower threshold is 97.50, and the number of excess data is 170.

According to the threshold selection results, the GPD parameters is estimated by using
maximum likelihood estimation method in Matlab. The GPD fitting result is shown in
Table 2.
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Figure 2. The time history of tractor power take-off (PTO) torque load after preprocessing.

Table 2. Generalized Pareto Distribution (GPD) fitting result.

Threshold Shape Parameters Scale Parameters

419.00 −0.4737 25.858
97.50 −0.6776 23.486

Therefore, the GPD functions of the PTO load sample for the maximum and minimum
value are shown in Equations (4) and (5).

G(x; u, σ, ξ) = 1 −
(

1 − 0.4737 × x − 419
25.858

)2.1107
(4)

G(x; u, σ, ξ) = 1 −
(

1 − 0.6776 × x − 97.5
23.486

)1.4756
(5)

Furthermore, the load spectrum with extrapolation factor of 1 is obtained by replacing
the excess of the original load with the random data from Equations (4) and (5). The load
spectrum with the extrapolation factor of 10 and 131 can be obtained by repeating the
above steps. When the extrapolation factor is 131, the cumulative frequency of the load
spectrum is extrapolated to 106, and it represents that the load spectrum contains the
load data throughout the whole life cycle of the PTO torque. The comparison of original
load time history and 10 times extrapolated load time history is shown in Figure 3. The
sinusoidal curve is used to be a smooth transition at the starting point of the PTO torque in
order to avoid the sudden change of load.

Figure 3. The comparison of original load time history and 10-times-extrapolated load time history.
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2.4. Development of Tractor PTO Loading Test Bench

The structure principal diagram of the tractor PTO loading test bench is shown in
Figure 4, which is developed for the load spectrum loading under indoor conditions to
simulate the loads in actual field operations. The loading test bench is mainly composed of
the movable chassis, PTO loading system, data acquisition system (DAQ) and personal
computer (PC) software.

 
Figure 4. The structure principal diagram of tractor PTO loading test bench.

The PTO loading system consists of two eddy current dynamometers, eddy current
dynamometer controller, torque sensor, coupling, and torque output shaft. The PTO
torque loading is implemented by the two eddy current dynamometers in series, and the
maximum torque loading range is up to 3000 N·m. The torque sensor is used to measure
the real-time loading torque and speed, and through the feedback adjustment of the
dynamometer controller, the dynamic control of PTO torque is achieved. The measurement
and control signals are obtained and output by the DAQ, which adopts NI-CompactRIO
embedded system based on NI-FPGA (National Instrument Co., Ltd, Austin, Texas, USA).
The structure of PTO loading system is shown in Figure 5.

Figure 5. The structure of PTO loading system.

2.5. Development of Fuzzy-PID Controller

The dynamic loading response characteristics and accuracy of the eddy current dy-
namometer determine the reproducibility of the load spectrum. The loading torque of the
eddy current dynamometer is related to its structure, material, speed, temperature, and
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other factors, and it is dynamic in the running state of the eddy current dynamometer.
The Fuzzy-PID controller has better robustness and dynamic characteristics than PID con-
troller by the online correction of the PID parameters according to the error changes and
deviations on the basis of fuzzy rules [23].

2.5.1. Determination of Input and Output Variables

The Fuzzy-PID control includes two parts: the fuzzy controller and PID controller.
The input of fuzzy controller is torque deviation (E) and deviation change rate (EC), and
the output are the correction values of PID three parameters ΔKp, ΔKi, and ΔKd. The input
of PID controller are torque deviation (E) and parameter correction value, and the output
is the eddy current dynamometer control signal. The principle of Fuzzy-PID controller is
shown in Figure 6.

Figure 6. The principle of Fuzzy-Proportional-Integral-Derivative (Fuzzy-PID) controller.

2.5.2. Determination of the Membership Function and Fuzzy Subset

According to the torque loading range, the universes of input variables E and EC of the
fuzzy controller are determined as (−600 600), and the universes of output variables ΔKp,
ΔKi, and ΔKd are determined as (−2 2), (−0.5 0.5), and (−0.1 0.1), respectively. The quanti-
zation levels of input and output variables are divided into 7 levels, and the corresponding
fuzzy subset is {NB, NM, NS, ZO, PS, PM, PB}, which represents negative big, negative
middle, negative small, zero, positive small, positive middle, positive big, respectively. The
Gaussian function is selected as the membership function of each fuzzy subset.

2.5.3. Determination of the Fuzzy Rules

The fuzzy control rule is determined based on the influence of PID parameters on the
torque control of eddy current dynamometer and the actual operation experience. The
fuzzy control rules are shown in Table 3. The Fuzzy controller adopts two-dimensional
Mamdani reasoning method, in which, the max–min method is used for control decision,
and the defuzzification is realized by the Centriod method.

Table 3. The fuzzy rules of ΔKp, ΔKi, and ΔKd.

ΔKp/ΔKi/ΔKd
EC

NB NM NS ZO PS PM PB

E

NB PB/NB/PS PB/NB/NS PM/NM/NB PM/NM/NB PS/NS/NB ZO/ZO/ZO ZO/ZO/PS
NM PB/NB/PS PB/NB/NS PM/NM/NB PS/NS/NM PS/NS/NM ZO/ZO/NS NS/ZO/ZO
NS PM/NB/ZO PM/NM/NS PM/NS/NM PS/NS/NM ZO/ZO/NS NS/PS/PS NS/PS/ZO
ZO PM/NM/ZO PM/NM/NS PS/NS/NS ZO/ZO/NS NS/PS/NS NM/PM/NS NM/PM/ZO
PS PS/NM/ZO PS/NS/ZO ZO/ZO/ZO NS/PS/ZO NS/PS/ZO NM/PM/ZO NM/PS/ZO
PM PS/ZO/PB ZO/ZO/NS NS/PS/PS NM/PS/PS NM/PM/PS NM/PB/PS NB/PB/PB
PB ZO/ZO/PB ZO/ZO/PM NM/PS/PM NM/PM/PM NM/PM/PS NB/PB/PS NB/PB/PB
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2.5.4. Simulation Model of Fuzzy-PID Controller

The mathematical model of the eddy current torque loading system is established by
using the step response identification method. Based on that, the simulation model is built
in Simulink, which is shown in Figure 7. The initial parameters of the PID controller are
0.785, 0.2117, and 0.0148.

Figure 7. System simulation model.

3. Results

3.1. The Results of Load Spectrum Extrapolation
3.1.1. Validation of GPD Fitting Results

In order to verify the GPD fitting results, the fitting test, standard deviation of pa-
rameter estimation, correlation coefficient, and goodness of fit are analyzed. The results
are shown in Table 4. It can be seen that the GPD fitting results of the maximum and
minimum values both pass the Kolmogorov–Smirnov test (K-S test) and Chi-square test
at the confidence level of 95%; that is, the fitting results are acceptable. The correlation
coefficient between the fitted GPD and the original data is greater than 0.99, and the fitting
results have a high coincidence with the excess data; the goodness of fit is 2.8676 N·m
and 1.9804 N·m, respectively, indicating that the overall error of the fitting results is small.
Therefore, the GPD fitting results are effective and accurate.

Table 4. Analysis of GPD fitting results.

Item Upper Threshold Lower Threshold

Threshold 419.00 97.50
Shape parameter −0.4737 −0.6776
Scale parameter 25.858 23.486

Standard deviation of Shape parameter 0.0781 0.0626
Standard deviation of Scale parameter 2.8676 1.9804

K-S statistic value 0.9762 0.7082
Chi-square statistic 0.4427 0.6818

Correlation coefficient 0.9913 0.9971
Goodness of fit 2.8676 1.9804

3.1.2. Comparison of Statistical Characteristics of Extrapolated Load Spectrum

By comparing the statistical characteristics of the original load spectrum and the
extrapolated load spectrum, the effectiveness of the extrapolated load spectrum is verified.
It can be seen from Table 5 that with the increase of the data volume, the range of load
extreme value expanded from (63.24, 469.50) to (60.88, 475.18), and the load coverage
expanded by 1.98%; in addition, the mean value, standard deviation, and variance of the
extrapolated load spectrum are basically consistent with the statistical characteristics of the
original load data, and the extrapolated load spectrum is effective.
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Table 5. Statistical characteristics of power take-off (PTO) load spectrum after extrapolation.

Extrapolation Factor
Data

Volume
Maximum

Value/(N·m)
Minimum

Value/(N·m)
Mean

Value/(N·m)
Standard

Deviation/(N·m)
Variance
/(N·m)2

Load sample 17892 469.50 63.24 211.78 70.73 5050.22
After pre-processing 12743 469.50 63.24 222.18 70.74 5003.93

1 time 12743 464.26 63.02 215.79 70.76 5006.91
10 times 127430 471.78 61.89 215.81 70.74 5004.35
131 times 1669333 475.18 60.88 216.54 70.73 5003.33

3.1.3. Comparison of Rain Flow Counting

The rain flow matrixes of the original load data and 1-time extrapolation load data are
shown in Figure 8. From the overall distribution of the rain flow matrix, the extrapolated
load spectrum has the same distribution law as the original load data, which proves that
the extrapolation method is feasible and reasonable. Moreover, the essential function
of the time domain extrapolation method is to reconstruct the data above the threshold
value, while the data below the threshold value remains unchanged. It can be seen from
Figure 8b that the extrapolated load spectrum has two peaks marked by red circles in the
distribution area of the maximum and minimum values, and they are distributed at both
ends of the graph, which mean that the extreme value has been successfully extrapolated.
The frequency in Figure 8 represents the concentration degree of the load cycle; the higher it
is, the higher the cumulative frequency is. Compared with the original data, the frequency
corresponding to the extrapolated extreme value is higher. Therefore, it can be considered
that the extrapolation effect with this approach is obvious.

Figure 8. Comparison of rain flow matrixes: (a) original load; (b) 1-time extrapolated load.

3.2. Simulation Test of Fuzzy-PID Controller
3.2.1. Simulation of Step Response

The step response is used to simulate the Fuzzy-PID controller and PID controller,
respectively, in Simulink; the result is shown in Figure 9.

It can be seen that the response characteristics of both controllers are fast and accurate.
The signal tends to be stable after 2.15 s of the Fuzzy-PID controller, while it is 3.25 s of the
PID controller, which has a maximum overshoot of 358.7 at 2.35 s. The steady-state errors
are 0 of both controllers.

3.2.2. Simulation of the Load Spectrum

The load spectrum is used to verify the dynamic response characteristics of the
two controllers. The simulation results in the first 35 s are shown in Figure 10. The
response time of Fuzzy-PID controller and PID controller are 0.05 s and 0.02 s, respectively,
and the maximum error are 1.77% and 7.27%, respectively. The simulation results show that
the dynamic response characteristics are fast, and the PID controller has a larger overshoot.
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The response time is long for the Fuzzy-PID controller; however, the stability and accuracy
are better to simulate the load spectrum loading.

Figure 9. Simulation results of step response.

Figure 10. Simulation results of load spectrum loading.

3.2.3. Test Verification

The load spectrum loading test is carried out to verify the actual performance of the
PTO loading test bench and the Fuzzy-PID controller. The loading test site is shown in
Figure 11, and the parameters of the test equipment are shown in Table 6. The three-phase
motor is used to simulate the tractor PTO for the loading test, and the motor rotational
speed is 540 r·min−1. The actual loading load spectrum is consistent with the load spectrum
used in the simulation, and the loading frequency of the load spectrum is 20 Hz. The test
results of the two controllers are shown in Figure 12.

It can be seen that the dynamic loading of the load spectrum can be realized based
on both the Fuzzy-PID controller and the PID controller. The change trend and results are
similar with the simulation. The response time of the two controllers is 0.75 s and 1.05 s,
respectively, and due to the mechanical lag of the PTO loading test bench, the response
time is a little slower compared to the load change at the initial stage. In terms of the
loading accuracy, the maximum overshoot is 15 N·m, the maximum error is 4.03%, and the
goodness of fit is 16.78 N·m for the Fuzzy-PID controller. In comparison, there is a large
overshoot when the load changes greatly for the PID controller, the maximum overshoot is
52 N·m, the maximum error is 14.53%, and the goodness of fit is 29.46 N·m.

The results show that it has high accuracy and stability for the dynamic loading control
of the load spectrum of the Fuzzy-PID controller proposed in this paper, and the PTO
loading test bench is available for the loading of the dynamic load spectrum, which can
provide the reference for the tractor performance test.
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Figure 11. The loading test site. (a) 37.5 kW motor; (b) universal joint connection shafts; (c) eddy
current dynamometer.

Table 6. The parameters of the test equipment.

Item Parameter

Manufacturer Lu’an Yisheng Motor Co., Ltd. (Wenling, Zhejiang, China)
Model YVP-225S-8
Power 37.5 kW

Rated voltage 380 V
Rated speed 1000 r·min−1

Rated torque 356 N·m
Maximum torque 523 N·m
Transmission ratio 1:2.78

 
Figure 12. Test results of the first 35s loading data.

4. Discussion

The tractor PTO is the key power transmission component when used in the rotary
tillage and driven harrow operations, and the main loading part of the bench test for the
tractor drive train. In the current tractor performance test, the torque loading of tractor
PTO is mainly based on static loading or static step-by-step loading, and the dynamic
characteristics of PTO load output by this mode is different from that of PTO load in the
actual field operation, which leads to the difference in test results between the bench test
and the actual field operation. To solve this problem, in this paper, the dynamic loading
method of the tractor PTO torque based on load spectrum is studied.
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First, an accurate PTO torque load spectrum using the extrapolating method of tractor
PTO is studied based on the Peak Over Threshold model, and in order to obtain a more
accurate Peak Over Threshold model, an automatic threshold selection method based
on FDR control is proposed. Compared with the traditional method [9,16], the method
proposed in this paper has a simple process and higher GPD fitting accuracy which is more
suitable for the extrapolation of tractor PTO torque load. In addition, a novel movable
tractor PTO loading test bench is developed which has a more compact structure and in
which it is convenient to carry out various PTO loading tests compared with the test bench
proposed in references [5–7]. More importantly, on this basis, the loading test method
of the tractor PTO load spectrum is studied by using the PTO torque load spectrum as
the input signal; the load change in actual operations can be fully reflected and the load
characteristics are closer to the reality. Theoretically, the test results based on the load
spectrum will be more real and reliable, which can provide new ideas and reference for the
tractor PTO test.

5. Conclusions

There is relatively little research on the loading test of tractor PTO based on the load
spectrum acquired in the actual field work; thus, the performance and reliability of tractor
PTO is difficult to evaluate and test. In this study, the time domain extrapolation method
based on a Peak Over Threshold model is proposed for extrapolating the tractor PTO
torque load spectrum throughout the whole life cycle. The tractor PTO loading test bench
with two eddy current dynamometers and control system are developed based on the
Fuzzy-PID control algorithm, and the test bench and the control algorithm are evaluated
for the step signal and dynamic load spectrum. The results are as follows:

1. With the approach of the time domain extrapolation method based on a Peak Over
Threshold model, the extrapolation of the tractor PTO torque load spectrum is realized.
The results show that the load extreme value is expanded from (63.24, 469.50) to (60.88,
475.18), and the coverage is expanded by 1.98%. In the GPD fitting part, the correlation
coefficient between the fitting model obtained by the ForwardStop rule and the original
data is greater than 0.99, and the goodness of fit is 2.8676 N·m and 1.9804 N·m, respectively,
indicating that the fitting results are highly accurate.

2. The tractor PTO loading test bench and control system is developed, which adopts
Fuzzy-PID controller to realize the torque loading control. The simulation results show that
the response time of the Fuzzy-PID controller is 0.05 s, and the maximum error is 1.77%.
Compared with the PID controller, it has a better follow effect on the loading control of the
load spectrum of the Fuzzy-PID controller.

