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Abstract: Influenced by the maturity and material properties, fresh corn has problems, such as low
picking rate, high energy consumption and high damage rate during mechanized harvesting. For the
above problems, a bionic reverse picking header was designed using the post-ripening morphology
of corn and the hand-picking behavior as bionic prototypes. Model analysis and structural design of
the key components of the header, including the reeling device, clamping device and picking device,
were carried out. Based on the designed header prototype, single-factor tests and Box Behnken tests
were conducted to explore the factors affecting the working performance of the picking header. The
optimal structural parameters and working parameters were determined by response surface method.
The results showed that with the increase in the clamping picking device speed and the stalk feeding
speed, the picking rate first increased and then decreased. The interaction between feeding speed
and cutter position had the most significant effect on the picking rate. The unique reverse picking
mechanism and flexible device of the header could avoid collision and damage to the corn ears. The
highest picking rate was achieved when the clamping picking device speed was 416.81 rpm, the stalk
feeding speed was 1.13 m/s, and the cutter position was —5.45 cm.

Keywords: agricultural machinery; fresh corn; bionic design; reverse picking header

1. Introduction

In recent years, with the improvement in living standards and dietary structure, there
has been a more stringent demand for crops. As the corn ear from late milk-ripe stage to
early dough stage, fresh corn has gained popularity for its high nutrition and excellent
taste [1-4]. Compared to regular corn, planting fresh corn can increase the benefits by more
than 50% and cost less [5]. Fresh corn has become a “golden crop” in food, economy and
industry with its huge market demand and high planting profit [6-8]. It is widely cultivated
all over the world, and its planting area and yield are growing day by day, with an annual
growth of more than 30% in China alone [7,9]. However, the taste and nutritional value of
fresh corn are closely related to its growth state. There is a very short “optimal harvesting
period”, which places high demands on the harvesting efficiency of fresh corn [10,11]. The
low efficiency of manual harvesting seriously restricts the quality of fresh corn and the
expansion of the planting scale, so the promotion of mechanized harvesting of fresh corn is
extremely urgent [12,13].

Ear picking is the first technical process of corn mechanized harvesting. As an im-
portant working part of the corn harvester, header is the part which has the greatest
impact on the ear quality [14]. Domestic and foreign corn harvesters mostly use the
traditional forward-stretching header, which operates mainly with the help of stalk draw-
ing rollers and snapping plates. A great deal of research has been carried out on this
forward-stretching header. The 60 series picking headers (Oxbo International Corporation,
Roosendaal, The Netherlands) generally used flexible technology and materials to reduce
the impact of the working parts on the corn ears, and tapered knife rolls to reduce the
impact speed of the stalks when feeding [15]. In order to solve the problem of high loss
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and damage rates, CLASS changed the traditional snapping plate to a curved plate with a
certain inclination angle to reduce the stress on the corn ears. Taking loss rate and power
consumption as indexes, Chinese scholars have carried out optimization tests on the roll
structure and working parameters of the forward-stretching header [16], and determined
the optimal combination of working and structural parameters of the clamping device [17].

At present, the mechanized harvesting of fresh corn is mainly accomplished by these
forward-stretching headers, whose structural and working parameters are designed and
optimized with the morphological characteristics and mechanical properties of the mature
corn ears. However, during the harvest period, fresh corn has a high moisture content
and the internal material of the kernels is pulpy, resulting in low mechanical strength of
the corn ears [18,19]. Forward-stretching picking is mainly performed by rubbing and
squeezing, which not only causes serious damage to the corn ears, but also consumes a lot
of energy [20,21]. The damaged kernels are highly susceptible to mold and accumulate
toxic substances, which seriously affect the quality of fresh corn and subsequent storage,
processing and marketing [22-24].

In order to reduce the damage to fresh corn ears during picking and reduce the
energy consumption, a bionic reverse picking method is proposed to pick corn ears by a
combination of reverse bending, twisting and stretching. This method can not only reduce
the damage to fresh corn ears, but also retain the intact corn stalks, realizing full-value corn
harvest. Based on this method, a bionic reverse picking header for fresh corn harvesting
was designed. Model analysis, parameter calculation and structural design of the main
working parts of the bionic header were carried out. The optimal working and structural
parameters of the bionic header were obtained by single-factor tests and Box-Behnken tests.
The bionic header designed in this study provides an excellent way to achieve low damage
low energy consumption for ear picking, and the test results also provide a theoretical basis
and design reference for subsequent optimization.

