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Abstract: Considering the problems of the low mechanical work rate and the high picking damage
rate of baffle roller bionic picking devices in the harvesting process of fresh corn in China, a method
of fresh corn harvesting based on dislocation baffle roller bionic picking is proposed. When the
picking device is in operation, the dislocation baffle roller assists with picking by applying deflecting
torque to the corn cob. The mechanical properties of the bottom kernel were significantly better than
those of the top kernel, according to the results of a triaxial compression test on fresh corn kernels,
and the force applied by the picking device from the bottom kernel’s side could successfully prevent
cob breakage. To determine the optimal combination of operating parameters for the bionic picking
device, a three-factor, three-level virtual response surface optimization test was conducted using
Box-Behnken’s central combination method with the baffle roller tilt angle, the baffle roller gap, and
the stalk speed as the test factors, and the maximum contact force as the test indexes. Based on the
theoretical analysis results, a test bench of the dislocation baffle roller bionic picking device was made.
When the picking damage rate was 0.32%, the baffle roller dislocation was 5 mm, the baffle roller tilt
angle was 41°, the baffle roller gap was 25 mm, and the stalk speed was 338 mm/s. This study can
provide a reference for researching low-damage picking of fresh corn cob.

Keywords: dislocation picking baffle roller; low damage; bionic picking; fresh corn; simulation

1. Introduction

Fresh corn is an important food and vegetable product widely planted in many
countries and regions because of its deliciousness and nutritional value [1]. Fresh corn
is often picked from the middle to the end of the milky stage [2,3], when the cobs have a
high moisture content and a soft kernel coat, which can easily lead to cob gnawing when
using a traditional corn header [4,5]. In order to reduce fresh corn picking damage and
ensure its market worth, researchers have created a bionic picking device. They proposed a
reverse-picking strategy based on the manual picking principle [6,7].

As agricultural machinery technology research progresses, agricultural machinery
manufacturers worldwide have created fresh corn cob harvesters based on bionic picking
technology and improved the efficiency of operations by combining various active cob
picking roller configurations [8-11]. Researchers have conducted relevant research on the
active picking roller structure and the stalk clamping and transporting device to increase
the operational quality of the bionic picking device [12-16]. Liu and Zhang et al. [12-14]
analyzed the bionic cob-picking process and established mathematical models of the critical
picking components. The stalk-breaking issue was resolved by adding a stalk auxiliary
conveying device, and a bench optimization test was used to explore the best parameter
combinations for the cob picking device. Zhu et al. [15,16] researched the causes of stalk
breakage caused by clamping by the bionic picking device, constructed a flexible clamping
device based on stalk movement characteristics, and found that the stalk breakage rate was
0.55% when the clamping belt gap was 6 mm. Zhang et al. [17] simplified the structure of
the bionic picking device and designed a baffle roller bionic picking device based on the
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cob bionic picking principle, and optimized the picking device parameters through field
trials, with a final stalk feeding success rate of 83% and a cob damage rate of 4.7%. The
cob-picking device’s interaction position with the cob is critical for minimizing cob-picking
damage. Researchers have created a reverse bionic cob-picking device and a hand-style
picking device that can both lessen the impact force on the cob and lessen cob-picking
damage [18-20].

The baffle roller bionic picking device has the advantages of a simple structure and low
energy consumption, but there is still room for improving the efficiency of its operation [17].
This research aims to optimize the working parameters of the baffle roller bionic picking
device for fresh corn to enhance the corn-picking effect. Based on the theory of manual
cob picking and the existing structure of a baffle roller bionic picking device, this paper
proposes the structure of a dislocation baffle roller. Based on the ADAMS 2016 software
platform, the virtual single factor test and response surface optimization test of bionic cob
picking were performed. The optimal parameter combination of the dislocation baffle roller
bionic cob picking device was obtained. Finally, a dislocation baffle roller bionic picking
device test bench was built, and bench testing was used to confirm the reliability of the
simulation test.