3. The loading test method of the tractor PTO load spectrum is explored. The actual
test results show that the output torque of the loading system has a good response to the
input load spectrum. The response time is 0.75 s, the maximum overshoot is 15 N·m, the
maximum error is 4.03%, and the goodness of fit was 16.78 N·m, which indicate that the
PTO loading test bench can meet the dynamic loading test demand of the tractor.

The limitation of this study is that only the preliminary research on the laboratory
test of the loading method and effect based on the PTO load spectrum has been carried
out and has not been applied in the field operation for the tractor PTO test. For future
directions, we intend to take the actual tractor PTO as the object to explore the impact of
PTO load spectrum on the fatigue damage and reliability of PTO, and compare it with
the traditional test method. It is hoped that the research results can be used to guide the
actual tractor test and provide a reference for the optimization method of agricultural
machinery and equipment. We look forward to using the research results to conduct
the actual tractor test and provide reference for the optimization method of agricultural
machinery and equipment.
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6. Patents

A patent has been applied for in China for the PTO test bench reported in this
manuscript (Patent No. CN201910661680 and Application No. CN201921117795).
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Abstract: Reducing operation energy consumption is the development demand of conservation
tillage equipment. In order to solve the problems of high power consumption and the easy blockage
of the no-tillage drill under full straw retention, the key parameters of the straw back-throwing
device were optimized in this study. The Box–Behnken central combination test method was used to
analyze the influence of the impeller rotating speed, feed quantity and cross-sectional area of the
throwing pipe on the specific power consumption and throwing speed, the mathematical models
of which were built with the aid of the least square method. In addition, the mathematical models
were optimized by using a multi-objective quantum behaved particle swarm optimization (QPSO)
with an improved target weighting coefficient. The optimization results indicated that, when the
impeller rotating speed was 2287 r/min, the feed quantity was 1.1 kg/s and the cross-sectional area
of the throwing pipe was 506.997 cm2, the specific power consumption and throwing speed by the
models were 7528 m2/s2 and 11.73 m/s, respectively. The models were verified by comparing the
optimization results with the measured data in the simulation filed tests, which proved that the
multi-objective QPSO algorithm was feasible to optimize the working and structural parameters of
the straw back-throwing device of the no-tillage drill under full straw retention. The results provide
references for the parameter optimization of similar no-tillage drills under straw retention.

Keywords: no-tillage drill; straw back-throwing device; quantum behaved particle swarm optimization
(QPSO); multi-objective optimization; verification test

1. Introduction

The sowing method of the no-tillage drill has the advantages of racing against time,
high replanting index, protecting the soil ecological environment, low cost and so on [1].
Accordingly, it is adopted all over the world, especially in North America, Oceania, Europe
and Asia, and is used in many crops, including corn, wheat, soybean and so on [2]. With
the development of agricultural machinery, the efficiency of the no-tillage drill has become
the focus of research [3]. The no-tillage drill under full straw retention can help to achieve
the processes of straw chopping, straw transport, sowing, fertilization and straw mulching
once and for all, which are widely used in many areas of China [4]. As an important
working part of the no-tillage drill under full straw retention, the back-throwing device
is of great significance to performance improvement [5]. Therefore, many scholars have
studied the back-throwing device of the no-tillage drill under full straw retention [6–8].

Shinners et al. [9] studied the rotation direction of the throwing impeller and reduced
the power consumption by changing the direction of the cutter. The experimental results
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showed that the specific power consumption could be reduced by 30%–34%, which greatly
improved the work efficiency, but the throwing distance of the harvester was shortened
by 27%. Shinners et al. [10] then went further, increasing the opening in the side of the
cutting chamber to increase the air flow in the chamber and thus increase the throw
distance. Chattopadhyay et al. [11] studied the effect of flail tip speed, knife rake angle
and bevel angle on the conveying of chopped forage sorghum (S. bicolor) through a 90◦
deflector elbow under laboratory conditions, which showed that the static pressure head
created by the rotating flails at the blower outlet (chute inlet) increased exponentially as
the flail tip speed was increased and decreased linearly when the knife rake angle was
increased. Jia et al. [12] studied the motion of the throwing device of a maize no-tillage
drill, established the motion micro-equation aiming at power consumption and optimized
the relevant working parameters by the orthogonal polynomial regression method and
variance analysis. Zhai and Wang [13] simulated the internal airflow field of the throwing
device through FLUENT. The test results showed that the simulated airflow velocity at
the nozzle of the straight pipe was consistent with the test, proving the accuracy of the
software numerical simulation. By comparing and simulating the shell shape and blade
inclination angle of the different parameters of the throwing device, it was concluded that,
when the structure of the throwing device is a round shell and the blade inclination is a
rearward angle, it is more beneficial to the throwing of discarded straw, and the arc radius
at the exit ought not to be too large. Then, the simulation and parameter optimization of
the airflow motion of the blade throwing device were carried out, and they found that
the blade throwing effect was the best when tilting back 10◦ [14]. In 2012, Zhai et al. [15]
simulated the motion of discarded straw along the throwing blade, analyzed the throwing
efficiency, power consumption and the movement of discarded straw in the throwing
device and obtained that the optimal angle range for the movement of discarded straw in
the volute was about 60◦–130◦. However, the problems of high power consumption and
congestion affect the promotion of the straw back-throwing device of the no-tillage drill
under full straw retention.

To improve the power consumption and smoothness of the straw back-throwing
device, it is necessary to calculate the optimal parameters that affect the working process.
However, power consumption and smoothness are often mutually restrictive optimization
indexes, so an appropriate multi-objective optimization algorithm is needed to solve them.
Particle swarm optimization (PSO) is an evolutionary computation that simulates the
predation behavior of birds, which is widely used in the engineering field [16,17]. On
this basis, the PSO was continuously improved in order to improve the search scope and
convergence speed [18].

In this paper, the equation of specific power consumption and the throwing efficiency
of the back-throwing device are established to determine the reasonable structure and
motion parameters. Since the relationship between the working parameters of the back-
throwing device are a non-linear correlation, the least square method is used to establish the
equations of the specific power consumption and the throwing speed of the back-throwing
device on the relationship between the rotating speed of the throwing impeller, the feeding
quantity and the cross-sectional area of the throwing pipeline. After that, an improved
multi-objective quantum particle swarm optimization (IMQPSO) algorithm and improved
weight coefficient are introduced to optimize the multiple parameter equations. The goal
of this study is to provide references for the parameter optimization of similar no-tillage
drills under straw retention.

2. Materials and Methods

2.1. Back-Throwing Device of No-Tillage Drill under Full Straw Retention

The no-tillage drill under full straw retention is mainly composed of a straw cleaning
device and a no-tillage drill. The straw cleaning device, including a straw crushing device, a
straw back-throwing device and a straw dispersing device, is set in front of the drill [19]. As
shown in Figure 1, during the operation, the tractor provides power to drive the operation
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of the straw crushing device and the straw back-throwing device. After the residual straw
in the field is picked and crushed by the straw crushing device, the straw is transported and
lifted by the straw back-throwing device, and it is evenly thrown back under the action of
the dispersing device. Thus, the no-tillage drill is planting in the area without any residual
straw, which can significantly improve the working smoothness and sowing quality.

 
Figure 1. Operation principle of no-tillage drill under full straw retention.

The straw back-throwing device is mainly composed of throwing impeller and throw-
ing pipeline (Figure 2). The crushed straw is thrown along the pipeline under the action of
rotation of the impeller. The parameters of the back-throwing device affect the throwing
smoothness and the power consumption of the device. Realizing smooth throwing with
the lowest power consumption is the design goal of the back-throwing device.

Figure 2. The structure of straw back-throwing device.

2.2. Performance Testing of Throwing Device

Specific power consumption reflects the power consumption per unit mass of straw,
while throwing speed reflects the operation smoothness of straw back-throwing device.
Thus, the specific power consumption and throwing speed under different working pa-
rameters of the straw back-throwing device were determined as evaluation indexes of the
straw back-throwing device in the study. The installation mode of the test device is shown
in Figure 3. A rotational speed and torque sensor was installed between the power output
shaft of the tractor and the power input shaft of the transmission box of the straw cleaning
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device. A high-speed camera acquisition system was placed on the side of the forward
path of the straw back-throwing device and focused on the outlet of the throwing pipeline.

 
Figure 3. The installation method of testing device.

The experimental site was at the east area of Nanjing Institute of Agricultural Mech-
anization, Ministry of Agriculture and Rural Affairs (Nanjing, China). The straw was
the chopped part of rice harvested by Jiangsu Academy of Agricultural Sciences (Jiangsu,
China). The length of discarded straw after crushing was less than 120 mm, and the
moisture content of straw was 65%. The simulated field was manually laid with a laying
density of 2 kg/m2 and a width of 2.2 m. The main instruments used in the test: powered
tractor, measuring tape, electronic balance, the SL06 rotational speed and torque sensor
(Beijing Sanjing United Technology Co., LTD., Beijing, China) and HiSpec5 high-speed
camera acquisition system (FASTEC IMAGING Co., LTD., San Diego, CA, USA) with a
resolution of 1376 × 1132 pixels, sampling frame frequency of 200 FPS, exposure time of
4998 μs) were used to measure specific power consumption and throwing speed.

Orthogonal rotational quadratic combination test with three factors and three levels
was made to evaluate the combined influence of the factors on the test index value. Based
on previous single-factor test results and practical operability, the throwing effect is well
within the rotating speed of throwing impeller of 1800–2700 r·min−1. According to the
conventional operation efficiency of machines and tools and the amount of straw in the
field, the variation range of feeding amount is controlled at 1.1–1.7 kg·s−1. When the
cross-sectional area of the throwing pipeline is 207–507 cm2, the structure of throwing
pipeline is reasonable and not easy to jam. The factors and levels of the test are shown in
Table 1.

Table 1. Factors and levels of orthogonal rotational quadratic combination test.

Level
Rotate Speed of Throwing

Impeller (r·min−1)
Feeding Quantity

(kg·s−1)
Sectional Area of Throwing

Pipeline (cm2)

−1 1800 1.1 207
0 2250 1.4 357
1 2700 1.7 507

During the test, the power consumption Pj of the straw cleaning device under different
working parameters with the rotational speed and torque sensor was measured, and the
straw throwing image at the outlet of the throwing pipeline with the high-speed camera
acquisition system was recorded. Then, the belt drive between the straw crushing device
and the straw back-throwing device was removed, and then the above tests were repeated.
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The power consumption Pq was recorded in the meantime. The specific power consumption
of the straw back-throwing device is

Ps =
Pj − Pq

Q
(1)

while Ps is the specific power consumption of the straw back-throwing device, m2/s2; Pj is
the power consumption of the straw cleaning device, W; Pq is the power consumption of
the straw cleaning device without back-throwing device, W; Q is the feeding quantity, kg/s.
Straw throwing images under different working conditions were recorded by the high-
speed camera acquisition system, and then the straw throwing speed Vp was obtained by
the video processing software (Proanalyst Professional 2D, Xcitex Inc., Woburn, MA, USA).

2.3. Improved Multi-Objective Particle Swarm Optimization Algorithm

The multi-objective quantum particle swarm optimization (MQPSO) algorithm is an
improvement of ordinary quantum particle swarm optimization (QPSO) algorithm [20].
In this paper, the dynamic weighting method (DWM) is used to improve the MQPSO
algorithm. The DWM can be used to solve the problems of low efficiency, multi-objective
optimization with convex shape and difficulty in ensuring the accuracy of the optimal
value. By dynamically changing the value of the weight coefficient, the optimization results
can be prevented from being incorrect due to the constant weight coefficient. When the
problem of multi-objective optimization is two-objective, its weight coefficient can usually
be changed according to Equation (2)

ω1 = m − (m − n)× t
MaxTimes

ω2 = 1 − ω1 (2)

where t is the number of optimized iterations; m and n are the adjustment coefficients. In
general, they are constants, and the specific values are determined according to the actual
situation. MaxTimes is the maximum number of iterations; ω1, ω2 are the inertia weights of
the two targets, respectively.

The scholar Shi.Y [21] found that a small value of inertia weight was beneficial to
local search, while a large value of inertia weight was beneficial to global search. Based on
the previous conclusion, Shi.Y proposed the linear decreasing inertia weight, as shown in
Equation (2), with the purpose of balancing the local search capability and the global search
capability so as to better solve the multi-objective optimization problem. According to the
traditional experience, the performance of the algorithm is best when the inertia weight of
m is 0.9 and n is 0.4. The inertia weight decreases linearly from 0.9 to 0.4. In the early stage,
the higher the inertia weight is, the better the global search ability of the algorithm will be.
With the progress of iteration, the lower the inertia weight is, the stronger the local search
capability of the algorithm will be.

The inertia weight is improved to change linear decline into parabolic decline so that
the global search in the early stage is more comprehensive and the local search in the later
stage is faster. The inertia weight after modification is shown as follows:

ω1 = m − (m − n)×
(

t
MaxTimes

)3
ω2 = 1 − ω1 (3)

Figure 4 shows the dynamic change of ω before and after the improvement.
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Figure 4. The change of two inertia weight.

The following is an analysis of the performance of the two ω changing algorithms,
and the following functions are selected for testing:

f (x) =
sin

√
(x2 + y2)√

(x2 + y2)
+ e

cos2πx+cos2πy
2 − 2.71289 (4)

Figure 5 shows a graph of the function to test the performance of the algorithm. It
shows that the function has a lot of local maximum points. This function is used to test the
performance of inertia weight to check whether the function falls into local maximum. The
extremum gets the maximum near (0,0) coordinate.

Figure 5. Function to test the algorithm performance.

The algorithm parameter is set to population size of 20 and evolution of 300 genera-
tions. The experiment is set up to run for 100 times, and the average of 100 times is taken
as the final result. The two inertia weights are solved, and the average value, failure times
and near-optimal times of the solutions are compared to analyze the convergence accuracy,
convergence speed and other performances.

Table 2 shows that the improved inertia weight searches the same optimal solution,
but the average value is closer to the optimal solution, and the times fall into suboptimal
solution significantly less than before the improvement. The improved inertia weight
function keeps a large value of the inertia weight ω at the beginning of the iteration, which
can increase the global search time in the early stage and quickly enter the local search
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in the later stage so as to improve the search efficiency (Figure 6). After the iteration to
150 generations, the global optimum is achieved, the convergence rate is faster than before
the improvement and the solution accuracy is higher.

Table 2. Performance comparison of different inertia weights.

The Optimal
Solution

The Average Value
The Number of Times to

Get into a Suboptimal
Solution

The Number of Times to
Approach the Optimal

Solution

ω1 = m − (m − n)× t
MaxTimes 1.0054 0.9801 16 84

ω1 = m − (m − n)× ( t
MaxTimes

)3 1.0054 1.0052 0 100

  
(a) (b) 

Figure 6. The convergence curve of the average value of the function before and after the improvement of inertia weight: (a)
before improving; (b) after improving.

Assuming that the optimization function of a two-objective is F(X) = (f 1(X), f 2(X))T,
the purpose is to find the minimum value of F(X), then the main steps of optimization
using IMQPSO algorithm are as follows:

(1) Initialize the particle swarm in which n particles are generated at random and are
expressed in vector form. The position of the least adaptable of all particles is set as
the initial position.