2. Materials and Methods
2.1. Bionic Reverse Picking Method

Bionics takes morphological structures and living phenomena in nature as models and
extracts their scientific principles for direct or indirect bionic design, ultimately realizing the
enhancement of the functions of agricultural machinery components. The bionic models
involved in this study are biological model and living model. The biological model is the
natural shedding form of corn ears after maturity, and the living model is the harvesting
behavior of human’s hand-picking corn ears. Based on the natural shedding behavior of
corn ears after maturity, the process of hand picking is as follows:

First, the corn ear is held by hand and a vertical downward bending force F; is
applied to the corn ear, causing the ear to bend downward w; at the center of the peduncle
(Figure 1a). Afterwards, a twisting action wj is applied with the centerline of the corn ear
as the axis. The bending force F; is continuously applied during this process, causing the
corn ear to bend downward with w; (Figure 1b). At this stage, the peduncle is subjected to
both bending and twisting forces and breaks under these actions, leaving only a few fibers
connecting the ear to the corn stalk. Finally, a downward stretching force Fj3 is applied by
hand to the corn ear, causing the fibers to break and the ear to be picked (Figure 1c).

Stretching fracture and bending fracture tests were performed on corn peduncle. This
test used the WDW-20 microcomputer equipped with an STC-100 sensor to control the
electronic universal testing machine and the self-made corn mechanics supporting fixture.
The fresh corn was at the late milk-ripe period (corns with an average moisture content of
75 &£ 5%). The tests results showed that the fracture force of the corn peduncle in forward
stretching ranged from 217-797 N with an average value of 515.6 N. The fracture force
when subjected to bending was 10.26-185.6 N, with an average value of 56.9 N. It can be
seen that the force required to break corn peduncle by forward stretching was much higher
than that for reverse bending.
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Figure 1. Principle of hand picking. (a) bending stage; (b) bending and twisting stage; (c) final
stretching stage.

Hand picking is a reverse picking process in which the corn ear is subjected to bending,
twisting and stretching at the same time. Compared to forward stretching picking, the
corn peduncle is more likely to fracture and the force required is less. In addition, the
bionic reverse picking method incorporates the downward gravity of the corn ear. During
the actual operation, the force applied on the corn ear is less than F;, Fp and F3. There-
fore, bionic reverse picking is an excellent method with low force requirements and low
power consumption.

2.2. Structure and Working Principle of Bionic Reverse Picking Header

The essential difference between the bionic reverse picking header and the traditional
forward picking header is the different direction of relative movement of the corn ears and
corn stalks. During the picking process, the traditional forward picking header holds the
peduncle of the corn ears by means of snapping rolls or plates to limit the movement of the
corn ears. Afterwards, the corn stalks are stretched downward, causing the corn ears to
move upward relative to the stalks and eventually to pick the corn ears. The bionic reverse
picking header uses the opposite motion: stretching the ears downward while fixing the
stalks, or fixing the ears while lifting the stalks upward, ultimately separating the corn ears
from the stalks (Figure 2).

clamping
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Figure 2. Schematic diagram of the bionic reverse picking header.

The overall structure of the bionic reverse picking header is shown in Figure 3, which
mainly includes the mounting frame, lifting platform, trailer, picking device, lifting device,
collection box and hydraulic driving device. Among them, the picking device includes
reeling device, clamping device, snapping roller, cutter and conveying device, etc. The
bionic header is hooked up to the tractor by side traction. It is driven by the tractor through
full hydraulic operation in the field to harvest the corn located on the side of the tractor.
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Figure 3. Structure of bionic reverse picking header.

During operation, the cutter cuts the corn plants at the root position, after which
the lifting device holds the stalks and lifts it upward. As the stalks rise, the corn ears
reach the position of the snapping rollers and are restrained by the snapping rollers. The
snapping rollers are equipped with spirals which can transport the corn ears backwards,
further increasing the relative movement between the corn ears and stalks. When the
relative movement of the cob ears and stalks reaches the maximum, the peduncles break
off allowing the corn ears to fall to the conveying device. Afterwards, the picked corn ears
are conveyed to the collection box by the conveying device, while the stalks continue to be
hold and moved by the lifting device until they are removed from the cutting table.

2.2.1. Geometric Model and Parametric Analysis of Picker

The stalks of corn plants may be tilted forward, backward or bent due to external
uncontrollable environmental factors during seeding or growth. In the process of ear
picking, the state of corn stalks during feeding has a great influence on the picking efficiency
and harvest quality, so it is essential to ensure the orderly feeding of corn stalks. In
order to ensure the picking quality of the bionic reverse picking header, a chain-type
reeling device was designed and the relevant parameters were calculated by extracting the
geometric model.