2. Mechanical Tests on Fresh Corn Kernel Crushing

The study used Lu Cainuo No. 8 fresh corn, which is extensively planted in Ya’an
City; the average size parameters of fresh corn plants at maturity are shown in Table 1. The
mechanical strength of the cob is directly influenced by the kernels’ mechanical strength,
which is a crucial factor affecting the viability of mechanized fresh corn harvesting [21].
The fresh corn stalk utilized in the test had an average moisture content of 76.5%, and the
kernels had a moderate moisture content of 67.3%.

Table 1. Fresh corn plant average size parameters (mm).

Project Plant Height

Cob Growth Height  Cob Stem Diameter Cob Length  Cob Diameter Stalk Diameter

Value 2047 740 23 288 51 23
In order to analyze the mechanical properties of kernels in different parts of fresh
corn cobs, kernel samples were collected from the bottom, middle, and top of the cob and
subjected to triaxial compression testing. The MaxTest software regulates the downward
movement speed of the universal testing machine’s stamping head (WDW-05 type) to
produce a squeezing effect on the kernels, and the force-displacement curve of the kernels
is output after the test. The kernel is fixed to the base with double-sided adhesive to prevent
it from rolling when it encounters the stamping head, as shown in Figure 1.
Sensor “——
Data wire — X-axis
Stamping head Three Axis
Placement —
Kernel Y-axis
MaxTest
Base software

\ Z-axis

Figure 1. Test bench for mechanical properties of fresh corn kernel.
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The stamping head was set to 5 mm/min, 10 mm/min, and 15 mm/min, and the
kernel was fixed to the base in the X, Y, and Z coordinate directions. The test results are
illustrated in Figure 2.
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Figure 2. Results of triaxial compression test on fresh corn kernel. (a) Top kernel; (b) Middle kernel;
(c) Bottom kernel.

Figure 2 shows that the maximum crushing force is generated in the X-axis direction
and the minor crushing force is generated in the Y-axis direction in all three portions of
cob, and the maximum crushing force is 23.4 N for the top kernels, 34.5 N for the middle
kernels, and 31.6 N for the bottom kernels.

Due to the functional characteristics of the bionic picking device, the bottom kernels
of the fresh corn cob are readily squeezed during picking, so the bottom kernels are chosen
as the subject of research on the trend of kernel fragmentation by force. When the bottom
kernels are compressed in the Y-axis and Z-axis directions, the maximum crushing force
decreases and then increases as the downward pressure speed increases; when the bottom
kernels are compressed in the X-axis direction, the maximum crushing force gradually
decreases as the downward pressure speed increases. Figure 3 depicts the damage caused
when the bottom kernels are stressed in different directions.
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(b)

Figure 3. Damage form of the bottom kernel. (a) X-axis placement; (b) Y-axis placement;
(c) Z-axis placement.

As shown in Figure 2, the bottom kernels are most vulnerable to damage when the
pressure speed is 10 mm/min. Under this speed condition, the force-displacement curve of
the bottom kernel in the triaxial direction is shown in Figure 4.
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Figure 4. Bottom kernel force-displacement curve.

According to Figure 4, when the bottom kernels are crushed along the X-axis, the
crushing force quickly rises, the deformation is minimal, and the kernels exhibit the highest
compressive strength. In the Y-axis direction, where the kernel’s mechanical strength is the
lowest, external forces can easily damage the kernel. Based on how the force breaks the
bottom kernels, the picking device can minimize picking damage by touching the kernels
from the X-axis direction.

3. Design and Analysis of Dislocation Baffle Roller Bionic Picking Device
3.1. Analysis of Bionic Picking Principle

When manually picking the cobs, grab the stalk at the top of the cob with one hand
so that the stalk can provide support counterforce for the picking action. The cobs are

picked from top to bottom by the other hand. When the corn cob is bent, the hand exerts a
rotational force until it falls. The manual picking process is shown in Figure 5.

Stalk fixing, N\
position
i ~—Cob
/ — Application position

——, |of picking force

Figure 5. Diagram of manual picking cob. M; is the bending torque applied to the cob, Nm; M, is
the rotating torque applied to the cob, Nm.

Existing bionic cob-picking devices imitate fixing the stalks by hand through the
clamper and use the friction of the clamping belt to drive the fresh corn plant to move
backward. Fresh corn bionic picking devices use pairs of combined picking rollers/a
picking baffle roller structure, two rollers in the same plane, a picking-action that is only a
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cob-roller impact action, it cannot provide rotational torque for cob picking, and it is not
conducive to improving cob-picking efficiency.