(2) The average optimal position value of the whole particle swarm can be obtained by
using the Equation (5).

mbest = sum(pbest)/n (5)

(3) According to Equation (3), the weight coefficient of each objective function is obtained;
(4) The random points PPij and position of each particle are obtained according to the

position update formula of QPSO algorithm.
(5) Calculate the pbest value of the new position of each particle;
(6) Find the global optimal position gbest;
(7) Repeat steps Equations (2)–(6) above until the algorithm can meet the initial termina-

tion conditions. Finally, a set of Pareto optimal solution sets is given.
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3. Results

3.1. The Equation of Response Surface

Before using the least square method to fit the function, it is necessary to process the
experimental data with the help of Design-Expert software and make the equation fit closer
to the actual value by analyzing the correlation of the parameters [22–24].

The variance analysis results of the throwing velocity [25] showed that the influencing
factors were mainly the impeller speed and the cross-sectional area. The impeller speed
and pipe cross-sectional area were extracted from the Box–Behnken test design table, and
zero level was selected for the feeding quantity to obtain the relation table of the throwing
speed on the impeller speed and the pipe cross-sectional area, as shown in Table 3.

Table 3. The relationship among the throwing speed, the rotate speed of throwing impeller and the
sectional area of throwing pipeline.

Impeller Speed (r/min) Cross-Sectional Area (cm2) Throwing Speed (m/s)

2700 207 13.1
2700 507 14.8
1800 507 9.8
2250 357 11.2
1800 207 8.2

Similarly, the relation table of the specific power consumption with the impeller speed,
feeding quantity and cross-sectional area of the throwing pipeline is shown in Table 4.

Table 4. The relationship among the specific power consumption, the rotate speed of throwing
impeller, feeding quantity and sectional area of throwing pipeline.

Impeller Speed
(r/min)

Feeding Quantity
(kg/s)

Cross-Sectional Area
(cm2)

Specific Power
Consumption (m2/s2)

2700 1.4 207 16,930
2250 1.4 357 6440
2700 1.4 507 20,540
1800 1.4 507 5340
2250 1.1 207 7120
2700 1.1 357 18,090
2700 1.7 357 19,210
1800 1.7 357 6060
1800 1.1 357 5300
2250 1.7 507 9900
1800 1.4 207 5140
2250 1.1 507 7160
2250 1.7 207 7250

The variance analysis was used to eliminate the factors that have less influence on the
specific power consumption and throwing speed. The response surface equation of the
specific power consumption and throwing speed is as follows:

Y1 = 100.927 − 0.0897X1 − 2.776X2 − 0.0582X3 + 1.263 × 10−5X1X3
+0.0145X2X3 + 2.2269 × 10−5X2

1 + 8.941 × 10−3X2
2 + 1.98 × 10−5X2

3
(6)

Y2 = −2.9185 + 5.28 × 10−3X1 + 5.28 × 10−3X3 (7)

where Y1 is the specific power consumption and Y2 is the throwing speed.

3.2. The Detection of Regression Model

The reliability of the model was verified by the analysis of the predicted and actual
test values and the residual analysis. Figure 7 shows the analysis diagram of the predicted
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value and the actual test value using the software of Design-Expert V8.0.6.1 (Stat-Ease Inc.,
Minneapolis, MN, USA). The proximity of the predicted value and the actual test value
reflected the reliability of the equation.

  
Figure 7. Analysis of predicted and actual values of specific power consumption and throwing speed: (a) Specific power
consumption; (b) Throwing speed.

Figure 8 is the residual analysis diagram of the regression equation for the specific
power consumption and throwing speed; the ordinate was the normal distribution proba-
bility of the residual, and the abscissa was the value of the residual after standardization.
It can be seen that the residual is basically on a straight line, which demonstrates that
the error of the regression equation of specific power consumption and throwing speed
was normally distributed; that is, the fitted equation satisfied the requirements of the least
square regression analysis method.

  

Figure 8. The residual analysis of specific power consumption and throwing speed: (a) Specific power consumption;
(b) Throwing speed.
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3.3. Parameters Optimization of Back-Throwing Device Based on IMQPSO Algorithm

The improved algorithm is used to optimize the function so that both objective func-
tions are minimized. According to Equations (6) and (7), two objective optimization
problems are expressed as:

f1 = 100.927 − 0.0897A − 2.776B − 0.582C + 1.263 × 10−5 AC + 0.0145BC
+2.2269 × 10−5 A2 + 8.941 × 10−3B2 + 1.98 × 10−5C2 (8)

f2 =
10
Y2

=
10

2.9185 + 5.28 × 10−3 × A + 5.28 × 10−3C
(9)

Constraint conditions:
1800 ≤ A ≤ 2700

1.1 ≤ B ≤ 1.7

207 ≤ C ≤ 507

where A is the speed of the throwing impeller (r/min); B is the feed quantity (kg/s); C is
the sectional area of the throw pipe (cm2).

Function f 1 is the equation of the specific power consumption of the back-throwing
device, and function f 2 is the equation of the throwing speed. The goal is to find one or
more sets of solutions that minimize functions f 1 and f 2 at the same time. It is almost
impossible for f 1 and f 2 to meet the minimum value at the same time, so our goal is to
find a set of Pareto optimal solutions, making one target value as small as possible while
not making another target value increase. The IMQPSO is used to optimize the above two
objective functions, and the specific steps are carried out according to Figure 9.

When the flow chart of the algorithm is determined, it is necessary to program the
MATLAB algorithm, of which the specific set values of the main parameters are shown in
Table 5.

Table 5. The main parameters of IMQPSO.

Parameter Parameter Value

Number of Particle Swarm n 50
Maximum Number of Iterations MaxDT 100

Maximum Weight Coefficient ωmax 1
Dimension of the Independent Variable 3

Figure 10 is the Pareto curve of all the optimal solutions obtained through the calcula-
tion results drawn by the software of MATLAB 2016b (MathWorks Inc., Natick, MA, USA).
The figure is basically a curve, very smooth, and all the particles involved in the operation
are at the edge of the Pareto or at least close to the edge, so all the solutions obtained
are the solutions that meet the optimization requirements. It shows that the improved
QPSO algorithm can solve the optimization problem of the working parameters of the
back-throwing device of a no-tillage drill under full straw retention.
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Figure 9. Flow chart of IMQPSO algorithm.

In Figure 10, all the points on the Pareto curve are the optimal solutions of the specific
power consumption and the throwing speed parameters of the back-throwing device,
indicating that they are mutually restricted. In practice, it is necessary to decide whether to
choose a small, specific power consumption or a large throwing speed according to the
demand. In this paper, it is required to achieve as little power consumption as possible and
as much throwing speed as possible, so the center point on the Pareto frontier is selected
as the best solution, which is (7528, 11.73). The values of the operating parameters of the
back-throwing device corresponding to the optimal solution, and the results of the optimal
solution are shown in Table 6.
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Figure 10. The Pareto graph of specific power consumption and throwing speed.

Table 6. Optimization of process parameters and corresponding optimal results.

Impeller Speed
(r/min)

Feeding
Quantity (kg/s)

Cross-Sectional
Area (cm2)

Specific Power
Consumption

(m2/s2)

Throwing
Speed (m/s)

2287 1.1 506.997 7528 11.73

3.4. Verification Test

In order to verify the accuracy of the prediction model, the above parameters were
used to conduct three repeated tests in the east area of Nanjing Institute of Agricultural
Mechanization, Ministry of Agriculture and Rural Affairs (considering the feasibility of the
test, the throwing impeller speed was set to 2270 r/min, the feeding quantity was 1.1 kg/s
and the cross-sectional area of the throwing pipe was 507 cm2), and the average value
of the three tests was taken as the test verification value. The test scenario is shown in
Figure 11.

  
(a) (b) 

Figure 11. The scenario of verification test: (a) the simulative residual straw; (b) the operation process
of back-throwing device.
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Through the above method, the specific power consumption and throwing speed of
the back-throwing device were measured, and the experimental results were compared
with the optimized results, as shown in the Table 7.

Table 7. The relationship among the specific power consumption, the rotate speed of throwing
impeller, feeding quantity and sectional area of throwing pipeline.

The
Optimization

Results

The
Experimental

Results
Error (%)

Specific Power Consumption (m2/s2) 7528 7180 4.8
Throwing Speed (m/s) 11.73 11.60 1.1

Compared with the results in Table 7, the optimal solution of the specific power
consumption and throwing speed of the back-throwing device obtained by the IMQPSO
algorithm was very close to the experimental results, and the error of the specific power
consumption and throwing speed was less than 5%. It could also be proved that the
IMQPSO algorithm was effective, indicating that the improved optimization algorithm
was feasible to optimize the back-throwing device.

4. Discussion

The results suggested that the specific power consumption increased with the increase
of the speed of the throwing impeller and the cross-sectional area of the throwing pipe.
The main reasons are as follows: when the speed of the throwing impeller increased, the
energy consumed to provide its own operation and promote the movement of air flow and
straw increased exponentially; therefore, the specific power consumption also increased
exponentially. This result coincided with what Zhai et al. found in 2013 [26]. When
the cross-sectional area of the throwing pipe is larger, the static pressure of the throwing
impeller is smaller and the dynamic pressure of the throwing impeller is higher. Therefore,
the air flow velocity increased the specific power consumption.

Considering the controllability of the index levels and test costs, we only conducted
an artificial simulation test. Nevertheless, the existing experimental data were adequate
to guide the parameter optimization of the straw back-throwing device. In the future, we
will conduct a field test to further study the factors affecting the power consumption of the
no-tillage drill.

By improving the particle swarm optimization algorithm, this paper theoretically
optimized the structure and working parameters of the straw back-throwing device and
also carried out some experimental verification. The power consumption of the improved
device was reduced with the optimization of the working parameters. However, from the
theoretical aspect, the optimization analysis of large agricultural machinery is still in an
initial stage [27]. The improved particle swarm optimization algorithm in this paper only
added quantum mechanics on the traditional basis so that it can accelerate convergence
and avoid falling into local optimization, and dynamic weighting was added to make it
meet the two objective functions. Furthermore, other algorithms can also be added for
fusion to make the optimization method universal.

5. Conclusions

This article mainly studied the straw back-throwing device of a no-tillage drill under
full straw retention through performance testing and established the equation of the operat-
ing parameters of the back-throwing device by using the test data. The quantum mechanics
and weighting function were added to the traditional particle swarm optimization algo-
rithm in order to find the combination of operating parameters with the minimum specific
power consumption and the maximum throwing speed. By calculating, the most suitable
solution was selected: the rotating speed of the throwing impeller was 2287 rad/min,
the feeding quantity was 1.1 kg/s and the cross-sectional area of the throwing pipe was
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506.997 cm2. The specific power consumption of 7528 m2/s2 and the throwing speed of
11.73 m/s were obtained, which proves that the IMQPSO algorithm is feasible to optimize
the back-throwing device. After verification, the test results were compared with the
theoretical values, which showed that the IMQPSO algorithm was effective, indicating that
the improved optimization algorithm was feasible to optimize the back-throwing device.
This article provides a solution for the improvement of large agricultural machinery and
also applies to other parts of the machine.
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Abstract: When an octopus grasps something, the rigidity of its tentacle can change greatly, which al-
lowing for unlimited freedom, agility, and precision. Inspired by this, a three-finger flexible bionic
robot gripper was designed for apple picking. First, a flexible chamber finger was designed to drive
the gripper finger to elongate, shorten, and bend, which works through a process of inflating and
deflating. Further, we proposed a three-finger mode to achieve two kinds of motion states: grasping
and relaxing, by simulating the movement of an octopus grasping at something. In this paper,
we evaluated the bending property of the designed flexible bionic gripper through an apple grasping
experiment. The experimental results show that the 100.0 g bionic gripper can load an apple with a
weight of 246.5~350.0 g and a diameter of 69.0~99.0 mm, and the grasping success rate is 100%. It has
a good grasping performance. Compared to other soft grippers, the proposed bionic flexible gripper
has the advantages of being lightweight, and having good cushioning, low driving air pressure,
and a strong grasping force.

Keywords: octopus tentacles; bionic flexible gripper; pneumatic drive; agriculture

1. Introduction

The apple is one of the most common fruits, which possesses huge consumer mar-
ket, and is available in various kinds, and different weights and sizes. The traditional
artificial approaches for picking and sorting imply a shape evaluation process, and the
fruit pickers simply sort fruits by judging their shape, weight, and rough skin conditions,
thus causing a huge workload in this process. In addition, the cost of apple picking reaches
50% to 70% of the total cost [1]. With the development of mechanization and automa-
tion technology, apple picking and sorting will gradually rely on mechanical operation,
especially in the case of large-scale planting; since apple production is huge, the efficiency
and scale of manual picking and sorting simply cannot satisfy the production needs [1].
In order to solve the objective problems, including huge workload, low efficiency, and high
cost involved in manual picking and sorting operations, agricultural picking and sort-
ing robots have emerged, becoming one of the research hotspots in the field of artificial
intelligence agriculture.

The robot gripper structure is the last part which directly touches the apple, and its
excellent performance effectively improves the working efficiency. Since the growing
environment of apples is complex, their skin is fragile, and their shape is complex and
changeable, it is easy to cause damage to the fruit in the process of picking and sorting,
thus affecting the quality, storage, and transportation of apples, and ultimately harming
the market price and economic benefits. Traditional industrial robots mainly have a
rigid structure, with the characteristics of the “three highs”: high stiffness, high strength,
and high speed [2]. Thus, it is easy to damage the surface of apples during operation of these
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robots, which requires high precision but results in poor universality. Ma Lvzhong et al. [3]
(2009) and Ji Changying et al. [4] (2011) have designed their own apple picking devices,
but the structure is complex, which can cause varying degrees of damage to the apple
epidermis. Therefore, owing to the particularity and delicacy of apples, soft robots with
flexible grippers are more appropriate for apple sorting.

Currently, many scholars and engineers both at home and abroad have started to
study the structure of the soft robot. Based on the bionics concept with intelligent materials
such as silicone rubber, shape-memory alloys (SMAs) [5], electroactive polymers (EAPs) [6],
etc. and new driving technologies such as SMA drivers [7], pneumatic drivers [8,9],
magnetorheological drivers [10], EAP drivers, etc., they developed a series of novel robots
without adopting the traditional rigid structure, by imitating the structure and behav-
ior of invertebrates in nature, such as earthworms, starfish, octopuses, etc.. This kind
of soft robot possesses a strong adaptive ability, and theoretically has infinite freedom,
which can be applied to unstructured working environments. In terms of flexible robot
manufacturing, many new processing technologies have been introduced, such as shape de-
position manufacturing [11,12], 3D printing [13], flexible photolithography technology [14],
and composite materials integrated through a variety of manufacturing methods [15].
Currently, led by Harvard University in the United States [13], the research on super-elastic
silica gel material as the ontology material, combined with 3D printing technology, is the
most popular branch of soft robot research. The GEORGE [16] team at Harvard University
(2011) developed a multi-cavity pneumatic software gripper, which has a strong adap-
tive ability, but it is not good at end bending, thus it is difficult for the gripper to grasp
objects. Further, due to the small end contact, instability appears during the working
process. The PneuNet (pneumatic mesh) structure proposed by Shepherd et al. [17] from
Harvard University is a flexible, multi-cavity pneumatic robot, which is capable of bending.
Belgian company Octinion [18] developed a small strawberry picking robot, which is
composed of two soft fingers, produced through 3D printing. After grasping the object,
the grip will passively deform. Compared with human fingers, it has a larger contact area,
and better pressure distribution. Hemming’s team [19] designed a sweet pepper-picking
claw with a fin-bar structure, which adopts fin-bar fingers and has a fin-bar effect, able bend
according to the shape of the object’s surface. Dimeas [20] (2015) et al. proposed a fuzzy
controller-based hierarchical control gripper, which is combined with a pressure profile
sensor, and can adjust the grasping force, and detect the uneven distribution of dislocation
or force on the gripper. Yaguchi et al. [21] (2016) designed a tomato-picking robot with
a rotating gripper, which can pick tomatoes within 23.0 s, with a success rate of approx-
imately 62.6%. Paul Glick et al. [22] invented a flexible robot gripper with a gecko-like
adhesive, which adopts Van der Waals forces to achieve adhesion, and can grasp large
curvature objects with high grasping strength and fast execution speed, but this gripper
is not suitable for grasping fragile objects. Tomokazu Takahashi et al. [23,24] designed an
octopus-inspired vacuum clamper with miniature raised sections, which can grasp rigid
objects with flat surfaces, curved surfaces, uneven surfaces, or grooves. Brown et al. [25,26]
developed a bag-like gripper containing ground coffee, which is highly compliant and can
conform to the shape of an object, thus wrapping the object safely. It is suitable for grasping
all kinds of hard, small objects. The “vacuum cleaner” picking machine developed by
Abundant Robotics Company [27] (2017) sucks mature apples from fruit trees through
a large suction nozzle, but the machine can easily suck excess branches and leaves into
the trachea, causing obstruction. Ma Shaochun et al. [28] (2018) developed a device for
apple picking based on negative pressure suction, but the proportion of apples without is
only 85%. In addition, the relevant apple-picking devices at home and abroad generally
have a large body and a complex structure, so it is difficult to realize the non-destructive
harvesting of apples. In addition, the cost is high, which is difficult for Chinese fruit
farmers to bear.