Take the vertical direction as the z-axis, take the opposite direction of the harvester’s
advance as the y-axis, determine the x-axis according to the right-hand rule, and establish
the coordinate system. A simplified geometric model of the reeling device of the bionic
reverse picking header is shown in Figure 4, where (a) is the projection of the reeling device
in the yoz plane, (b) is the projection of the reeling device in the xoy plane, hip and hp' are the
reeling devices, AB is the corn ear, and I, II and III are the corn planting rows. To ensure
successful reeling, the height of the end of the reeling device needs to be higher than the
highest point of the corn ear.

H—lyp-sina >h+1-cosvy 1

In order for the operating range of the reeling device to cover all growing positions
of the corn, the front end of the reeling device needs to reach the midline of the corn
planting row. By setting the corn planting row spacing as At, the following conditions can
be obtained:

. At
Ihp -sin6 > > (2)

According to the projection relationship, the above equations are combined to obtain:

. lyp . At
. — — . >
lpp - sin 6 Cosecosasme Igp - tanf cosa > 5 3)
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As a result, the design parameters of the reeling device can be derived as

H—h—I-cosy
lHP < sina (4)
0> arctan(¢)

2[yp-cosa

where Ipp is the effective working length of the reeling device (mm); ! is the length of corn
ear (mm); H is the height of the reeling device (mm); / is the ear height of corn plant (mm);
« is the tilting angle of reeling device (°); -y is the angle between corn ear and stalk (°); and
6 is the opening angle of reeling device (°).

It can be seen that the effective working length of the reeling device is related to the
ear height of corn plant, the length of corn ear and the angle between the corn ear and the
stalk. The opening angle of reeling device is related to the corn planting row spacing.

4

(@) (b)

Figure 4. Geometric model of the reeling device. (a) the projection in the yoz plane; (b) the projection
of the reeling device in the xoy plane.

2.2.2. Effective Feeding and Clamping Conditions of Clamping Device

The corn stalks are conveyed by the reeling device and reach the front of the clamping
device. Effective feeding of the stalks into the clamping device is a prerequisite to ensure
subsequent picking. To determine the conditions for feeding the clamping device, a
geometric model of the corn stalk and the clamping device was extracted, as shown in
Figure 5.
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Figure 5. Effective feeding conditions of clamping device.

A coordinate system was established with the center of the stalk as the origin and the
x-axis and y-axis are shown in the figure. The critical position of corn stalk feeding into the
clamping device was analyzed. In the figure, pg and p’q are the front part of the clamping
device, Zpqp’ is the feeding angle of the clamping device whose value is 277, 0 and o’ are the
contact points between the corn stalk and the clamping device. F; is the squeezing force of
the clamping device on the stalk, with the direction perpendicular to pg. F; is the friction
force between the clamping device and the stalk, whose direction is along the movement
direction of the clamping chain. Suppose the friction coefficient between the stalk and the
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clamping device is f, then the following relationship exists at the position of the contact
point o:
KR=fF ®)

Decomposing F; and F; in the x and y directions gives Fiy, F1, and Fy and Fp,
respectively (with the same result at the symmetry point 0’). The condition that enables
corn stalks to be fed successfully into the clamping device is that the component force of
the frictional force in the x-direction is greater than that of the squeezing force, which is:

F2x+F2x’ZF1X+F1x’ (6)

F -siny > f - F -cosy (7)

According to the following model of friction coefficient of corn stover, we can obtain:
f = (d—5w+39% +888) x 1073 8)

7 > arctan [(d — 5w + 39k + 888) x 10*3} )

where d is the diameter of corn stalk (mm); w is the moisture content of corn stalk (%); and
k is the position of the ear on a corn plant (section k from the top).

It can be seen that the feeding angle of the clamping device is related to the stalk diam-
eter, moisture content and clamping position. Therefore, the effective feeding conditions of
the clamping device can be determined based on the relevant parameters of the field corn.

The bionic reverse picking header lifts the corn stalks by the clamping device, allowing
relative movement between the stalks and the corn ears. In this process, the force exerted
by the snapping roller on the corn ears and the friction exerted by the clamping device
on the stalks maintain a balance. Therefore, the ability of the clamping device to provide
sufficient friction and effective clamping is necessary to complete the ear picking.