3.2. Structure Design of Dislocation Baffle Roller Picking Device
3.2.1. Overall Structural Design

This research presents a dislocation baffle roller bionic picking method based on
the manual picking principle analysis results. When the cobs hit the picking roller, the
difference between the left and right baffle roller high and low positions produces a
deflection torque on the cobs from the high baffle roller to the low baffle roller to assist in
picking. The overall structure of the dislocation baffle roller picking device is shown in
Figure 6, which mainly includes the stalk clamper, stalk cutter, picking baffle roller, and
frame. The picking cob baffle roller has no power drive mechanism, but the dislocation,
gap, tilt angle, and other parameters can be modified.

/
/r/ﬁg High -
’ [\rollerJ/ I

\‘\ - W 'FL \

Figure 6. Diagram of the dislocation baffle roller bionic picking device structure. (1) Cutter, (2) Cutter
motor, (3) Divider, (4) Clamping belt, (5) Tensioning wheel, (6) Clamper holder, (7) Driving wheel,
(8) Clamping belt motor, (9) Frame, (10) Baffle roller top tilt angle adjustment plate, (11) Baffle roller,
(12) Baffle roller bottom tilt angle adjustment plate, (13) Clearance adjustment bolt.

3.2.2. Working Principle

Fresh corn plants are fed to the front of the picking device during the cob-picking
operation, and the plants are captured by the clamping belt and travel backwards. The
fresh corn plant first comes into touch with the cutter, and then the cob encounters the
cob-picking baffle roller. The stalk continues to migrate backward when the cob is picked.
The main technical parameters of the bionic picking device were determined based on the
picking operation requirements, as indicated in Table 2.

Table 2. Main technical parameters of bionic picking device.

No. Parameter Value
1 Cutter motor power (W) 750
2 Clamp motor power (W) 750
3 Cutter speed (r/min) 0-1100
4 Clamper speed (r/min) 0-600

3.3. Design of Key Components
3.3.1. Design of Clamper

In order to reduce the deflection displacement of the stem caused by the cutter and
the degree of difference between the plant feeding position and the expected state, it is
necessary to minimize the displacement and angle of deflection of the stalk around the
clamping place, and the clamping belt gap should not be larger than the natural diameter
of the stalk being clamped. The cob node diameter of Lu Cainuo No. 8 fresh corn stalk was
12 mm, the diameter of the first node above the cob node was 10 mm, and the diameter
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of the second node above the cob node was 8 mm. Because the stalk clamping location is
not higher than the second node at the top of the cob in this study, the clamping belt gap is
5 mm. The stalk clamping operation process is shown in Figure 7.

o, v Clamper

Picking baffle roller

Vo g B Cutter
O
Figure 7. Analysis of clamping operation process. Al is the slip displacement before the stalk was
cut, mm; o is the rotation angle before the stalk was cut, (°); 07 is the clamper tilt angle, (°); v is
the stalk feeding speed, m/s; v; is the clamping belt line speed, m/s; w is the stalk rotation angular
speed, rad/min; point A is the stalk clamping position; point B is the stalk cutting position; point C is
the stalk clamping position after the cutting action is completed.

The process of the stalk clamping action satisfies the following:

o = f(; wldt

01 = wakRy

vy = Hwq 1)
v3 =01 = (H+ Ah)w;

Ah=9R; — H

where R; is the radius of the driving wheel of the clamping belt, mm; w, is the angular
speed of rotation of the driving wheel of the clamping belt, rad /min; v, is the linear velocity
of the clamped position when the stalk is first clamped, m/s; v3 is the linear velocity of the
clamped position when the stalk first touches the cutter, m/s.

The driving wheels for the left and right clamping belts are the same size and have a
40-mm radius in order to prevent the left and right clamping belts from moving at different
speeds. When the clamping belt speed is known, the appropriate increase in clamped
height can reduce the stalk deflection angle and slip displacement, and increase the stalk
clamping efficiency. The relationship between the stalk position state during picking and
the clamping height and clamping belt speed is shown in Equation (1).