In conclusion, despite the soft robot becoming a popular research topic in the field of
robotics at home and abroad, it is still in the basic research stage in the field of agriculture,
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especially concerning the picking and sorting of fruits and vegetables, and is not widely
used. Due to the good qualities of soft robots, developing a flexible gripper with adaptive
abilities is the inevitable trend of agricultural intelligent robot development. In China,
a bionic soft robots laboratory has been established in the Beijing University of Aeronau-
tics and Astronautics, which has produced several kinds of soft robot for the purpose
of grasping [29,30].

The flexible clamping device for apple gathering presented in this paper has the
advantages of having a simple structure, convenient fabrication, and low cost. It is ver-
ified through experiments that the apple surface is not damaged. Based on an analysis
of the muscles of octopus tentacles, we propose a novel bionic flexible agriculture grip
structure for apple grasping, according to its structure and motion characteristics. The pro-
posed flexible grip consists of three flexible fingers with the same structures, which are
pneumatically controlled. Under certain pressures, the grip can practice two kinds of
motion: grasping, and relaxing. In this paper, some assumptions are made on this flexible
gripper. Through finite element analysis and experimental analysis, the experimental
study of the proposed flexible gripper is conducted, and the conclusion is drawn. It is ex-
pected to provide reference for the development of non-destructive apple picking devices,
imitating human hands.

2. Materials and Methods

Bionics’ aim is to imitate the function and behavior of biological systems, that is,
to improve technology based on inspiration from nature, and achieve effective applications
in engineering. In this paper, a novel bionic flexible gripper was designed based on the
principle of bionics, inspired by the structure and movement characteristics of octopus
tentacles. The proposed gripper is mainly used for picking and sorting apples.

2.1. Analysis of the Tentacle Structure of Octopus

The octopus is an invertebrate marine animal with high agility and intelligence [31],
as well as strong ability to learn. Most of the neurons in an octopus (about 60%) are
distributed throughout its eight tentacles, forming an independent nerve center with an
infinite degree of freedom, which can provide flexible changes of direction [32], so as to
achieve free bending, stretching, winding, and other complex actions.

The movement pattern of octopus tentacles is from the roots to the ends, which is
a kind of mobile bending. In any position of the tentacles, a combination of four basic
movements may occur: elongation, shortening, twisting, and bending [33]. An octopus
catches its prey using the method of enveloping grasp, that is, the tentacles stretch from
its roots to contact the object, further cover the object until the tips of the tentacles touch
the object, and completely wrap it up. In this way, an octopus can grasp an object without
knowing its shape. This complex movement pattern of octopus tentacles is enabled by their
unique muscle tissue structure. Its movement pattern and muscle tissue structure support
are both based on the muscular hydrostatic skeleton, the interior of which is completely
composed of arrays of muscle fibers and connective tissues of collagen fibers arranged in
different directions [34]. This dense array of muscle fibers cannot be compressed, and it
is difficult to compress its volume with external pressure, i.e., it has volume invariance.
Volume invariance is one of the key biological properties of octopus tentacles, enabling them
to achieve complex movements. The muscle tissues of octopus tentacles can be divided
into radial, longitudinal, and oblique muscles, as shown in Figure 1. When one side of
the longitudinal muscle is shortened, the diameter of the tentacle will increase, while the
other muscle groups will work together to maintain the diameter of the tentacle. When one
side of the longitudinal muscle is shortened by resistance, it causes the other side of the
longitudinal muscle to stretch passively, which results in the bending motion along the
direction of contraction force, and making the tentacle bend flexibly in the space form.
With the cooperation of various muscle tissues, the diameter of octopus tentacles remains
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basically unchanged, and the contraction of the longitudinal muscle on one side can only
cause slight irregular bending [35].

The muscular system of an octopus can act as a dynamic skeleton, which allows
smooth changes in shape, thus resulting in potentially large movements of the tentacles [36].

Figure 1. Muscle structure of octopus tentacles.

In order to simulate the muscle characteristics and movement of octopus tentacles,
we designed a flexible fluid actuator, which can achieve the two motions of grasping and
relaxing via gas driving of the extension, shortening, and bending actions of the grippers.

2.2. Analysis of Apple Morphology

The shape of the flexible gripper is designed according to the shape characteristics of
apples, based on the principle to minimize the size of gripper. In the process of grasping
the apple, the flexible gripper implements wrapped grasping by deformation of the flexible
fingers through bending, and the gripper requires a certain deformation space. In order to
better fit the shape of grasped target, it is necessary to pre-analyze the shape characteristics
of the target, pre-determine the size of the required space, and estimate the deformation
volume of the gripper, so as to set the range of clamping deformation and the angle
of gripper.

Since the size and shape of apples vary in different stages of growth, the characteristic
parameters considered in the design of the clamping claws are of apples in the ripening
stage, including geometric parameters, such as mass, transverse diameter, longitudinal
diameter, fruit shape index, and minimum enclosing rectangle, as shown in Figure 2.

 
Figure 2. Apple shape measurement.

With the Fuji apple (producing area: Yantai, Shandong Province, China) as a repre-
sentative sample, according to the shape selection rules, 100 apples with no mechanical
damage, plant diseases, or insect pests were selected as the test samples, and were then
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numbered from 1 to 100. The disk scales (range of 500 g and precision of 0.1 g) and digital
caliper (range of 150 mm and precision of 0.02 mm) were adopted for precision measure-
ment and calculation of the sample quality and the shape parameters. Table 1 shows the
related characteristic parameters of apple.

According to Table 1, the variation coefficients of apple mass, vertical axis diameter,
horizontal axis diameter, and fruit shape indexes are 0.09, 0.05, 0.04, and 0.05, respectively,
all of which are small, indicating that the samples have high quality on average, and the
dispersion degree is minor.

Table 1. Characteristic parameters of sample apples.

Indicators
Quality

m/g

Vertical Axis
Diameter
Dva/mm

Horizontal Axis
Diameter
Dha/mm

Fruit Shape
Index

Dva/Dha

Minimum Enclosing
Rectangle

A * b (mm)

Maximum 350.0 75.0 99.0 0.76 75 * 99
Minimum 246.5 69.0 82.0 0.94 69 * 82
Average 288.2 74.5 86.9 0.86 —

Standard deviation 24.8 3.7 3.2 0.05 —
Coefficient of variation 0.09 0.05 0.04 0.05 —

According to the above analysis, the basic indexes of the flexible clamping claw are
put forward: the flexible clamping claw adopts the form of three fingers; the initial opening
diameter of the clamping claw is 100 mm; the effective deformation length of the finger is
more than 90 mm; the load capacity is higher than 0.5 kg; and, within the range of operating
temperatures (−25~60 ◦C), it presents good adaptive deformation and flexible bending
deformation capacity.

2.3. Design and Manufacture of a Single Flexible Finger

In order to simulate the particular texture and structure of octopus tentacles, this paper
adopts the silicone rubber Dragonskin 30—a viscoelastic material—to create the flexible
fingers, and a pneumatic driver is employed in the simulation.

A single flexible finger is composed of a top layer with a balloon structure, and a
bottom layer with poor deformation capacity, as shown in Figure 3a. The top layer has
the structure of a hollow elastic chamber, connected to the vent hole at the tip of finger,
which is then connected to the external air source through an air pipe. A single flexible
finger has 7 chambers in total, each of which is 7 mm wide and 13 mm high, with a wall
thickness of 1.5 mm. Without deformation, the finger is 104 mm long, and the underside of
the finger is 4 mm thick. A fixed structure is situated at the root of the finger, as shown
in Figure 3b. In the initial state of the finger, the chamber pressure is consistent with the
external atmospheric pressure, and the finger remains upright. As the finger is driven
pneumatically, it is filled with gas, the pressure in the chamber becomes greater than the
external pressure, and the chamber on the top layer of the finger expands, thus elongating
the top part of the finger. However, due to the thicker bottom layer, the deformation
capacity of the finger is limited. After removal of the gas, the pressures in and out of the
chamber are once again equal, and the finger is restored to its original shape. Similarly,
if the finger is pumped and decompressed, the chamber contracts, both layers of the finger
are shortened, forcing the finger to bend outward. The deformation process of the chamber
is shown in Figure 4.
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(a) (b) 

Figure 3. Schematic diagram of flexible finger: (a) schematic diagram of finger; (b) schematic diagram
of fixed structure.

Figure 4. Schematic diagram of chamber deformation process.

The flexible pneumatic finger can be produced through 3D printing, which is more
efficient and faster than other production methods. It has good integrity, and includes
features of high strength and high tolerance to expansion pressure, meaning that the
gripper can obtain greater grasping force. Therefore, the flexible gripper designed in this
paper was also created through 3D printing technology.

2.4. Finite-Element Analysis and Experimental Analysis of Flexible Finger

The finite-element analysis software ANSYS (ANSYSV17.0) was used for the finite-
element simulation and analysis. The material parameters for each part of the flexible
finger are shown in Table 2. Firstly, the model of a single flexible finger was established
by using the UG (Unigraphics NX) software, as shown in Figure 5a, and then the model
was imported into ANSYS for simulation. The static structural module was created in
ANSYS Workbench; subsequently, the material properties were integrated to obtain the
ANSYS model, as shown in Figure 5b. By refining the grid and simplifying the model,
the precision of the grid was determined, and 160,935 nodes and 62,146 elements were
divided, as shown in Figure 5c. The load of 65 kPa and −65 kPa were added to each surface
of the flexible finger, the fixed structure was set as rigid material, and the deformation
was neglected. After fixing the end of the finger, the deformation data was obtained,
based on the displacement of flexible finger. The simulation results are shown in Figure 6.
The simulation results show that: under the pressure of 65 kpa, the bending angle of the
flexible finger was 27.19◦ (α) and the displacement of the fingertip was 31.871 mm (Δs1).
Under the pressure of −65 kpa, the bending angle of the flexible finger was 16.82◦ (β),
and the displacement of the fingertip was 21.679 mm (Δs2).

Table 2. Material parameters.

Name Material Type Density/(kg·m−3) Other Parameters

Flexible fingers Flexible 1.08 × 109 μ1 = 0.264 MPa α1 = 3.0158 D1 = 0

Fixed structure Fixed 7850 Modulus of elasticity:
2 × 105 MPa

Poisson’s ratio:
0.3
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Figure 5. Model flexible finger: (a) UG model; (b) ANSYS model; (c) grid chart.

  
(a) (b) 

 
(c) (d) 

Figure 6. Simulation results. (a,c) show the deformation diagram and the stress diagram after inflation; (b,d) show the
deformation diagram and the stress diagram after deflation.

The air path of the flexible finger was connected to the circuit to conduct the inflation
and deflation experiments. The results are shown in Figure 7. The results show that:
under the pressure of 65 kpa, the bending angle of the flexible finger was 28.05◦ (α),
and the displacement of the fingertip was 32.948 mm (Δs1). Under the pressure of −65 kpa,
the bending angle of the flexible finger was 17.35◦ (β), and the displacement of the fingertip
was 23.029 mm (Δs2).
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Figure 7. Experimental results: (a) inflation status; (b) deflation state.

It can be seen from Figures 6 and 7 that the simulation results are highly consistent
with the experimental results, which proves the feasibility of the flexible finger, and the
accuracy of the simulation model.

Since the bending capacity of flexible fingers has a greater influence on the structural
design, in order to give the flexible gripper better bending deformation and fetching per-
formance, the optimization structural design for flexible fingers is conducted based on
the simulation model in Section 2.3. The main parameters of the original finger model are
as follows: chamber spacing 2 mm; 7 chambers; chamber thickness 7 mm; chamber wall
thickness 1.5 mm; finger side thickness 4 mm; finger underside thickness 4 mm. The control
variable method was employed to change the factors which impact the length of flexible fin-
ger (spacing of chambers, number of chambers, thickness of chambers), the wall thickness
of chambers, the thickness of lower layer, and other factors, and to compare the horizontal
displacement at the end of the fingers. The larger the horizontal displacement, the greater
the bending degree of the finger. The finger variable factors are shown in Figure 8.

Figure 8. Finger variable factors.

2.5. Experiment of Flexible Gripper

The bionic flexible gripper designed in this work is a three-finger gripper, in order
to present contact forces evenly. A flange structure is incorporated to fix the three flex-
ible fingers. The quality of the flexible gripper is 100 g, excluding the flange structure.
The structure diagram of the flexible gripper is shown in Figure 9. Both the flange structure
and the flexible fingers are produced through 3D printing.
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Figure 9. Structure diagram of flexible gripper.

As shown in Figure 10, the upper limit of the object mass that can be grasped by the
gripper in different air pressure ranges is tested by adding a weight in the circular sphere.

Figure 10. Maximum gripping quality test device of flexible gripper. 1: manipulator; 2: flange plate;
3: flexible finger.

2.5.1. Experiment of Apple Grabbing

In order to test the grasping ability of the gripper, an apple grasping experiment was
carried out in a laboratory environment to evaluate it. The flexible gripper was fixed on the
six-axis manipulator. The finger movement was accomplished with a pneumatic actuator.
We connected the gas circuit and electric circuit to carry out the grasping experiments;
the grasped object is the apple mentioned above.

We determined the initial position point A and the terminal position point B on the
experimental platform, as shown in Figure 11a. The flexible gripper opened the finger to
grab the apple from point A, and then the manipulator moved up 100 mm. The manipulator
rotated horizontally above point B, and the manipulator moved down to point B to relax
the flexible gripper, successfully completing the experiment. The motion path of the
manipulator is shown in Figure 11b.

Apples numbered from 1 to 90 were selected for grab test, and apples numbered from
91 to 100 were taken as untreated comparison items, and kept in their original state. The
working pressure was set to 50 kpa, and the working speed of the manipulator was set to
480 mm/s. The continuous loading time from the touch of the finger with the apple to the
stable grasping of the apple was 3 s. Upon completion of each grab, the contact area was
marked on the apple. The number of successful experiments and the number of failures
were recorded, and the grasping success rate was calculated.
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(a) (b) 

Figure 11. Motion path of the manipulator. (a) schematic diagram of rotation angle of manipulator;
(b) schematic diagram of manipulator motion path.

2.5.2. Experiment of Apple Damage

In order to observe the damage induced on apples grabbed by the flexible gripper,
we carried out an apple damage analysis.