Figure 6 shows the forces on the corn stalk when it is lifted by the clamping chain. In
the figure, F is the combined force of the snapping roller and the gravity of the corn plant.
Fy is the clamping force applied by the clamping device. Points Oy, Oy, O3, and Oy are the
contact points between the clamping chain and the corn stalk, and the positive pressure
on each point is one-fourth of the clamping force Fy. The combined force of the friction at
these contact points is balanced by the force F. The following conditions can be obtained
from the corn stalk friction coefficient model f.

F

Fr=f7 (10)

Fy = F (11)

N (d = 5w + 39 + 888) x 103
BT 15
|
01!0,_Eb_'
LT N By
) = O3iO4 == )
F

p

Figure 6. Interaction between clamping chain and corn stalk.
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Since the strength of the corn stalk is lower than that of the clamping chain, the stalk
will be deformed during the clamping and lifting process. In the vertical direction, in addi-
tion to the friction, the corn stalk is also subjected to the vertical component of Fy. Therefore,
the clamping force Fyy obtained according to Equation (11) is completely sufficient.

From the above equation, it can be seen that the clamping force applied to the stalk is
related to the force of the snapping roller, the gravity of the corn plant, the stalk diameter,
moisture content and clamping position. Therefore, the clamping force required for corn
ear picking can be calculated based on the relevant parameters of the field corn.

2.2.3. Model Analysis of Picking Device

The picking process of the bionic reverse picking header is a 2-step process as follows.
In the initial stage (Figure 7a), the corn stalk is lifted upwards by the clamping device.
The corn ear comes into contact with the snapping roller and is subjected to the vertical
downward picking force Fy. In addition, the corn ear rubs against the surface of the
snapping roller, and the friction assists in the picking process. To avoid blockage between
the snapping rollers, the picking rollers are set to rotate in the direction of w as in the figure,
so that the snapping rollers can pluck the corn ear outward during the picking process.

v

(a) (b)

Figure 7. Ear picking process of the picking device. (a) The initial stage of the work; (b) The second
stage of the work.

In the next stage (shown in Figure 7b), the peduncle is bent downward by the bending
moment T1, and the rotation of the snapping roller applies a torque T, to the corn ear to
twist it. At the same time, there is also a frictional force Frand a picking force Fy exerted by
the snapping rollers. The corn peduncle is fractured under the combined action of bending,
twisting and stretching, and finally the corn ear is picked.

The spiral rollers are used for the picking device designed in this study, and the
situation of corn ear in contact with spiral snapping roller is shown in Figure 8. The spiral
snapping roller rotates at w. The corn ear is subjected to frictional forces F1 and F; at contact
points B and C. Due to the presence of the spiral the corn ear moves forward by force F3. As
the corn stalk is continuously raised by the lifting force F5 exerted by the clamping device,
the peduncle is bent by the bending moment T;. At this time, the bottom of the corn ear is
in contact with the side surface of the snapping roller at point A. The ear twists T, under
the friction F4 exerted by the snapping roller.

To achieve the above function, it is necessary to ensure that the corn stalk can pass
between the snapping rollers while the corn ear does not pass. Therefore, the snapping
roller spacing needs to be larger than the diameter of the corn stalk and smaller than the
diameter of the large end of the corn ear. To facilitate the configuration, the snapping
rollers are set to linkage, the projection of one roller is facing the groove of another roller.
By optimizing the structural parameters of the snapping roller, it is determined that the
diameter of the roller is 100 mm, the pitch is 80 mm, the depth of the spiral groove is 20 mm
and the width of the groove is 40 mm.
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Figure 8. Interaction between spiral snapping roller and corn ear.

2.3. Picking Test of Bionic Reverse Picking Header

To verify the operational quality of the designed bionic reverse picking header, a
prototype machine was developed. Based on this prototype, the ear picking test was
carried out. The deficiencies in the design were explored and corrected through tests, and
the optimal working parameters and structural parameters were obtained.

2.3.1. Materials of Test

The corn variety used in the picking test was JNX 7, an excellent variety of fresh
corn bred by the Jilin Provincial Academy of Agricultural Sciences. This variety had good
taste, high yield stability and good resistance. It took 92 days from seedling emergence to
harvesting and was widely grown in the northeast China.

Fresh corn for the test was collected in late August 2021 at Jilin University Agricultural
Experiment Base (43°56'46" N, 125°14/52" E), when the fresh corn was at late milk-ripe
stage. Corn plants with intact corn ears were cut from the roots and stored at constant
temperature (25 £ 1 °C) and humidity (60 = 5% RH) for subsequent use.