3.3.2. Design of Picking Baffle Roller

The impact effect between the picking baffle roller and the cob should be maximized
in the cob picking action, so the picking baffle roller is just able to grasp the cob as the limit
position, cob-roller grasping action, as shown in Figure 8.

,,,,,,~~C0b

Picking roller

.~ Cob stem

Figure 8. Diagram of cob-roller gripping action.
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Figure 8 shows that in the limit state, the following relationships exist between the
diameter of the picking baffle roller and the diameter of the stalk, the diameter of the cob,

and the diameter of the cob stem:
do —dy

D<——m—
1 —cosoj

@
where dj) is the diameter of the large end of the corn cob, which is 51 mm in this paper; d; is
the diameter of the cob stem, which is 23 mm in this paper; d; is the picking baffle roller
gap, mm; D is the diameter of the picking baffle roller, mm; o3 is the initial gripping angle
of the picking baffle roller to the cob, (°).

Because the initial gripping angle of the picking baffle roller to the cobs is determined
to be 60°, and the diameter of the picking baffle roller should be less than 56 mm, the
diameter of the designed picking baffle roller is 40 mm.

3.3.3. Analysis of the Picking Baffle Roller Tilt Angle

A baffle roller tilt adjustment mechanism is developed to accommodate the needs of
diverse cob harvesting tilt angles. Figure 9 depicts the relationship between the cob-roller
action during the operation of the bionic cob-picking device under different cob-picking
baffle roller tilt angles.

NVAAN
£/ Picking baffle roller

Figure 9. Diagram of the cob-roller action relationship. L; is the effective bending force arm of the
cobs and the baffle roller when the tilt angle of the picking baffle roller is 60°, mm; L, is the effective
bending force arm of the cobs and the baffle roller when the tilt angle of the picking baffle roller is
45°, mm; L3 is the effective bending force arm of the cobs and the baffle roller when the tilt angle of
the picking baffle roller is 30°, mm; oy is the tilt angle of the cobs, (°); 05 is the deflection angle of the
stalk, (°); Fn (Fn/, Fn”) is the impact force of the cobs on the picking baffle roller, N.

The rate of rise of the effective bending force arm of the cob is more significant at
a baffle roller tilt angle of 45°—60° than at a baffle roller tilt angle of 30°45°, as shown
in Figure 9.
Lry—Li >L3— Ly

My = Fy Ly
M, = FL, )
Ms = F, L3

where M; is the bending torque of the cob when the tilt angle of the picking baffle roller is
60°, Nm; M is the bending torque of the cob when the tilt angle of the picking baffle roller
is 45°, Nm; M3 is the bending torque of the cob when the tilt angle of the picking baffle
roller is 30°, Nm.

The movement speed, mass, clamped position of the stalk, and impact force produced
by the impact between the cob and the baffle roller are all the same. The larger the tilt angle
of the picking baffle roller, the smaller the effective bending force arm of the cob-roller, and
thus, the smaller the adequate picking torque. The picking torque directly affects picking
efficiency. When the tilt angle of the picking baffle roller is too narrow, the force of the top
kernels of the cobs encountering the picking baffle roller is greater, and the cobs are more
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likely to experience damage. Therefore, the tilt angle of the picking baffle roller should not
be less than 30°.

3.3.4. Force Analysis of Cob-Roller

The cob produces a lateral torque from the high roller to the low roller as a result of
the dislocation structure of the baffle roller’s high and low places. The action relationship
between the picking baffle roller and the cob are shown in Figure 10.

High roller Low roller

Figure 10. Diagram of the dislocation action of the picking baffle roller. oy is the rotation angle of
the cob, (°); L4 is the distance between the left and right picking baffle roller, mm; Ls is the vertical
distance between point D and point E, mm; My is the torque at point O, on the cob, Nm; point O; is
the center point of the cob; point Oj is the center point when the cob touches the right picking baffle
roller; point D is the contact point of the cob with the left picking baffle roller; point E is the contact
point of the cob with the right picking baffle roller.

In this study, the cobs’ sliding distance is disregarded, and the rotation of the cob
around point D satisfies the following conditions:

Ly = ftl v1dt
g = fol wsdt (4)

2,2
%

My = mO(%”) at

where w3 is the angular speed of rotation of the cob around point D, rad/min; m is the
mass of the cob, kg.