(1) After completing the apple grab experiment, a 5× magnifying glass was used to
observe whether there was any skin damage or juice overflow in the contact area
between the apple and finger;

(2) The apple numbered 91 was selected, and grasped with a rigid claw. Subsequently,
10 apples were randomly selected from the successful grasping experiment. The sur-
faces which were touched by the finger were sliced respectively. The thickness was
2 mm, and placed under 5× microscope.

(3) 20 apples were randomly selected from the successful grasping experiment, and 9
untested apples numbered 92–100 were stored in the same environment. The temper-
ature was maintained at 25 ◦C, and the humidity at 80%. After seven days, the surface
condition of the apples was observed. The contact area between the apple and finger
was peeled to observe the internal pulp.

3. Results and Discussion

3.1. Simulation Results

As shown in Table 3 and Figure 12a, three factors (spacing of chambers, number of
chambers, and thickness of chambers) that affect the length of the finger were compared,
and the main parameters of the original finger model were kept as follows: chamber wall
thickness 1.5 mm; finger side thickness 4 mm; and finger lower thickness 4 mm. With the
same amount of increase in the length of the finger, the horizontal displacement of the finger
end presented a similar change, and the finger bending also changed with the same degree.
Therefore, it is inferred that, when the wall thickness of finger is constant, the increase in
finger length will lead to the increase in the degree of finger bending, and the degree of
change is not significantly affected by the change of finger length.

We changed the thickness of the lower layer, and kept the main parameters of the
original finger model as follows: chamber spacing 2 mm; 7 chambers; chamber thickness
7 mm; chamber wall thickness 1.5 mm; and finger lower thickness 4 mm. As shown in
Table 4 and Figure 12b, the horizontal displacement of the finger end and the thickness
of the lower layer present approximately linear change. The horizontal displacement
decreases by approximately 2 mm for every 1 mm of increase in the thickness of lower
layer. As the thickness of the lower layer increases, the horizontal displacement of the
finger end also declines, and such decrease gradually becomes gentler. When the lower
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layer is 2 mm thick, the bending deformation of the finger is significant, and the underside
of the finger shows transverse deformation, protruding outwards.

Table 3. Analysis of simulation results (spacing of chambers, number of chambers, thickness of
chambers). The bold part indicates the variable factors in the experiment.

Number of
Chambers/Units

Spacing of
Chambers/mm

Thickness of
Chambers/

mm

Total Length/
mm

Horizontal
Displacement
of Finger End/

mm

7 2 7 76 15.791
8 2 7 85 20.434
9 2 7 94 25.719
10 2 7 103 31.468
11 2 7 112 37.841

7 1 7 86 20.824
7 2 7 94 25.719
7 3 7 102 30.286
7 4 7 110 35.053
7 5 7 118 40.131

7 2 6 85 20.824
7 2 7 94 25.719
7 2 8 103 30.286
7 2 9 112 35.053
7 2 10 121 40.131

 
(a) (b) 

(c) 

Figure 12. Simulation results: (a) shows the relationship between the spacing of chambers, the number of chambers,
the thickness of chambers, and the horizontal displacement of finger ends; (b) shows the relationship between the thickness
of finger bottom and the horizontal displacement of finger ends; (c) shows the relationship between the wall thickness of
chambers and the horizontal displacement of finger ends.
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Table 4. Analysis of simulation results (thickness of lower layer, the thickness of finger side, wall
thickness of chambers). The bold part indicates the variable factors in the experiment.

Thickness of Lower
Layer/
mm

Thickness of Finger
Side/
mm

Wall Thickness of
Chambers/

mm

Horizontal
Displacement of

Finger End/
mm

3 4 1.5 27.882
4 4 1.5 25.719
5 4 1.5 23.814
6 4 1.5 21.977
7 4 1.5 20.467

4 2 1.5 20.824
4 3 1.5 25.719
4 4 1.5 30.286
4 5 1.5 35.053
4 6 1.5 40.131

4 4 1.0 20.824
4 4 1.5 25.719
4 4 2.0 30.286
4 4 2.5 35.053
4 4 3.0 40.131

We changed the thickness of finger side, and kept the main parameters of the original
finger model as follows: chamber spacing 2 mm; 7 chambers; chamber thickness 7 mm;
chamber wall thickness 1.5 mm; and finger side thickness 4 mm. As shown in Table 4 and
Figure 12b, the horizontal displacement of the finger end and the thickness of the finger
underside present approximately linear change. The horizontal displacement decreases by
approximately 2 mm for every 1 mm of increase in the thickness of finger underside. As the
thickness of the finger underside decreases, the horizontal displacement of the finger end
also declines, and such decrease gradually becomes gentler. When the finger underside is
2 mm thick, the bending deformation of the finger is significant, and the underside of the
finger shows transverse deformation, protruding outwards.

We changed the wall thickness of the chambers and the main parameters of the
original finger model as follows: chamber spacing 2 mm; 7 chambers; chamber thickness
7 mm; finger side thickness 4 mm; and finger lower thickness 4 mm. As shown Table 4
and in Figure 12c, with the increase of the wall thickness of the flexible finger chambers,
the horizontal displacement gradually decreases at increasingly higher rate. This is because
when the balloon wall thickness increases, the thin wall can bear the same pressure, and the
volume of deformation will decrease. The deformation of this kind of pneumatic chamber
finger is mainly caused by the deformation of the thin wall of the balloon. Therefore,
the deformation degree of the flexible finger will also decrease.

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results and their interpretation, as well as the experimental
conclusions that can be drawn.

According to the simulation results above, by comparing the influencing factors
on the bending degree of flexible fingers, and based on the minimum size principle for
the clip parts of the flexible clamp claw, the structure of the flexible fingers is finally
determined. In other words, the structure is a single flexible finger with 7 chambers in total,
each measuring 10 mm wide and 15 mm high with a wall thickness of 2 mm, with chamber
spacing of 4 mm; the thickness of lower layer is 4 mm, the total length of the finger is
116 mm with no deformation, and the thickness of finger bottom is 4 mm. In order to
increase friction, the mesh stripe structure of finger was designed.
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3.2. Experiment Results and Analysis of Flexible Gripper

The experimental results are shown in Figure 13. The pressure in the finger cavity of
the flexible gripper is directly proportional to the mass of the grasping target. The maximum
mass of the apple used in this paper is 350.0 g, thus the driving air pressure is 50.0 kPa,
which can meet the requirements.

Figure 13. Maximum mass of the flexible gripper can grasp under different air pressures.

The gripper successfully completed the grasping experiment 90 times, failed 0 times,
thus the success rate was 100%. It has been proven that the gripper can meet the grasping
requirements of conventional apples, and that the grasping effect is good.

3.3. Experimental Results and Analysis for Apple Damage

Using a 5× magnifying glass to observe the apple grabbed by the flexible clamping
claw, it can be found that there is no damage to the epidermis at the contact point between
the finger and the apple, thus the damage rate is 0%.

The microscopic observation experiment shows that the apple surface cells grasped by
the flexible gripper are round and full, and the microstructure is not damaged, as shown in
Figure 14a. The apple surface grabbed by the rigid clamping claw produces dark marks,
cells are damaged, and the microstructure is damaged, as shown in Figure 14b.

  

Figure 14. Apple surface under 5 times microscope. (a) apple held by flexible gripper. (b) apple held
by rigid gripper.

The apples which had been kept under constant temperature and humidity conditions
were removed after seven days. Upon observation of the surface of apple, there was
no visible damage on the skin on the contact point between finger and apple, as shown
in Figure 15a. After peeling, the internal pulp was observed, and there was no visible,
as shown in Figure 15b. It is thus proven that the flexible picking claw does not mechanically
damage the apple.
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Figure 15. Apples stored for seven days. (a) apple skin condition; (b) apple pulp condition.

At present, there are many soft grippers that can be used for robot harvesting. For dif-
ferent capture targets, each study puts forward different strategies [37]. In many cases, it is
difficult to make a comparative evaluation. The current harvesting robots in China, such as
the apple-picking robot of Jiangsu University, the elevated strawberry-picking robot of
China Agricultural University and the cucumber-picking robot in greenhouses [38], are still
in their infancy. At present, SDM, software lithography, and wax loss manufacturing are
the most commonly used processing technologies for software robots [11,39]. However,
there are many processing procedures, such as long cycle and single material, so it is
difficult to process a more complex three-dimensional cavity soft robot. Compared with
their manufacturing process, we successfully used silica gel material and the FDM-based
3D printing technique to fabricate directly bionic flexible grippers with complex inner
geometry. In addition, this effectively shortens the production cycle, and reduces cost.
Moreover, we have proven through experiments that the proposed bionic flexible gripper
has the advantages of being lightweight, and having good cushioning, low driving air
pressure, and a strong grasping force.

4. Conclusions

This paper presents a bionic flexible gripper inspired by octopus tentacles, used to
grasp apples, which is driven pneumatically. Firstly, the muscle structure and movement
characteristics of octopus tentacles and the apple shape were analyzed theoretically, and the
basic design indexes of flexible finger were put forward. Subsequently, by using the
ANSYS finite-element analysis software, a single flexible finger model was established for
simulation and optimization of structural design, and the structure of a single flexible finger
was determined. Finally, based on the structure of a single flexible finger, the structure of
a three-finger flexible gripper was proposed. The gripper is driven by pneumatic force,
and the grasping and relaxing motions are realized based on the process of inflation and
deflation, so as to complete the grasping and relaxing of the apple.

In order to test the performance of flexible gripper, we conducted a test using the
apple gripper. We set the moving path of the flexible gripper after grasping the apple by
using the six-axis manipulator, and completed 90 grasping experiments. The apple did
not fall during the grasping process, and the success rate was 100%. We conclude that the
flexible gripper can successfully grasp apples with a diameter of 69.0~99.0 mm, and a mass
of 246.5~350.0 g when the driving air pressure is 50.0 kPa. The experiment was completed
with great performance.

In order to observe the damage caused to apples grabbed by the flexible gripper,
we carried out an apple damage analysis. The experimental results show that the bionic
flexible gripper can not only effectively grasp apples, but also cause no damage the apple
skin and inner pulp tissues.

The flexible gripper is driven pneumatically, and both the flexible fingers and fixed
structure were all produced with 3D printing technology, which has the advantages of
strong deformation capacity, durability, convenient manufacturing, and low cost. It is not
only suitable for grasping apples, but also for grasping other fruits and vegetables.
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However, our current research work has some limitations. On the one hand, the struc-
tural design of the flexible gripper needs further improvement. Since the material, size,
and shape of the flexible gripper are important factors that need to be considered during
the design of gripper, we will try to make it more universal in our future work, and achieve
faster and more stable working conditions. On the other hand, this study only carries
out the structural design and experimental verification of the flexible gripper for these
two operations, and proves that the bionic gripper we designed can successfully complete
the two operations of grasping and loosening an apple without damaging the skin of
apple. This is only the first step of our research work. As a future work, we will study the
whole flexible picking and sorting robot, including the vision system, positioning system,
obstacle avoidance navigation system, and so on.
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Abstract: The main objective of this study was to analyze variable rate seeding (VRS) methods and
critically evaluate their suitability and effectiveness for the challenges under field conditions. A search
was performed using scientific databases and portals by identifying for analysis and evaluation
92 VRS methodologies, their impact and economic benefits depending on the main parameters of
the soil and environment. The results of the review identified that VRS could adapt the appropriate
seeding rate for each field zone, which was based on site-specific data layers of soil texture, ECa, pH
and yield maps. Then, remotely detected images or other data which identify yield-limiting factors
were identified. The site-specific sowing method (with a variable sowing rate for each field area)
allows the optimization of crop density to obtain the best agronomic and economic results. Various
proximal and remote sensor systems, contact and contactless equipment, mapping and VRS modeling
technologies are currently used to determine soil and crop variability. VRS depends on the field
characteristics’ sowing equipment capabilities, the planned harvest, soil productivity and machine
technology interactions with the environment. When forecasting the effective payback of a VRS over
the desired period, the farm size should on average be at least 150 ha. In future studies, to achieve
the best solutions and optimal methods, it is important to test, evaluate and put into practice the
latest methodologies on farms, to perform complex assessments of changes in sensor, soil, plant and
environmental parameters.

Keywords: precision farming; site-specific seeding; prescription maps; apparent electrical conductivity;
proximal sensing

1. Introduction

Variable rate seeding (VRS) is a precise agricultural technology that can properly and
accurately adjust the seeding rate according to the variability of soil properties, terrain,
meteorological conditions and other factors. VRS not only provides better opportunities
for the use of variable soil nutrient and water storage capacity characteristics, it can also
increase crop yields by reducing seed consumption. Seed germination, crop development
and yield potential may vary in different areas of a field, and thus VRS is a method of
linking seed quantities to a specific area, thereby increasing crop yields and production
profits. By implementing VRS practices, farmers can better manage farm risk and focus
more on investing in areas with higher return potential. In most regions of the world,
the implementation of VRS in agriculture has been relatively low [1,2]. A prescription map
is an electronic data file containing specific information about input rates to be applied in
every zone of a field. One of the main reasons for an increased interest in VRS is that VRS
technological solutions have been introduced into agricultural machinery and have become
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easier to implement. In addition, VRS innovations combined with high-precision global
navigation satellite systems allow farmers to create and implement VRS prescriptions to
optimize seed placement and yield [2,3].

Seeding and planting at a variable rate are particularly useful in very heterogeneous
fields, i.e., in fields with very different water retention capacities or soil organic matter
levels. Measurements of soil properties, plant condition and yield are performed using a
precision farming system. Using the data obtained, the technological parameters of the
drill are adjusted, the number of seeds to be inserted is optimized, the yield potential is
increased, and the quality of the plants is improved [4]. VRS is likely to work well in
changing crop protection and crop nutrition strategies [2].

When developing a VRS application program at the level of a specific farm, a correct
choice of precision agricultural technologies for the whole complex and a good under-
standing of the growth environment of different plants for each field is required. Forming
this understanding requires not only good intuition by the farmer himself but also spatial
layers of field data that allow the field to be divided into separate soil management zones
(MZ) in which each MZs is subject to a unique VRS. General spatial layers of field data
should include maps of soil properties, height difference data and yield maps of previously
grown crops [5]. Precision agriculture (PA) technologies, variable rate fertilization and
liming and seeding operations are applied to individual field MZs [6]. Other authors
emphasize that one of the most important tasks for the successful application of PA tech-
nology is the assignment of optimal rates of fertilizers, limes or seeding in individual field
MZs [7,8]. Modern farmers are well-aware of the differences in their soil productivity
and recognize the potential of using variable rate technologies compared to uniform rates.
Images depicting highly variable crop growth in the fields are often used to promote the
attractiveness of intuitive variable rate farming. However, to recoup the costs of applying
a variable rate, it is necessary to use only well-managed and accurately predictable field
changes. An element of physical soil inspection will also be required because the relation-
ship with crop establishment is related to stone content and soil texture and so it will not
be reliable to use EC maps alone in predicting seed bed quality and establishment. Yield
maps have been used to identify zones of different yield potential and planting rates [7].

VRS is a very important, but still emerging, PA technological operation, which has
a particularly important impact on the further stages of plant development and the pro-
duction efficiency of the whole farm. Therefore, it is crucial to have sufficient information
for the application of VRS to be successful. Unfortunately, the resources of the scientific
literature on the application of VRS to different plants are still quite limited. In particular,
few research results have been published on seedings under VRS with one of the most
popular plants—winter wheat. Winter wheat is one of the most popular plants in the world
and is the most popular plant in Lithuania. In addition, the number of studies conducted
with wheat VRS remains limited. The main aim of this study was to review and provide a
synthesis of the recent advances in VRS methods and to critically analyze their suitability
in view of the challenges posed under field conditions.