2.3.2. Prototype Machine

After the steps of theoretical analysis, 3D model construction, ANSYS simulation and
optimization, 2D drawing, parts processing, assembly and debugging, the bionic reverse
picking header was assembled in July 2021 at Changchun Yongheng Automotive Driving
Mounting Co., Ltd., Changchun, China. The prototype processing period was 5 months,
followed by a 2-month commissioning period. The bionic reverse picking header prototype
is shown in Figure 9.

Figure 9. Bionic reverse picking header prototype. (a) front view; (b) side view.
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After the prototype was assembled, the clamping force of the clamping device was
adjusted using an HP-500 tensiometer (measuring range —500~500 N, accuracy 0.1 N).
Based on the corn plant parameters, the effective clamping force for the clamping chain
was calculated by Equation (11) to be greater than 19.71 N. By changing the position of the
adjusting nut of the spring on the clamping chain, the preload force of the spring on the
clamping chain was changed to ensure that the clamping force at each position measured
was greater than 19.71 N.

The bionic reverse picking header prototype was fully hydraulically driven. In order
to test the speed adjustment range and speed stability of hydraulic motor, DT-2234B
photoelectric speedometer (measuring range 5-99,999 rpm, accuracy 0.1 rpm) was used
to measure the speed of hydraulic motor. After the hydraulic system had warmed up for
30 min, the speed was measured continuously for 30 min. The speed range of the hydraulic
motor was finally determined to be 0-750 rpm, and the operation was stable in accordance
with the design requirements.

2.3.3. Design of Test

The picking rate and kernel loss rate were the most intuitive and effective indicators
to evaluate the performance of the ear picking header. According to the working principle
of the bionic reverse picking header and related studies [25-27], the clamping—picking
device speed, corn stalk feeding speed and cutter position were the main factors affecting
the picking rate and kernel loss rate. Among them, the speed of the clamping device and
the picking device were kept synchronized and adjusted by changing the speed of the
hydraulic motor. In order to simulate the real situation during corn harvest, the corn plants
were fed into the bionic reverse picking header together with the roots, with adjustable
feeding speed. The position of the cutter was adjusted by the mounting holes reserved
during processing (located directly below, 10 cm in front of and 10 cm behind the feeding
inlet of the clamping device).

To further investigate the effects of the above factors on the performance of the bionic
reverse picking header, single-factor tests were first conducted.

First, a single-factor test of clamping—picking device speed was conducted. The
feeding speed was fixed at 1 m/s, the cutter was temporarily inactive, and the speed of
the clamping—picking device was set to 250 rpm, 300 rpm, 350 rpm, 400 rpm and 450 rpm
respectively. In the test, 10 corn plants were fed sequentially into the bionic reverse picking
header, one plant at a time, and replicated five times. After each test, the number of
successfully picked corn plants was counted, and the corn kernels shed from the corn ears
were collected and weighed. The picking rate and kernel loss rate were calculated by the
following equations:

Rp = — x 100% (12)

R; = — x 100% (13)

NEAE

where Rp is the picking rate (%); n is the number of corn plants successfully picked; N is
the total number of corn plants in the test; Ry is the kernel loss rate (%) (include the loss
grains, the broken and damaged grains); m is the mass of kernels shed from the corn ears
(kg); and M is the total weight of the kernels of the corn ears (kg).

The results of the single-factor test for the clamping-picking device speed are shown in
Table 1. It can be seen that the optimum value occurred at 400 rpm for the rotational speed
of the clamping-picking device. Therefore, the subsequent tests were arranged centered on
400 rpm, with an upper limit of 450 rpm and a lower limit of 350 rpm.

Referring to the travel speed of the tractor during field harvesting, the stalk feeding
speed was determined as 0.6 m/s, 1.2 m/s, 1.8 m/s, 2.4 m/s and 3.0 m/s. A single-factor
test of corn stalk feeding speed was conducted. In the test, the clamping-picking device
speed was set as the optimal value of 400 rpm for the above test, and the cutter was still
temporarily inactive.
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Table 1. Results of the single-factor test of the clamping-picking device speed.
Factors Evaluation Indexes
Numbers Rotational Feeding Cutter Picking Loss Rate

Speed (rpm) Speed (m/s)  Position (cm) Rate (%) (%)
1 250 1.2 0 40 0
2 300 1.2 0 50 0
3 350 1.2 0 80 0
4 400 1.2 0 90 0
5 450 1.2 0 70 0

The results of the single-factor test of the stalk feeding speed are shown in Table 2.
It can be seen that the optimal value appeared in the single-factor test when the stalk
feeding speed was 1.2 m/s. Considering that the feeding speed at 1.8 m/s and 2.4 m/s also
showed a large value of 80% in the single-factor test, the range of stalk feeding speed was
determined as 0.6~2.4 m/s.