The time between the cob’s impact with the left and right baffle rollers increase with
the cob rotation angle. According to the momentum-pulse theorem, the bionic picking cob
process complies with Equation (5).

[=Ft= /OM Ma(t)dt 5)

where M is the effective picking moment to which the cob is subjected, Nm; a is the initial
acceleration of the cob, m/s?; At is the cob picking time, s.

As shown in Equation (5), under the same cob-picking force conditions, the longer the
cob-roller contact time, the less force on the kernel and the less damage to the cobs.

4. Bionic Corn Cob Picking Simulation Test

ADAMS software is widely used in automotive engineering, mechanical engineering,
aerospace engineering, agricultural engineering, and other sectors, and a vast number
of study cases have demonstrated its excellent analytical dependability [22-25]. In this
study, the dislocation baffle roller’s cob-picking process is simulated using the ADAMS
software, and vital statistics, including picking contact force and picking time, are ex-
ported using a post-processing function to serve as a theoretical benchmark for subsequent
optimizing work.
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4.1. Simulation Model Building and Constraint Handling
4.1.1. Simulation Model

The position relationship between the fresh corn plant and the bionic picking device
was used to establish a bionic picking cob analysis model, which was then imported into
ADAMS software, as shown in Figure 11.

Picking baffle roller

Cob

yoem

> Stalk

Figure 11. Diagram of the analysis model of the bionic picking process.

The material was added to the fresh corn plant and the picking baffle roller, respec-
tively; the material parameters are shown in Table 3 [26].

Table 3. Analytical model material parameters.

Name Density (kg/m®) Elastic Modulus (Pa) Poisson’s Ratio
Corn plant 0.45 x 103 1.1 x 1010 0.33
Picking baffle roller 7.80 x 103 2.07 x 1011 0.29

4.1.2. Analytical Model Pre-Processing Settings

The fresh corn plant interacts with the picking baffle roller while being pulled by the
clamper after being divided by the cutter, according to the analysis of the bionic picking
device’s picking process. This study fixes the picking baffle roller, sets the speed of the corn
plant, and relies on the impact action of the cob-roller to achieve the picking action.

(1) The solid-solid contact mode was defined for the contact between the cob and the
picking baffle roller, and the contact parameters are listed in Table 4 [27].

Table 4. Fresh corn plant average size parameters (mm).

Contact Stiffness Force Damping Penetration Static Dynamic
Material (N/m) Exponent (Nm/s) Depth (mm) Coefficient Coefficient
Cob-roller 2855 1.5 0.57 0.1 0.3 0.25

(2) Set the bushing force between the cob and the stalk, with the core of the cob stem end
face as the center of the bushing force. The parameters of the bushing force are shown
in Table 5.

Table 5. Bushing force setting parameters.

Translational Characteristic Rotational Characteristic
(X, Y, Z Components) (X, Y, Z Components)
Name
Stiffness Damping Stiffness Damping
(N/m) (Nm/s) (N/m) (Nm/s)
Parameter 20, 20, 20 10,10, 10 30, 30, 30 100, 100, 100

(3) Add a translational motion for the stalk. Add a translation drive for the stalk to
the moving pair, and the driving speed is the linear speed of the clamping belt, and
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the X direction is the travel direction. The clamping belt’s linear speed satisfies
the following:

vy = WaRy (6)

When the speed of the clamping belt is 400 rad /min, the moving speed of the stalk is
270 mm/s. Similarly, other stalk moving speeds can be obtained according to the clamping
belt rotation speed.

(4) Create a new force measuring tool. Measure the combined force on the bushing force.
(5) Create a new sensor. When the total force of the bushing force exceeds 500 N, the
bushing force fails, and the cob-picking activity is finished.