2. Search Methods

The review discusses scientific, technical and other documents from a particular time
period (the search time duration was from 1998 to 2021). The review was written as a report
on the subject of the research area and as an introduction before the planned experimental
research. The survey drafting method was a piecemeal and systematic method, rather than
impulsive. The scientific literature was analyzed and the review plan was prepared based
on information that was clearly divided into sections. These methods were used as they
were most convenient for the reader.

The literature search was performed using databases such as ScienceDirect, Wiley
Online Library, Springer Link, Scopus and Google Scholar. We refined publications by
domain (engineering, life sciences, agriculture, environmental science, earth and planetary
sciences, energy, etc.) and publication type (journals, books, etc.). The subjects in the Sci-
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enceDirect database were physical sciences and engineering, earth and planetary sciences,
energy, engineering, life sciences, agricultural and biological sciences and environmental
science. The subjects in the Scopus database were agricultural and biological sciences,
environmental science and engineering. The subjects in the Wiley Online Library were
life sciences, earth space and environmental sciences, agriculture, aquaculture and food
science and technology. The subjects in Springer Link were engineering, environment and
life sciences (Figure 1).

Figure 1. Scientific review information search strategy and enforcement selection process.

The time duration for articles and books was set from 1998 to 2021. Our in-depth
analysis and evaluation largely focused on the most recent literature, the most relevant
and useful of which was published between 2000 and 2021. Filtering by journal or book
title was performed using the query string. We searched for the keywords “variable rate
seeding methods”, “precision farming”, “agriculture”, “prescription maps”, “apparent
electrical conductivity” and “proximal sensing”, and a large volume of work from diverse
professional fields was retrieved.

The scientific analysis first involved identifying the different techniques and method-
ologies used and then discussing and abstracting the results obtained by applying different
methods depending on the variation of the main parameters of the soil and the environ-
ment. The conclusions provide suggestions for practitioners by highlighting the most
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optimal options that yielded the best results for the improvement of the environment and
production (Figure 2).

Figure 2. The components of the scientific information selection process of the review. These parts
formed our review structure.

Most of the articles focused on general information on seeding and thus the collected
information related to soil property maps, soil sensing methods and equipment used for
VRS was purposefully concentrated. First, we analyzed the soil sensing methods and
equipment used for VRS, then the influence of VRS on wheat growth characteristics and
finally, what economic benefits could be obtained. Each document was reviewed and
questions, including what soil sensing methods and equipment were used for VRS, how
this affected wheat growth characteristics and what economic benefits were obtained, were
answered (Figure 3).

Figure 3. Method of evaluation of variable rate seeding methods and their applications in practice.

In summary, a significant beneficial effect has been identified as a result of the appli-
cation of certain processes as a multifunctional filter for farmers. The main aim of this
analysis was to provide a synthesis of recent advances in VRS methods and to analyze their
suitability in view of the challenges posed under field conditions.
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3. Findings

3.1. The Assessment of Soil Property Maps for PA and VRS

Depending on the country and the region, different methods are used to develop
VRS. An essential element of VRS implementation is to identify the factors influencing
the yield and the specific location in order to classify the sowing areas and to assign the
necessary norms to them, thus creating a prescription map illustrating the variability of
the soil [2]. In order to increase the value of VRS, it is necessary to define appropriate crop
management zones or decision zones, in which soil types, topography, irrigation, long-term
yield history, apparent electrical conductivity, etc. can be described [9]. A crucial element
of VRS implementation is the establishment of site-specific factors impacting yield in order
to create seeding zones and assign rates, thus generating a seeding prescription (RX) map.
Fundamentally, two main methods are distinguished for the application of variable rate
seeding—VRS based on a map and VRS based on sensor data [10,11]. Using the mapping
method, soil and crop properties are determined, samples are taken, modeling and mapping
are performed and variable rate seeding recommendations are prepared. These steps are
performed in advance of the actual use of precision seeding in the field. Meanwhile, in a
sensor data-based approach, these different steps mentioned are performed in real time
using advanced algorithms, hardware, and software [11]. Recent VRS innovations increase
our ability to insert two different plant varieties into the field. This corresponds to a multi-
layer seeding method where seeds or two different varieties are distributed differently in
the same field at the same time [2].

With the development of PA technologies, variable rate application technologies are
increasingly used. They are often based not only on previous crop performance but also
on soil productivity, soil structure, organic matter, landscape position, topography, or
some combination of these [12]. Kaspar et al. [13] found that the yield potential of higher
landscapes and steep slopes was lower than that of lower landscape positions in years
when precipitation was below average. Griffin and Hollis [14] used landscape position
elevation maps to identify areas of different yields in the field. Another common way to
produce a variable rate seed plan is to start with a soil electrical conductivity survey that,
along with other soil properties, identifies changes in soil texture. Figure 4 shows a map of
the field terrain highlighting the difference in altitude at different locations in the field.

 

Figure 4. Elevation map representing relief differences in the field. The colored parameter variation
internal maps were created by the authors using a Veris MSP 3150.
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Soil property maps are probably the most important datasets used for the implemen-
tation of PA technologies. Table 1 provides a summary of the analysis of scientific sources
showing the main soil properties applied to PA technologies by other authors.

Table 1. The main soil properties applicable to PA technologies.

Soil Properties Application of PA Technologies Reference

Organic matter, pH Variable-rate seeding application on farms [15]
pH An on-the-go sensor used for mapping [16]

SOC, soil texture Exploring the driving forces and digital mapping using
remote sensing [17]

Soil texture
Electromagnetic induction for regional data coordination [18]

Radar and optical data from Sentinel-1 and Sentinel-2 [19]

Apparent electrical
conductivity (ECa)

Applications of soil electrical conductivity mapping [20]
Scientific equipment and measurements in agriculture [21]

Effect of variable rate seeding on seedbed and
germination parameters [22]

Bulk density Novel electromechanical system application [23]

Soil productivity is defined as the ability of soil to provide plants with the necessary
nutrients [24] and sufficient water. The ability of soil to perform various functions of
biological productivity, such as ensuring the function of ecosystems, maintaining environ-
mental sustainability and promoting plant and animal habitats, is often understood as soil
quality [25]. The soil quality indicator is sensitive to any changes in the soil [11].

Soil pH affects the availability of nutrients important to plants, such as phosphorus
and trace elements and herbicide activity. With the field area divided according to soil
pH, lime and other sources of calcium can be used more accurately. This increases the
likelihood that the amount required by the right product will be accurately distributed
in the right places, which can increase the utility and efficiency of the product used as
well as the crop yield [15]. Soil fertility and pH influence crop yield potential, and with
precision soil management, can provide information that can be used for generating VRS
RX maps. This soil information could reveal opportunities around determining high and
low yield potential areas in a field depending on water availability; water represents the
most important driver of crop yield.

Soil organic matter is another very important soil property, which has a significant
effect on crop productivity. Organic matter (OM) is one of the main components of soil
structure and porosity, influencing soil water retention capacity, biodiversity, the activity of
soil organisms and the availability of plant nutrients, especially nitrogen [15]. The amounts
of OM can vary significantly in different field areas, which is perfectly demonstrated by
the field study performed in Lithuania with Veris MSP 3150 and the OM map presented in
Figure 5.

PA technologies are increasingly being implemented using the variability of apparent
electrical conductivity. Apparent electrical conductivity (ECa) is a property of soil that
indicates its ability to conduct electricity. ECa field measurements started with soil salinity
measurements, which were linked to the irrigation of arid agricultural areas [21]. This
electrical soil property is influenced by a combination of physical and chemical properties,
including soluble salts, clay content, soil water content, soil temperature, organic matter
content and bulk density [21]. ECa varies depending on the amount of moisture retained
by the soil particles. Thus, ECa strongly correlates with the size and the structure of soil
particles. Saline soils and clay have high conductivity, silt has medium conductivity and
sand has low conductivity [2,26].

ECa measurements, together with other soil properties, determine the changes in soil
structure. Another common way to produce a variable rate seed plan is to start with a soil
electrical conductivity survey that, along with other soil properties, identifies changes in
soil texture [20]. Apparent electrical conductivity is related to soil structure and previous
studies are mainly based on higher ECa values associated with higher yield areas, so these
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areas can grow a larger plant population. This method has been used mainly for corn
crops in North America, but it is not necessarily the correct method for winter wheat or
other crops that, due to their ability to bush, do not show a linear relationship between
number plants and yield [14]. Experimental studies were carried out in Lithuania when
an ECa map (Figure 6) was prepared after estimating the differences in soil granulometric
composition, according to which the winter wheat seeding map of the study field was
created. For winter wheat sowing, an average seeding rate of 180 kg ha−1, typical for this
region [27], was chosen. Then, variable rate seeding was applied to each of the five soil
management zones (MZ), varying between the zones by about 20%—from a minimum of
146 kg ha−1 to a maximum of 214 kg ha−1 [22].

 

Figure 5. Map of soil organic matter differences. Colored parameter variation internal maps were
created by the authors using a Veris MSP 3150; as a background layer, we used an ORT10LT digital
raster orthophoto map of a territory in the Republic of Lithuania, M 1:10,000 (compiled 2012–2013) in
the precision farming software AgLeader SMS Advanced.

When analyzing the influence of VRS on winter wheat production indicators, it was
found that the unevenness of the field soil had a significant impact on the quality of seed
placement, germination and plant tillering [22]. Using the same winter wheat seeding rate
of 180 kg ha−1, the germination of winter wheat seeds was significantly lower (MZ1—62.7%
and MZ2—72.6%) in the two MZs with the highest soil ECa than in the remaining three
soil MZs. There were no significant differences between MZs in the application of VRS.
Changes in seed germination may have been influenced by soil structure and seedbed
quality [14].

Soil ECa maps can be created for a variety of soil depths, from 5 to 150 cm. Figure 7
shows two ECa field maps drawn at the depths of 30 and 90 cm using a Veris MSP
3150 machine. These images illustrate that the apparent electrical conductivity was higher
over the entire field as the measurement depth was increased but the differences between
the zones remained similar.
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Figure 6. ECa map representing differences in soil properties in the field. The colored parameter
variations were created by the authors using an EM38-MK2 device [22].

 

Figure 7. ECa maps of soil surface structure differences at the depth of 30 cm (left) and 90 cm (right).
The colored parameter variation internal maps were created by the authors using a Veris MSP 3150;
as a background layer, we used an ORT10LT digital raster orthophoto map of a territory in the
Republic of Lithuania, M 1:10,000 (compiled 2012–2013) in the precision farming software AgLeader
SMS Advanced.

Chemical and physical soil properties and topographical features are highly interre-
lated. As one soil characteristic changes, it can cause changes to other characteristics [28].
Soil organic carbon, pH, phosphorus, bulk density, water accumulation and other physical,
chemical and biological properties are the most often reflected soil quality indicators [11,29].
It is not possible to assess soil functionality based on the individual soil property responsi-
ble for regulating crop yields [30], as changes in crop yields are influenced by a number of
biotic and abiotic factors [31–34].

Studies by Reining et al. [35] with winter wheat showed that factors such as soil
quality and precipitation had the greatest influence on the change in sowing rate. In order
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to optimize the seeding rate in VRS technologies, it is necessary to have as much information
as possible about the properties of the soil and the crop. The seeding rate is optimized based
on measurements such as soil ECa, soil pH, crop nitrogen content, previous yield and grain
protein indices [36]. Water availability and accumulation are important parameters for
determining the yield potential and optimal seeding rate in specific field areas, especially
in dry weather conditions [12]. It is generally accepted that the specific optimal sowing rate
depends on soil conditions, such as texture. However, optimal seeding rates can almost
never be accurately known [37].

The mapping of soil properties such as pH and organic matter also holds great potential
for delineating spatial variation in fields. Soil organic matter maps can be used to develop
management zones for variable nitrogen and seeding rates. It is generally thought that
areas of higher organic matter can support higher seeding rates. Soil sensing tools can
better characterize the within-field variability into MZ and perhaps serves as a better source
of information than soil surveys for deriving variable rate prescriptions of crop inputs.

3.2. The Assessment of Soil Sensing Methods and Equipment Used for VRS

The use of actual small-area data from a number of locations can provide an ap-
proximation of a variable rate seeding plan in order to increase the economic return on
agricultural production. However, determining the optimal seeding rate for each field
remains a challenge. The definition of specific control zones may be possible using different
soil properties [12], but it may take time to establish consistent models under different crop
rotations or tillage regimes [38–40].

Based on soil ECa, Taylor et al. [41] created VRS maps and evaluated them using GIS
global information systems. In their study, soil ECa was considered an indicator of soil
quality, which showed a different (positive and negative) correlation between the crop yield
and the seeding rate in different years. ECa data collected using Veris or electromagnetic
EM devices show soil productivity zones. The elevation and the slope of the terrain,
collected using real-time kinematics (RTK), is also valuable information. All these data help
to determine the MZs of the soil and allow us to establish the appropriate plant density
and yield potential for each of these zones. This should result in the identification of the
maximum yield for each zone. Topography and landscape position often have a significant
impact on soil properties and, consequently, crop productivity, and can therefore enhance
proximal and remote soil sensing. VRS has been proven to be profitable for fields with
highly variable levels of productivity [42].

Munnaf et al. [43] argue that uniform rate seeding (URS), where field characteristics
differ, is an inappropriate approach to the sustainable management of farm resources.
They performed a study using field scanning online visible and near-infrared (vis-NIR)
spectroscopy and an electromagnetic induction (EMI) sensor. The uniform rate seeding
method was compared with two VRS methods, the first based on a soil MZs map generated
using EMI data and the second treatment based on the fusion of vis-NIR measured soil data
with the Sentinel-2-derived normalized difference vegetation index (vis-NIRsen). The latter
method makes it possible to assess the interrelationships between the main characteristics
of the soil and the yield using different seeding intervals. The research results obtained
showed that both VRS methods resulted in higher yields of potato tubers and higher
economic returns compared to URS [43].

A soil permeability map is a simple, inexpensive tool that farmers can use to describe
soil differences in farm fields quickly and accurately. Soil ECa is the ability of a soil to
transfer or transmit an electric current in units of millisiemens per meter [26,44–46].

In the agricultural industry, crop yield and seeding maps are becoming increasingly
important as these two-parameter data layers help us to better understand the feasibility
of VRS. The variable rate seeding strategy for each soil MZs is based on the following
data: long-term yield history, field productivity, soil dryness and moisture, apparent
electrical conductivity, environmental response units, soil type, topography, landscape,
slope, drainage and color, crop, soil and plant vegetation index [9]. Site-specific field
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data, such as digital soil maps, aerial photographs, apparent electrical conductivity maps,
or previous-year yield maps, are the basis for calculating the optimal site-specific seeding
rate. In this way, VRS application maps are created, showing differences in the seeding rate
due to different conditions related to location, cultivation system and short-term parameters
(Figure 8). This means that the generated VRS maps describe the situation only at a certain
point in time [47]. Prepared VRS prescription maps are recognized by most seed drills [8].

Figure 8. Winter wheat VRS map. The colored parameter variation was created by the authors using
SMS software with the data received from an ECa map.

In heterogeneous fields, it is useful to change the number of seeds according to the
soil potential. In precision agriculture, machinery makes it possible to adapt the optimal
number of seeds, thus saving farm resources and achieving more environmentally friendly
agricultural production [47]. The main process of VRS is the creation of a pre-scription map
for individual fields. Research has shown that the development of such prognostic maps
needs to be managed separately due to differences in the unique variability and historical
management of each field. When designing zones, it is necessary to consider around four
to five variables (yield, soil, terrain, etc.), paying attention to those that limit the yield [2].