Table 2. Results of the single-factor test of the stalk feeding speed.

Factors Evaluation Indexes
Numbers Rotational Feeding Cutter Picking Loss Rate
Speed (rpm) Speed (m/s)  Position (cm) Rate (%) (%)
1 400 0.6 0 70 0
2 400 1.2 0 90 0
3 400 1.8 0 80 0
4 400 24 0 80 0
5 400 3.0 0 60 0

The results of single-factor tests provide data support for selecting the level of each
factor in a Box—Behnken test. To explore the interaction between factors and obtain the
optimal parameter combination, a Box-Behnken design (BBD) with three factors and three
levels was implemented. Based on the results of the single-factor test, the coding levels of
the test factors are shown in Table 3. The test scheme was designed according to the coding
level table. A total of 15 tests were conducted, which included 12 factor combination tests
and 3 central point replicates.

Table 3. Coding levels of the Box—Behnken test.

Levels Rotational Speed (rpm) Feeding Speed (m/s) Cutter Position (cm)
-1 350 0.6 —10
0 400 1.5 0
1 450 24 10

2.3.4. Data Analysis Method

The results of the Box-Behnken test were statistically analyzed using Design-Expert
2021 software (Stat-Ease Inc., Minneapolis, MN, USA). The response surface method (RSM)
was applied to analyze the test results. Quadratic regression models were evaluated
through the coefficient of determination (R?) [28]. The significance of each factor for the
evaluation indexes was determined using the analysis of variance (ANOVA), and the
significance level was p = 0.05. Subsequently, response surfaces for interactions were
generated. Finally, the optimal working and structural parameters of the bionic reverse
picking header were determined.
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3. Results and Discussion

In this section, the results of the single-factor and Box-Behnken tests are presented.
The effects of clamping picking device speed and stalk feeding speed on picking rate and
kernel loss rate were analyzed, and the interaction between clamping picking device speed,
stalk feeding speed and cutter position were discussed. The regression model and the
optimal combination of parameters were obtained by ANOVA on the test results.

3.1. Analysis of Single-Factor Test Results
3.1.1. Clamping-Picking Device Speed

In the single-factor test, the rotational speed of the snapping roller and clamping
device was adjusted by varying the rotational speed of the hydraulic motor from 250 rpm
to 450 rpm. From the test results in Table 1 and Figure 10, it can be seen that the lowest
picking rate of 40% was achieved when the clamping-picking device speed was 250 rpm.
At this time, because the speed of the corn stalks carried by the clamping device was too
low, the corn ears fed into the picking device lacked kinetic energy. It was difficult to
break the peduncles by the tension brought about by the difference in movement direction.
In addition, the low rotational speed of the snapping rollers made the corn ears become
clogged between the snapping rollers and difficult to be plucked out, affecting the picking
rate of subsequent ear picking.

100
RF=1O62.28—10.15x+0.032x2—3.29x3 R?=0.9978

90

= Picking rate(%)
Picking rate

e}
<
T

~1
<
T

Picking rate(%)

o
]
T

g1
<

40 1

250 300 350 400 450
Rotational speed(rpm)

Figure 10. Results of the single-factor test of the clamping-picking device speed.

As the rotational speed increased, the corn stalks and ears gained more kinetic energy.
The picking rate of the bionic header gradually increased and reached a maximum of 90%
near 400 rpm. When the rotational speed exceeded 400 rpm, the picking rate showed a
decrease. The reason was that the clamping time of the clamping device was too short,
resulting in stalk dislodgement and difficulty in effective clamping. The position of the
clamped stalks was skewed, making it difficult to feed the stalks into the picking device. In
addition, the high rotational speed of the snapping rollers caused the corn ears to splash
after being picked. With the increase in the rotational speed, the ear splash intensified and
the picking rate gradually decreased. However, the ear collection device of the designed
bionic header had flexible functions, which allowed splashing ears to avoid damage upon
collision. Therefore, even though the picking rate decreased, there was still no kernel loss
or ear damage.



Agriculture 2023, 13, 93

12 of 17

3.1.2. Stalk Feeding Speed

In the single-factor test, the whole corn plants with the roots were placed on the
feeding device for camping and feeding. From the test results in Figure 11, the stalk feeding
speed during header operation was adjusted by changing the movement speed of the
feeding device from 0.6 m/s to 3.0 m/s. When the stalk feeding speed was too low, it
was difficult to adapt the stalk feeding to the clamping device at 400 rpm, resulting in a
low picking rate of 70%. The maximum picking rate of 90% was achieved when the stalk
feeding speed was at 1.2 m/s. As the stalk feeding rate increased, the amount of stalk fed
into the clamping and picking device increased, causing blockages. Excessive and clogged
stalks were difficult to form an orderly flow of material to be clamped, so the picking rate
kept decreasing. Since the stalk feeding process did not involve ear collision, the kernel
loss rate was 0 at all stalk feeding speeds.