4.2. Single Factor Virtual Simulation Test
4.2.1. Single Factor Virtual Simulation Test of Picking Baffle Roller Gap

The picking baffle roller gap is the most crucial factor influencing stalk passing rate
and cob picking efficiency. Five levels of distance between baffle rollers were chosen based
on the diameter of the stalk and the diameter of the large end of the cob: 25 mm, 30 mm,
35 mm, 40 mm, and 45 mm. Set the picking baffle roller tilt angle to 45°, the picking baffle
roller dislocation to 10 mm, and the stalk speed to 270 mm/s before doing the single factor
simulation test of the picking baffle roller gap. The test results are shown in Figure 12.
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Eos | 5 800
204 § 600 4
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0.1 [0.058 0066 J0.0712 S 200 r
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25 30 35 40 45 25 30 35 40 45
Picking baffle roller gap (mm) Picking baffle roller gap (mm)
(a) (b)

Figure 12. Single factor simulation test results of picking baffle roller gap. (a) Effect on cob picking
time; (b) Effect on maximum contact force.

The cob picking time initially increases before decreasing, as shown in Figure 12a,
when the picking baffle roller gap increases. Corn cobs are plucked in a single impact when
the distance between the picking rollers is less than 40 mm. The cob will experience a
secondary impact phenomenon when the picking baffle roller gap is higher than 40 mm,
which causes the cob picking time to be significantly increased. As shown in Figure 12b,
as the picking baffle roller gap rises, the maximum contact force increases at first and
gradually declines. Based on the maximum contact force and cob-picking time, the gap
adjustment interval of the baffle roller is set to 25-35 mm for subsequent optimization tests.

4.2.2. Single Factor Virtual Simulation Test of Picking Baffle Roller Tilt Angle

The tilt angle of the baffle roller has a significant effect on the picking torque. Five
levels, namely 40°, 45°, 50°, 55°, and 60°, were chosen for a single factor simulation test of
the baffle roller tilt angle in order to investigate the effect of the angle of the baffle roller on
the picking time and the maximum contact force of the cob. The test results are shown in
Figure 13.
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Figure 13. Single factor simulation test results of picking baffle roller tilt angle. (a) Effect on cob
picking time; (b) Effect on maximum contact force.

Figure 13a shows that as the baffle roller tilt angle increases, the picking time initially
decreases and subsequently increases. The smallest value is attained when the baffle roller
tilt angle is 45°, and the cob can complete the picking action in a single impact. As shown
in Figure 13b, as the baffle roller tilt angle increases, the maximum contact force increases at
first and gradually declines. This is because when the tilt angle is 50°, the cob receives the
most rotational torque, and the cob contact force is most significant. The adjustment range
of the baffle roller tilt angle was determined to be 40°-50° for the following optimization
tests by combining the maximum contact force and the picking time.

4.2.3. Single Factor Virtual Simulation Test of Picking Baffle Roller Dislocation

The previous investigation indicated that the dislocation height of the picking baffle
roller is a significant factor influencing the cob picking damage. To find the optimum
roller dislocation, the effects of baffle roller dislocation on cob-picking time and maximum
contact force were investigated. The picking baffle roller dislocation was tested using a
single factor simulation at five different levels: 0 mm, 5 mm, 10 mm, 15 mm, and 20 mm,
and the results are displayed in Figure 14.
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Ficking baffle roller dislocation (mm) Picking baffle roller dislocation (mm)
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Figure 14. Single factor simulation test results of picking baffle roller dislocation. (a) Effect on cob
picking time; (b) Effect on maximum contact force.

As shown in Figure 14a, the cob picking time steadily increased as the picking baffle
roller dislocation increased. When the picking baffle roller dislocation was greater than
15 mm, the cob could not be successfully picked under the action of a single impact,
resulting in secondary impact damage to the cobs. As shown in Figure 14b, as the picking
baffle roller dislocation rises, the maximum contact force reduces first and subsequently
increases. According to the picking baffle roller dislocation single factor test findings,
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the picking time is short when the roller baffle dislocation is 5 mm, and the cob can be
successfully picked in a single impact.

4.2.4. Single Factor Virtual Simulation Test of Picking Baffle Roller Stalk Speed

In order to study the effect of stalk speed on picking time and maximum contact
force, a single factor simulation test was performed at five stalk speed levels: 165 mm/s,
200 mm/s, 235 mm/s, 270 mm/s, and 305 mm/s. The test results are shown in Figure 15.