When creating a prescription map, the number and diversity of plant populations in
each area must be determined before loading the map onto the tractor cab screen. In most
cases, there can be around four to five variables to consider in designing zones (yield,
soil, terrain, organic matter, etc.), with attention being paid to those that are yield-limiting
factors. When working with a population (seeds per hectare), a different zoning rate of
at least 15–20% must be maintained in order to maximize the yields in response to VRS.
In general, higher seed populations will be found in soil areas with higher yield potential
and in lower yield areas seed population rates are lower [48]. Methods for zoning may
include assessments of aerial imagery [49], soil type, farmers’ knowledge of fields [50],
soil characteristics [51], crop history, water availability, terrain, yield maps or remote
sensing [52].

Mapping systems are not suitable for large variations in soil conditions that are
highly dependent on weather conditions. Therefore, future advanced farming requires
systems that overcome the limitations of a map-based approach. Sensor-based, real-time,
site-specific seeding (SSS) requires high-resolution data collected using advanced sensor
technology. This continuous flow of sensor data is consistently translated into information
and recommendations to be implemented by the right controller, all in real time [10].
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Seeding by sensor makes it possible to overcome the limitations of the map method.
The design of the sensing and control device is very important, as the incorrect design of
the system can sometimes cause problems [11]. SSS is an accurate application method that
takes into account inherent soil heterogeneity to maximize crop yields and to minimize
seed yields. Most SSS program practices are based on management zone (MZ) maps
generated using different inputs [11], which include total field productivity, land and
moisture, soil and crop vegetation, environmental response index [9], terrain attributes [2],
soil fertility status, structure, [53], color [9], apparent electrical conductivity [53,54] and
historical yields [35,55,56].

The main requirements for the implementation of the VRS system are to have the
right technology, the right prescription mapping process and trained specialists. Key VRS
technologies include a GPS receiver and a cab display with the ability to load and execute
prescription maps, collect data and provide real-time feedback to the tractor operator
on drill performance and VRS drill capabilities. VRS options include a hydraulic drive
that allows the seeding rate of the seeding machine to be changed throughout the crop
rotation [2]. With the development of real-time kinematic (RTK) and other high-grade
GPS receivers, accurate topographic measurements can be obtained simultaneously with
proximal readings of soil sensors [44]. Variable rate sowing adjustment technologies can
operate on prescription maps or real-time (online) sensor readings, which can be adapted
to change the sowing rate according to certain algorithms. Site-specific properties in the
field (soil properties, OM, landscape differences, etc.) can be detected during the sowing of
cereals or before sowing using various sensors. Optical sensors detect the proportion of
organic matter and/or moisture in the soil, non-contact EC sensors detect electromagnetic
induction, electromagnetic induction sensors detect the electrical conductivity or moisture
of the soil (e.g., EM38 TopSoil Mapper GEM-2 and DUALEM), electrical resistance sensors
determine the electrical conductivity of the soil from which the soil moisture is determined
and gamma ray sensors determine the proportion of organic matter in the soil and texture
(e.g., SoilOptix) [45]. Research has shown that the real-time sensor on Veris’ multi-sensor
platform (MSP) accurately matches the spatial models of organic matter (OM) and cation
exchange capacity (CEC). Veris OpticMapper can register the values of soil OM and CEC
in real time using a dual wavelength optical sensor mounted on a specially configured
row unit [44]. This allows plant residues to be removed and the sapphire window at the
bottom of the sensor to adhere to the soil, recording readings every second. Conventional
soil samples are obtained from the field after passing with OpticMapper, with soil sample
sites monitored by OpticMapper measurements [15,44].

Integration of automatic sensing, modeling and control systems is a complex task.
The “VRfertilizer” program and the application of the pesticide Chlorpyriphos can be
distinguished as examples of sensor-based site-specific applications [57]. SSSs also have
the potential to apply similar principles and thus future research should focus on the
development and evaluation of sensor-based SSSs in a variety of soil qualities and crop,
local and weather conditions [11].

Measurements of apparent electrical conductivity correlate with soil properties that
affect crop productivity, including soil structure, cation exchange capacity, drainage condi-
tions, salinity and subsoil properties [26,58]. The contact method for mapping the soil ECa
uses coulters that are in direct contact with the soil to measure its ECa. Another non-contact
method uses electromagnetic (EM) induction to measure soil ECa [42]. The latter method
can be used to determine the differences in soil properties in the field. To create an accurate
soil sampling plan and variable rate seeding map an EM-38 MK-2 scanner can be used
(Figure 9). When mounted on plastic sleds, ECa measures from 0 to 150 cm soil depth [22].

Veris Technologies’ commercial soil ECa mapping system measures ECa at two depths
(0–30 cm, 0–90 cm) when the device is pulled through the field. The ability to measure
and obtain results from approximately 25 sample sites per hectare provides the farmer or
consultant with a higher resolution dataset to measure the changes in field pH. The usual
grid soil sampling practice can provide pH values for each 2.5–4.0 ha area. The sampling
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resolution of Veris Soil pH Manager is 25 to 40 times higher than that provided by a con-
ventional soil grid. The pH controller can be paired with a soil ECa array to simultaneously
capture soil pH, soil ECa and soil color [15]. The sensor operates by lowering the sampling
mechanical arm into the soil to take the sample and then lift the sample in front of the
electrode set to measure the pH before repeating the process. Studies have shown that
one-hectare grids have a wide range of pH values, often ranging from soil that requires
lime to soil with a particularly high pH [59].

 

Figure 9. EM38-MK2 remote sensing device constructed on a plastic sledge [22].

Veris Technologies’ Soil pH Manager is equipped with a sensor for real-time determi-
nation of soil pH (Figure 10). It automatically collects soil samples and measures soil pH
from direct contact with soil material along the way [16].

 

Figure 10. Veris multi sensor platform (MSP) with the Soil pH Manager: 1—soil sampler shoe;
2—parallel linkage; 3—adapter; 4—scraper; 5—pH sensors; 6—water supply with nozzles; 7—water
pump; 8—row cleaner; 9—furrow closer; 10—controller; 11—data recorder; 12—sensor of apparent
electrical conductivity [16].

As mentioned earlier, two main SSS methods based on maps and touch systems are
distinguished. [10]. According to the mapping method, soil and crop identification and
sampling, modeling, mapping and the preparation of SSS recommendations are performed
in advance of the actual field use and in a sensor-based SSS these different steps are
realistically performed by algorithms, hardware and software [11]. The map-based SSS
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is related to the adjustment of the sowing rate according to the previously created and
loaded prescription map in the virtual terminal of the precision seeding machine. GIS
and geostatistical analysis allow for the linking of the measured attributes. Based on the
yield status of the different field zones, the field is divided into several smaller zones
that are assigned a certain seeding rate to create a program application map (AM) or
management map. Once the AM is generated, it is converted into a machine-compatible
form file and uploaded to the virtual terminal [60]. When working in the field, the variable
rate seeding controller delivers the seeding rate according to the optimal quantity and the
corresponding location as specified in the AM. A positive aspect of this system is the time
it takes to conduct research and then apply VRS. This improves controller responses and
smooths out transitional VRS processes. To work under this principle, the equipment uses
on-the-go sensors for variable rate seeding (Figure 11). Soil organic matter sensors detect
different levels of organic matter and adjust the number of seeds accordingly. There are
also soil moisture meters that can be used to adjust the depth and to change the seeding
rates [10].

Figure 11. On-the-go soil properties sensor measurement before seeding and adjustment of seeding
rate [10].

Another modern soil sensor is the SoilXplorer, which uses innovative methods for real-
time soil structure analysis. This is a non-contact sensor that uses electromagnetic signals
to measure the soil ECa and is used to justify variable tillage depth, variable seeding depth
and variable seeding rate. Soil ECa is highly correlated with the size of soil particles and soil
structure. For example, sandy soils have larger particles and low water retention capacity,
resulting in lower ECa, while ECa is higher in clay and organic soils. Therefore, the soil
sensor can detect compacted areas and readjust the working depth accordingly. Based on
this measurement principle, soil type zones, relative water content and compaction zones
can be determined. As a result of its four reception coils, ECa can be measured in four
different soil layers (0–25 cm, 15–60 cm, 55–95 cm and 85–115 cm) at the same time [61,62].

The SoilXplorer sensor (Figure 12) is installed at a height of 30–40 cm in front of the
tractor or other machine so that the drill or tillage machine can be attached at the rear [60].
The sensor autonomously identifies different soil properties, and in real time, the ISOBUS
seed drills adjust the seeding rate according to the soil texture and the relative amount
of soil water. The highest seeding rate applies to the best soil conditions and the lowest
to poor conditions, although the opposite may be the case. With the SoilXplorer sensor,
farmers can deepen their knowledge of the soil and increase the efficiency of the tillage
and seeding processes. Field tests have shown that reducing the tillage depth from 18 to
10 cm reduces energy expenditure during the tillage process by 45%. Additionally, during
the same process, wheel slip can be reduced by about 53% and output can be increased by
about 20% [61].
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Figure 12. SoilXplorer device for measuring soil structure differences [60].

VRS technology requires the preparation of a prescription map showing how the
electronic controller of seed drill should change the gaps between the seeds in a row to
make it as convenient as possible to change the seeding rate. Indeed, VRS can be performed
by commercial seed drills with electronic seed metering disc controllers that can change
the seeding rate by changing the seed distance along the row [63]. There are two main
ways to adapt uniform rate seed drills for variable rate seeding, i.e., by changing the active
feed-roll length or by changing the seed meter drive shaft speed [62]. With the addition
of a controller to a conventional seed drill, it is possible to change the drive speed of
the seed metering unit on-the-go. Jafari et al. (2010) presented a system for modifying a
conventional seed drill into a variable rate seed drill. It consisted of a DC motor with a
fixed speed gearbox, encoders for determining the drive wheel and motor speed of the
seed drill, a GPS receiver, a DC electric motor controller and a laptop. The results of the
research using different seeding rates from 87.5 (low) to 262.5 (high) kg ha−1 showed that
the seeding transition rate time from low-to-high and from high-to-low was 7.4 and 5.2 s,
respectively [64].

Currently, seed drill manufacturers have adapted to the needs of precision farming
and offer farmers a wide range of seed drill models for seeding cereal at a variable rate.
Kazlauskas et al. [22] carried out winter wheat seeding at a variable rate with a Horsch
Avatar 6.16 SD direct seed drill and the seeding rate varied from 146 to 214 kg ha−1. Cereal
seeding at a variable rate can also be conducted with a Vaderstad Spirit 400C, a Horsch
Focus 6TD and other seed drills (Figure 13).

   
(a) (b) (c) 

Figure 13. Seed drills for VRS winter wheat seeding: (a) Vaderstad Spirit 400C; (b) Horsch Focus
6TD; (c) Horsch Avatar 6.16 SD.
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4. The Influence of VRS on Wheat Growth Characteristics

Differences in seeding rates depend on the field characteristics, capabilities of the
seeding equipment, yield objectives, variability of the field, productivity of the soil and
understanding of the interaction with the environment. From an agronomic point of view,
the seeding rate should vary by at least 4000 seeds per acre (4046.86 m2 or about 0.4 ha) [9].
The growing number of farmers using VRS and the widespread use of GPS technology on
farms are facilitating the implementation of VRS strategies. Farmers need to be well-aware
of the variability of their fields in order to apply the right seeding rates [9]. Too low a
seeding rate can increase the risk of yield decrease, and too high a seeding rate can increase
the total cost of production [65,66].

Precision agricultural technologies can improve the performance of field operations,
as errors in the study of field soil characteristics can be very costly depending on the cost of
seeds and seeding.

Plant density is a particularly important factor in wheat production systems because
it can be controlled. The seeding rate affects the grain yield and is expressed as having a
linear and quadratic dependence [67]. The studies of Chen et al. [68] with hard red spring
wheat showed that row spacing and seeding rate do not affect each other, i.e., an increase
in yield in narrow rows could not be achieved by increasing the seeding rate. Seed density
control at a specific field location can be based on soil texture maps. The seeding rate
should increase in sandy soils and decrease in clay soils. This principle may allow for an
increase in the yield or the preservation of seeds [53].

Ayalew et al. [69] showed that an increasing number of seeds contributes to a lower
number of wheat stalks. This could be because a higher seeding rate could increase
competition for space, resulting in fewer stems per plant. It was also found that different
seeding rates influenced different plant heights, i.e., a higher seeding rate resulted in a
higher plant height, and vice versa. Higher plant density increased plant height due to
reduced space for horizontal plant development and increased plant competition for light.
The decrease in wheat yield with increasing seed yields can be explained by the fact that
a denser wheat population forces plants to compete for production resources, which can
lead to lower grain yields. Wiesehoff et al. [45] investigated the effect of different seeding
rates on the germination of winter wheat in Germany. The results showed that germination
decreased with an increase in seeding rate. The main reason for this effect may have been
the poor distribution of grains, which led to grains being closely spaced in the soil and
competing with each other. Most winter wheat cultivars allow us to compensate for the
reduced plant density with higher tillering [45].

Iqbal et al. [70] found that the interaction between seeding rate and nitrogen level does
not affect wheat height, number of tillers, spike length or number of spikelets in spike of
1000-grain weight but does affect the number of grains in spike, grain yield and harvest
index. Kühling et al. [71] showed that the seeding rate affected two components of the
spring wheat harvest—the number of ears per square meter and the number of grains per
year in opposite directions. In the areas with a higher seeding rate, the predominant yield
was mainly due to the number of ears, and in the areas with a lower seeding rate, there
were more grains in each ear.

Optimal VRS recommendations based on a mathematical model are presented accord-
ing to a predefined mathematical formula of the input seeding rate, taking into account
soil quality indicators and/or yield potential. VRS recommendations are generated in
real time by identifying and measuring the required soil and crop properties. Real-time
optimization of seed input distribution can provide the best yield potential for a given
field [12,41,72]. After examining the relationship between maize plant population and
yield, a stronger relationship was found between the final number of stems and the yield
than between the precision seeding rate and the number of stems. Researchers attempted to
incorporate more soil parameters into yield models adjacent to plant populations in order
to develop more universal models for seeding rate determination [12,41,72]. In order to
obtain higher yields, it may be advisable to use a higher seeding rate in the higher-yielding
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soil zone, while in lower-yielding soil MZs, better yields may be achieved at lower seeding
rates or plant populations [73]. In soils with higher yields and/or higher moisture content,
the optimal seeding rate is higher [58]. As the soil moisture content (w) is a deterministic
factor for site-specific irrigation, seeding, transplanting and compaction detection, an online
measurement system will bring these applications into practice. A fiber-type visible (VIS)
and near-infrared (NIR) spectrophotometer with a light reflectance measurement range of
306.5–1710.9 nm was used to measure w during a field operation [22,23]. Seed viability,
germination, prevalence of pests, diseases and meteorological conditions all determine the
germination and establishment of the crop, i.e., how many plants survive from 100 seeds.
Different types of soil MZs based on ECa maps can be used to improve germination and
establishment of wheat crops. Field inspection of the soil is also necessary before seeding,
as crop germination and establishment are related to the number of stones on the soil
surface and soil structure, so predicting seedbed quality and seeding using ECa maps alone
will not be reliable [14].