100
R‘,:36.13+81.53x-37.25x2+4.32x3 R*=0.8723
90 F [ ®  Picking rate(%)
Picking rate

S 80f '
<
ole}
g
4 0r
s

60 [

L 1 1 1 1
S0 06 1.2 24 3.0

1.8
Feeding speed (m/s)
Figure 11. Results of the single-factor test of the stalk feeding speed.

3.2. Analysis of Box Behnken Test Results
3.2.1. Test Results and Variance Analysis

The scheme and results of the Box—Behnken test are shown in Table 4. By importing
the test results into Design-Expert software for statistical analysis, the quadratic regression
equations of the clamping—picking device speed A, stalk feeding speed B and cutter
position C were obtained. The significance of the coefficients in the regression equation
was analyzed by ANOVA, and the results are shown in Table 5. In the results of ANOVA, a
p-value less than 0.05 indicated a significant effect. The ANOVA of the regression model
showed that the p-value was less than 0.05, indicating that the regression model of picking
rate was significant. The R? and adjusted R? of the regression model were 0.9685 and 0.9117,
respectively, indicating that the model was able to represent 91.17% of the response surface
variation, and only 8.83% could not be explained using the model. The p-value of the lack
of fit was greater than 0.05, indicating a good fit of the regression model.

As seen in Table 5, the p-values for the primary terms A, B and C, the interaction terms
AC and BC, and the secondary terms A?, B2 and C? of the regression model were all less
than 0.05, indicating a highly significant effect on the picking rate R. Among them, the
cutter position C in the primary terms was the most significant influence factor with an
F-value of 21.62. The p-value for the interaction term AB was greater than 0.05 and was not
significant for the picking rate R. After excluding the insignificant term, the final regression
model for the picking rate was obtained as:

R = —446.02+2.55A +10.8B +2.52C — 0.01AC

+0.69BC — 0.003A2 — 8.23B% — 0.08C? (14)
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Table 4. Scheme and results of Box—Behnken test.
Evaluation
Factors
Indexes
A B C
Numbers Rotational Speed Feeding Speed Cutter Position Picking Rate (%)
(rpm) (m/s) (cm)
1 -1 -1 0 70
2 1 -1 0 75
3 -1 1 0 60
4 1 1 0 70
5 -1 0 -1 65
6 1 0 -1 80
7 1 0 1 65
8 1 0 1 60
9 0 -1 -1 80
10 0 1 -1 65
11 0 -1 1 60
12 0 1 1 70
13 0 0 0 80
14 0 0 0 85
15 0 0 0 85
Table 5. ANOVA of the picking rate.
Cau'se of Sum of Freedom Mean F-Value p-Value Significant
Variance Squares Square
Model 1087.92 9 120.88 17.07 0.0030 *
A 78.12 1 78.12 11.03 0.0210 *
B 50.00 1 50.00 7.06 0.0451 *
C 153.13 1 153.13 21.62 0.0056 *
AB 6.25 1 6.25 0.88 0.3907
AC 100.00 1 100.00 14.12 0.0132 *
BC 156.25 1 156.25 22.06 0.0054 *
A? 23141 1 231.41 32.67 0.0023 *
B? 164.10 1 164.10 23.17 0.0048 *
C? 231.41 1 231.41 32.67 0.0023 *
Residual 35.42 5 7.08
Lack of Fit 18.75 3 6.25 0.75 0.6148
Pure Error 16.67 2 8.33
Total 1123.33 14
R? 0.9685 Adjusted R? 0.9117
* Significant (p < 0.05)

3.2.2. Response Surface Analysis

In order to investigate the effects of the interaction of clamping-picking device speed,
stalk feeding speed and cutter position on the picking rate, RSM was used to generate
response surface plots based on the Box—Behnken test, as shown in Figure 12.

As seen in Figure 12a, the picking rate of the bionic header increased and then de-
creased as the clamping-picking device speed increased and continued to decrease as
the stalk feeding speed increased. When the rotational speed of the clamping-picking
device was around 410 rpm and the stalk feeding speed was around 0.9 m/s, the picking
rate reached its maximum value with the interaction of two factors. When the rotational
speed was the minimum and the feeding speed was the maximum, the picking rate was
the lowest.