1.6 21200
A1.4 +1.4181 $1000 984.906
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_qé) 1 3 800
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165 200 235 270 305 340 165 200 235 270 305 340
Stalk speed (mm/s) Stalk speed (mm/s)
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Figure 15. Single factor simulation test results of picking baffle roller stalk speed. (a) Effect on cob
picking time; (b) Effect on maximum contact force.

As shown in Figure 15a, as stalk speed increases, picking time steadily decreases.
When the stalk speed exceeds 270 mm/s, the cob can be successfully harvested with a
single impact, avoiding secondary impact damage. The maximum contact force and picking
time were combined to establish the range of stalk movement speed, which was found to
be 270-340 mm/s.

4.3. Cob Bionic Picking Virtual Response Surface Test
4.3.1. Test Design and Results

The Box-Behnken response surface test was carried out using the baffle roller tilt angle
(A), baffle roller gap (B), and stalk speed (C) as test variables, and the maximum contact
force as a test indicator, with a fixed picking baffle roller dislocation of 5 mm. The factor
level of the response surface test was determined based on the results of the single factor
test, as indicated in Table 6. Table 7 shows the test plans and results after rounding off the
maximum contact force measured in the test.

Table 6. Test factors and levels.

Factor
Level Baffle Roller Tilt Angle Baffle Roller Gap Stalk Speed
A (%) B (mm) C (mm/s)
-1 40 25 270
0 45 30 305

1 50 35 340
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Table 7. Response surface test design and results.

Test Serial Baffle Roller Tilt Baffle Roller Gap Stalk Speed Maximum Contact
Number Angle A (°) B (mm) C (mm/s) Force (N)
1 45 30 305 640
2 45 35 270 787
3 45 30 305 640
4 40 25 305 550
5 45 35 340 609
6 40 30 340 583
7 45 30 305 640
8 50 30 340 596
9 45 25 340 529
10 45 30 305 640
11 45 30 305 640
12 45 25 270 620
13 50 30 270 749
14 50 25 305 568
15 40 35 305 681
16 40 30 270 711
17 50 35 305 698

4.3.2. Result Analysis

We used Design-Expert 11 software to conduct variance analysis in Table 7; the results
are given in Table 8.

Table 8. Analysis of variance.

Maximum Contact Force

Source

Sum of Squares Freedom Mean Square F-Values p-Values
Model 75,652.44 9 8405.83 789.81 <0.0001 **
A 924.50 1 924.50 86.87 <0.0001 **
B 32,258.00 1 32,258.00 3030.95 <0.0001 **
C 37,812.50 1 37,812.50 3552.85 <0.0001 **
AB 0.2500 1 0.2500 0.0235 0.8825
AC 156.25 1 156.25 14.68 0.0064 **
BC 1892.25 1 1892.25 177.80 <0.0001 **
A? 63.22 1 63.22 5.94 0.0449 *
B? 1621.64 1 1621.64 152.37 <0.0001 **
C? 1061.12 1 1061.12 99.70 <0.0001 **
Residual 74.50 7 10.64
Spurious term 74.50 3 24.83
Error 0.0000 4 0.0000
Total 75,726.94 16

Note: ** means highly significant (p < 0.01), and * means significant (0.01 < p < 0.05).

Table 8 shows that the maximum contact force regression model’s significance test
value (p < 0.01) demonstrates that the maximum contact force regression model is extremely
significant. Due to simulation environment restrictions, evaluating the duplicate error is
impossible. Except for the interaction item AB, which is insignificant, the maximum contact
force regression model is significant. The significance of the influence of each variable on
the maximum contact force is in the following order, from more to less significant: the stalk
speed, the baffle roller gap, and the baffle roller tilt angle.

After eliminating the non-significant factors, the quadratic regression equation of each
variable on the maximum contact force was obtained, as shown in Equation (7):

Y; = 3.87A% — 19.63B% + 15.88C% — 6.25AC — 21.75BC + 10.75A + 63.5B — 68.75C + 640 7)
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The interaction of the three test factors on the maximum contact force is shown
in Figure 16.