As the plant population in the field increases, the yield per plant decreases, but the
increased number of plants may be sufficient to compensate for the decrease in yield per
plant [33,74]. However, at higher than optimal seeding rates, the increase in yield due to
more plants may not be sufficient to compensate for the losses of one plant [40]. Optimal
plant density is a function of the interaction between variety and environment, which
varies between different agronomic zones [75]. The influence of plant cultivar on grain
yield varies greatly depending on seeding, and the change in the seeding rate has an
effect on yield components, especially stem density and the number of ears per m2 [63,76].
As the seeding rate increases, the number of germinated plants [77] and the crop density
increases [63,76], but the grain weight decreases [65,75,78], partly due to the lower efficiency
of lighting [67,77]. Varieties have different abilities and adaptations to compensate for
low or high seeding rate by modifying crop components such as the number of ears,
the number of stems per m2 [76], the number of grains per ear and the grain weight [65,67].
Geleta et al. [75] and Xue et al. [78] did not find a significant effect of the seeding rate on the
grain yield from 65 (245 seeds m2) to 130 kg ha−1 (489 seeds m2). Stapper and Fischer [79]
recorded an increased plant height due to an increase in seeding rate from 50 to 200 kg ha−1

(188–753 seeds m2). It was found that increasing the seeding rate decreases the relative
greenery of the leaves [66]. In addition, the highest biomass and N utilization efficiency of
common white winter wheat could be achieved by reducing the standard seeding rate by
34–68% [80].

Fang et al. [81] studied the effects of different seeding rates and root pruning on
winter wheat grain yield and its components before and after overwintering under field
conditions. The aim of the experiment was to determine whether root pruning increased or
maintained winter wheat yields at above-optimal seeding densities when growing wheat
under semi-dry environmental conditions. The results showed that the yield response
of the crop to the seeding rate depends on precipitation, especially on rain in the spring,
which coincides with the grain-filling period. In dry years, the decrease in the yields due
to higher seeding rate may have been caused by an increased competition for soil water,
as more soil water was used before stem elongation due to higher seeding rate, which in
turn reduced dry matter production and thus the yield. Many studies have found a positive
correlation between the seeding rate, the grain yield and the average kernel weight [75,82],
but Fang et al. [81] showed that this correlation depends on the availability of moisture.

In cereal crops, the yield curve is a useful statistical tool for analyzing the effect of
seeding rates on plants. The effect of seeding rate on the yield was found to generally
correspond to a quadratic response curve. As the seeding rate increases, the yield curve
rises abruptly to the optimal seeding rate and then descends slowly [83,84]. Canadian
researchers found that the seeding rate had an effect on plant density and the number of
ears. Under ecological conditions, the yield increased by 10% when the seeding rate was
doubled in wheat and barley cultivars [80]. Other studies have found that when wheat
seeding rates were doubled at weed presence/competition locations, yields increased from
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23% to 27% [85,86]. In order to optimize the wheat yield, it is important to determine
the optimal number of plants per square meter. If the plant population is too large, then
the crop will be too dense. This leads to difficulties in crop management and can lead to
outbreaks, higher disease prevalence and higher costs. If the number of plants per m−2 is
too low, the yield will not be optimized due to grain shortages and plants will be vulnerable
to pests and will not be able to compete with weeds [14].

Wheat growth and yield depend on environmental conditions and can be regulated to
some extent by selecting the right seeding time and seeding rate. Wheat yields increase due
to higher seeding rates during the spring seeding [87]. Higher grain yields at higher seeding
rates are associated with a higher number of ears per square meter. Therefore, the number
of ears per square meter is considered to be the most important component in determining
the grain yield. When calculating winter wheat seeding rate in a specific field MZ, Reining
et al. [35] took into account the yield obtained from historical records for several years.
The GIS-based software module calculated the seeding rate for different yield zones and
transformed it directly into the seeding map. The seeding rate can be considered a factor in
obtaining higher grain yields and nitrogen efficiency in winter wheat [88]. By optimizing
the seeding rate, the yield and N uptake efficiency increased. The increase in N uptake
efficiency was mainly due to the optimization of root length density and the synchronous
increase in N from the fertilizer and N from the soil. The seeding rate had a significant
effect on the number of plants, stems and ears, as well as the leaf area index.

5. The Assessment of Economic Benefits of VRS

VRS has been shown to be profitable for fields with very diverse soil productivity.
Quantitative assessments of field variability should be taken into account when deciding
whether to use VRS. We concluded that VRT may be of minimal value for fields with maize
yields averaging from 9415 to 16,477 kg/ha. If soil types and characteristics do not vary
substantially across the field, VRS may not prove to be profitable using currently available
technology and agronomic knowledge [2,89]. Researchers in southern Brazil evaluated
VRS by creating zones based on data from the producer on field productivity levels, as well
as eight-year yield data [73]. The seeding rate of low-yield potential areas decreased and
productivity increased by 1197–1900 kg ha−1 depending on the yield [73]. The population
level of potential MZs with high soil fertility increased and productivity increased by
888–942 kg ha−1, depending on the yield [73].

Economic return is a key issue for farmers interested in VRS. Lowenberg-DeBoer [90]
assessed the VRS economic return using zones of yield potential. Potential VRS savings
could be around USD 6.25 ha−1 in the fields of various seeding populations [6]. These
savings from VRS can be effective in the face of rising seed prices. With digital tools and
field-based data collection, VRS can enable farmers to explore and fully implement VRS
and reap the economic benefits of doing so [2].

The data from the economic analysis of wheat show the effect of different seed quan-
tities and different N levels. It is clear from the data that seeding 120 kg ha−1 yields the
highest net income while 60 kg ha−1 yields the lowest net income. The highest net profit
was observed by combining the 120 kg ha−1 seeding rate and 120 kg N ha−1 quantity of
fertilizer, while the minimum profit was obtained when the seeding rate of 120 kg ha−1

was applied and nitrogen fertilizer was not used. The highest marginal rate of return
was observed by combining 120 kg N ha−1 and 120 kg ha−1 seeding rate and the lowest
marginal rate of return was found in control plots seeded at 60 kg ha−1 [91].

Several researchers have analyzed the economics of SSS in terms of economic plant
population, degree of field variability, cost-effectiveness of VRS technologies, seed con-
sumption and yield. Bullock et al. [5] found that the optimal density of SSS maize seeds
ranged from 44,000 to 104,000 seeds ha−1, and the yields ranged from 5.1 to 18.3 Mg ha−1.
A positive Pearson correlation coefficient was found between the soil quality of a particular
field area and the optimal seeding rate. Modeling showed that by practicing VRS, farmers
could increase their income up to USD 12 ha−1 compared to a uniform seeding rate. Robert
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et al. [92] assessed the economic consequences of maize seeding for a specific area. Their
study identified several combinations of different yield options (low, medium and high)
and included the costs of seeds and VRS technologies used in the cost–benefit analysis.
Two separate strategies were used to provide SSS recommendations, namely agronomic
and economic seeding rate recommendations that considered the yield potential of each
MZ. According to the agronomic recommendation, the maize seeding rate was 44,460,
69,160 and 74,100 seeds ha−1, and according to the economic recommendation, in low,
medium and high yield MZs it was 49,400, 64,220 and 74,100 seeds ha−1, respectively [11].

Taylor et al. [41] assessed the potential of SSS in eastern Kansas, USA for three years
and revealed that SSS is not profitable under the cultivation conditions studied. They also
suggested looking for a cheaper method to make SSS economically feasible. Elmore and
Abendroth [93] critically reviewed several studies and concluded that SSS is an uneconomi-
cal technology. The reports show that the total maize sowing rate of 86,450 seeds ha−1 is a
good field-testing rate but is not necessarily economically ideal. The optimal density of
maize plants in a given year can range from 12,350 to 29,640 plants ha−1, depending on the
purpose of the crop (i.e., grain, silage) and growing conditions [11].

It is generally accepted that too high or too low a seeding rate is sub-optimal, so there
must be some economically justified optimal seeding rate value or range of values [37].
An economic analysis by Holmes [56] revealed that the highest gross yield per hectare is
obtained at a lower seeding rate than the one with the highest yield. In the high-yield zone,
the optimal seeding rate to maximize gross yields was several thousand lower than the
seeding rate at which the highest yields were achieved. The research results also showed
that VRS is a valuable tool for reducing losses due to excess nutrients in poor quality crops,
i.e., seeding at a variable rate ensures optimal use of other agricultural raw materials, such
as fertilizers.

VRS eliminates double sowing in headlands and point rows and redistributes the
optimal number of seeds in very heterogeneous fields. In very uniform fields, the return
on investment of VRS will be low, while in heterogeneous fields with differentiated soil
productivity zones, the return on investment will be much higher [8,36]. Automatic
technology for the control of seeding rows (sections) enables automatic control of the
seeding sections using the seeding map to reduce the field areas that can be seeded twice
due to overlap. Automatic section control can on average save 4.3% of seeds, as well as
reduce maize yield losses by 17% compared to seeding methods that inevitably cause
double-sown areas [94].

With VRS, the total number of seeds used in the field can be lower, leading to lower
GHG emissions from seed production [36]. The positive impact of VRS on GHG emissions
may also be due to higher yields [73]. Another GHG reduction measure is related to the
lower amount of fuel required to produce the same yield [36].

Summarizing the literature analysis, personal experience and unpublished assess-
ments allows us to conclude that the application of VRS pays off when the field variability
is more than 10%. According to German researchers, it is effective to apply VRS when the
apparent electrical conductivity changes in the field on average every 25 m and for NPK
(nitrogen phosphorus potassium), when the pH changes on average every 50 m. Sowing at
a variable rate is worth 10 percent. Variability in apparent electrical conductivity, organic
matter and terrain leads to variability in plant density. It is therefore useful to apply a vari-
able rate of nitrogen. The payback of VRS is such that if one earns an average of 100 EUR
per ha, then working on 400 ha will pay off in 1 year. Thus, the conclusion is that it is most
efficient and most profitable to apply VRS when the farm size is larger than an average of
150 ha. However, this also depends on the crops grown (possibly smaller) as well as the
satellite maps used. Due to meteorological conditions, if satellite maps are used, it is often
cloudy in Lithuania, which can cause problems. Therefore, it is better to apply remote and
proximal sensors close to the ground, which are effective in all meteorological conditions.
This increases the use of non-contact apparent electrical conductivity assessment devices
due to the unnecessary need for certain conditions. The key conclusion is that the higher
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the field variability (altitude, terrain, sand, etc.), the higher the VRS efficiency and payback.
In Lithuania, the variability of most fields is due to the current cultural, political, historical
and climatic situation, so VRS pays off and is effective all over the country.

There are a variety of VRA technologies available that can be used with or without a
GPS system. The two basic technologies for VRA are: map-based and sensor-based. Sensor-
based VRA requires no map or positioning system. Sensors on the applicator measure
soil properties or crop characteristics “on the go.” Based on this continuous stream of
information, a control system calculates the input needs of the soil or plants and transfers the
information to a controller, which delivers the input to the location measured by the sensor.
Because map-based and sensor-based VRA have unique benefits and limitations, some
SSCM (site-specific crop management) systems have been developed to take advantage of
the benefits of both methods. The map-based method uses maps of previously measured
items and can be implemented using a number of different strategies. Crop producers and
consultants have crafted strategies for varying inputs based on soil type, soil color and
texture, topography (high ground, low ground), crop yield, field scouting data, remotely
sensed images and numerous other information sources that can be crop- and location-
specific. Some strategies are based on a single information source while others involve a
combination of sources. Regardless of the actual strategy, the user is ultimately in control
of the application rate. These systems must have the ability to determine machine location
within the field and relate the position to a desired application rate by “reading” the
prescription map. The sensor-based method provides the capability to vary the application
rate of inputs with no prior mapping or data collection involved. Real-time sensors measure
the desired properties—usually soil properties or crop characteristics—while on the go.
Measurements made by such a system are then processed and used immediately to control
a variable-rate applicator. The sensor method does not necessarily require the use of a
positioning system, nor does it require extensive data analysis prior to making variable-rate
applications. However, if the sensor data are recorded and geo-referenced, the information
can be used in future site-specific crop management exercises for creating a prescription
map for other and future operations, as well as to provide an “as applied” application
record for the grower [10].

6. Conclusions and Future Prospects

Precision agricultural technologies allow agricultural producers to improve the man-
agement of specific crop resources in crop production. Advances in seeding technology
for the implementation of VRS make it possible to make better use of soil variability. VRS
allows the population to be adapted to the variability of the field and helps to ensure
precision production in the field in order to reduce errors in the seeding process. Another
important aspect is that interest in VRS around the world is growing due to the interaction
of these technologies with current seed prices. An optimal plant population can improve
crop yields while maximizing farm profits. A site-specific seeding (SSS) method, where
a variable seeding rate is applied to each field area separately, makes it possible to op-
timize crop density in anticipation of the best agronomic and economic effect. Various
proximal and remote sensor systems, contact and contactless equipment, and mapping
and VRS modeling technologies are currently used to determine soil and crop variability.
The VRS depends on a good knowledge of the field characteristics, the capabilities of the
seeding equipment, the planned crop yield, soil productivity and an understanding of the
interaction of machine technology with the environment. Remote and proximal sensors,
mounted on tractors or off-road vehicles, help to create field maps of variable properties.
The accuracy of these maps and the good assignment of field soil management zones are
the successful outcomes of VRS.

The use of VRS equipment pays for itself in one year when it is applied to 400 ha of
arable land, and the average benefit is about 100 EUR per ha. By predicting payback over a
period of time, it can be concluded that VRS is effective when the farm size is on average at
least 150 ha. However, it also depends on the crop and the satellite maps used. The use of
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satellite maps can be problematic, as it is often cloudy in the Baltic region (where Lithuania
is located). It is therefore advisable to make better use of sensory remote and proximal
sensors that are effective in all meteorological conditions. One of the least sensitive to
meteorological conditions is non-contact devices for apparent electrical conductivity. One of
the most important conclusions is that the higher the variability of field and soil properties,
the higher the efficiency of the VRS and the faster the payback.

The application of VRS to the seeding of various crops shows positive agro-economic
trends, additional yields and higher economic returns. In particular, there is a lack of
an optimal VRS index model that would allow for the application of precision seeding
depending on various soil and plant productivity factors. It is not clear what the minimum
differences between outdoor areas must be for the SSS method to generate a positive
return. Therefore, with a view to the near future, scientists, promoters of precision farming,
machinery manufacturers and VRS practitioners in agriculture face important challenges
in justifying the application of VRS for different crops, considering the variability in soil,
crop as well as the environmental. The Baltic States and other countries in the region need
to conduct research into the technological operations of VRS of the most common crops,
such as winter wheat and winter rapeseed, considering agronomic, technological, energy,
environmental and economic indicators.

The prescription map tells the user how much seed to use depending on the location
of the seeding equipment in the field. Future research needs to answer the question of
which VRS method is most suitable for different regions, as there are two views on seeding
with VRS. The first holds that it is better to distribute more seeds in high-productivity soils
and less in low-productivity areas. The second, however, posits that it is better to use VRS
in reverse, i.e., to distribute more seeds in poor soils and less in high-productivity soils.
There is still a lack of knowledge as to which method is more suitable for the most popular
plants in the Baltic region.

Our main future aspiration is to present research schemes and methodologies of VRS
and seed placement depth control models that provide precise control and allow for the
organization of the seeding process. The research methodology should be developed while
considering soil heterogeneity using telemetry systems and multifunctional ultraviolet
(UV), optical (VIS) and near-infrared (NIR) spectroscopy methods to optimize the number
of seeds per unit area and depth of insertion during seeding. The multifunctional model
for sustainable precision seed technology control based on UV–VIS–NIR spectrometry will
allow us to save seed, to make better use of soil, to increase plant productivity, to protect
the environment and to reduce energy consumption and economic costs.

Therefore, in all future studies, it is especially important to test and evaluate the latest
methodologies in practice on farms and then to make complex assessments of the soil, plant
and environmental parameters, and changes in the proposed methods in order to find the
best solution and the most optimal methods for farmers. In the future, we plan to carry out
and publish the results of research on various evaluation spectra and to provide accurate
instructions and recommendations for farmers and entrepreneurs.
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