In Figure 12b, with the increase of the clamping-picking device speed, the picking rate
of the bionic header firstly increased and then decreased. With the position of the cutter
relative to the feed inlet from front to rear, a similar trend in picking rate was observed.
When the rotational speed was at 430 rpm and the cutter was located 5 cm in front of the
feed inlet, the picking rate reached the maximum. At the minimum rotational speed, the
lowest picking rate was achieved regardless of whether the cutter was at the front (+10 mm)
or the rear (—10 mm) of the feed inlet.
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Figure 12. Response surfaces for interaction between the factors. (a) clamping picking device speed

and stalk feeding speed; (b) clamping picking device speed and cutter position, and (c) stalk feeding
speed and cutter position.

It can be seen from Figure 12c that the interaction of stalk feeding speed and cutter
position had an extremely significant effect on the picking rate. The picking rate of the
bionic header continued to decrease with increasing stalk feeding speed. It increased
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and then decreased as the cutter position was moved from front to rear and reached a
maximum at the position directly below the feed inlet. When the stalk feeding speed was
at a minimum and the cutter was at the forefront of the feed inlet, the picking rate reached
its maximum by the interaction of the two factors.

3.3. Parameter Optimization and Verification

According to the results of single-factor test and Box-Behnken test, the rotational speed
of the clamping-picking device was set from 350 to 450 rpm, the range of stalk feeding speed
from 0.6 to 2.4 m/s, and the position of cutter from —10 to 10 mm. The regression model in
Equation (14) was imported into Design-Expert software, and the optimal combination of
parameters was calculated with the maximum picking rate as the optimization objective.
The optimal parameter combination and predicted picking rate are shown in Table 6.

Table 6. Results of parameter optimization.

Rotational Speed Feeding Speed Cutter Position Predicted Picking
(rpm) (m/s) (cm) Rate (%)
Optimum value 416.81 1.13 —5.45 85.57

Verification tests were performed for the optimal parameter combination in Table 6.
Due to the problems of machining and assembly accuracy, the parameters of bionic reverse
picking header could not reach the exact value. Therefore, the clamping-picking device
speed was taken to be 420 rpm, the stalk feeding speed was 1.1 m/s, and the cutter position
was —5 cm (5 cm behind the feed inlet). With the above parameters as the boundary
conditions, five ear picking tests were carried out. The test results showed an average
picking rate of 90%, with a relative standard deviation of 3.22% and an absolute error of
4.43% from the theoretical prediction. The error existed because the moisture content of
the corn plants decreased when they were removed from the field environment, leading
to a reduction in peduncular strength and greater susceptibility to fracture during the ear
picking process. Overall, the bionic reverse picking header designed in this study could
realize low-loss and high-efficiency harvesting of fresh corn, and the picking rate could
reach more than 90% after parameter optimization.

4. Conclusions

In this study, a bionic reverse picking method was proposed taking the morphology
of mature corn ears and the hand-picking behavior as the bionic prototypes. Based on
this method, a bionic reverse picking header was designed, and its key components were
theoretically analyzed and calculated. After that, picking tests were conducted to analyze
the effects of the clamping-picking device speed, the stalk feeding speed and the cutter
position on the ear picking rate. The conclusions can be summarized as follows.

The effective length of the reeling device was related to the ear height, the ear length
and the angle between the ear and the stalk, its opening angle was related to the corn
planting row spacing. The effective feeding and clamping conditions of the clamping
device could be calculated from the relevant parameters of the field corn plants. The spiral
snapping rollers allowed the corn ears to be picked under a combined action of bending,
twisting and reverse stretching.

With the increase in the clamping-picking device speed and the stalk feeding speed,
the picking rate first increased and then decreased. The clamping-picking device speed,
stalk feeding speed, cutter position and the interactions between these factors all had
an effect on the picking rate. The interaction between feeding speed and cutter position
had the most significant effect. The best picking performance of the bionic header was
achieved when the clamping-picking device speed was 416.81 rpm, the stalk feeding speed
was 1.13 m/s, and the cutter position was —5.45 mm. The picking rate could reach more
than 90% after parameter optimization, which could realize low-loss and high-efficiency
harvesting of fresh corn.
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Some advantages were obtained through comparison with the traditional forward
picking header. The bionic reverse picking header was more suitable for harvesting fresh
corns, it can not only achieve low damage low energy consumption for ear picking, but
also retain the intact corn stalks, realizing full-value corn harvest.
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