Maximal contact force (N)
g
Maximal contact force (N)

42

25 40
&b’b ) Q,a&&\e

(a) (b)

I’g P ‘o\

Maximal contact force (N)

Figure 16. Maximum contact force response surface affected by interaction factors. (a) Y1 = f(A, B, 300);
(b) Y1 =f(A, 30, C); (c) Y1 =f(45, B, O).

The minimum maximum contact force was chosen as the constraint condition, and
Design-Expert 11 software was used to solve the regression equation Y;. The optimal param-
eter combination was obtained: baffle roller tilt angle 40.6°, baffle roller gap 25.0 mm, stalk
speed 338.1 mm/s. The maximal contact force of the cob under these conditions was 525.4 N.

5. Bench Verification Test
5.1. Test Materials and Devices

Based on theoretical research, a bionic cob picking test bench was built, which included
a dislocation picking baffle roller, a stalk clamper, a stalk cutter, a stalk conveying device, a
driving motor, and a frequency converter (US-750 type). The bionic cob-picking test bench
is shown in Figure 17.

The test material was Lu Cainuo No. 8 fresh corn plant grown in Ya’an City, and the
corn plant was in the middle to the end of the milky stage during the test. The average
diameter of the stalk was 23 mm, the average moisture content of the stalk was 76.5%, and

the average moisture content of the kernel was 67.3%. The test was completed within 10 h
of gathering fresh corn plants.
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Clamper
Picking baffle roller

Fresh corn plant
Cutter

Plastic bag

Plant conveyor
Figure 17. Dislocation baffle roller bionic picking test bench.

5.2. Test Parameter and Indicator

Set the picking baffle roller dislocation to 5 mm before the test. Using the tilt angle
adjusting device, set the baffle roller tilt angle to 41°. Using the baffle roller gap adjustment
device, adjust the baffle roller gap to 25 mm. Using a frequency converter, set the rotation
speed of the clamping belt motor to 507 rad/min, resulting in a stalk movement speed
of 338 mm/s. Modify the test bench’s operational parameters to the best parameter
combination. A buffer plastic bag is placed behind the cob picking baffle roller to prevent
secondary damage caused by cob-picking. When the cob is picked, it directly falls into the
plastic bag to reduce test error.

Because fresh corn kernels have a high moisture content and are difficult to peel, the
percentage of damaged kernels in harvested kernels is computed by dividing the number
of damaged kernels by the total number of kernels. The calculation formula is as follows.

_ 4

=%

®)
where Zj is the total number of kernels per cob; Z; is the number of damaged kernels
after picking.

According to statistics, each corn kernel has 17 rows, and each row has 33 kernels. The
standard specifies a total of 561 kernels per cob.

5.3. Test Results and Phenomenon Analysis

The test was divided into five groups, each testing ten corn plants, for a total of
50 plants. After the test, the damaged corn cobs were selected from each group, and the
damage rate of a single corn cob was calculated and averaged. The test results are shown in
Table 9, and the corn cob-picking effect of the bionic picking device is shown in Figure 18.

Table 9. Validation test results.

NO. 1 2 3 4 5 Average Value

Cob picking

damage rate (%) 0.53 0 0.89 0.18 0 0.32

Figure 18. Operation effect of bionic picking device.
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As shown in Table 9, the verification test’s average picking damage rate was 0.32%,
significantly lower than the relevant provisions of the national standard GB/T 21962-2020
Corn Harvesting Machinery. The damage rate of the dislocation baffle roller bionic picking
device designed in this study was reduced by 93.2% compared to the goal damage rate of
4.7%, satisfying the requirements of low damage picking operation for fresh corn.

6. Conclusions

(1) The triaxial compression test on fresh Lu Cainuo No. 8 corn cob revealed that the
highest crushing forces of the bottom, middle, and top kernels were 31.55 N, 34.45 N,
and 23.40 N, respectively. The bottom kernel had the greatest compression strength
along the X-axis, whereas the kernel had the lowest compression strength along the
Y-axis. The bionic picking device contacts the kernel from the X direction, which can
effectively reduce the cob-picking damage.

(2) Based on ADAMS software, a three-factor, three-level response surface test was
conducted, using the maximum contact force as the test index and the baffle roller tilt
angle, baffle roller gap, and stalk speed as test variables. With the minimum maximum
contact force as the constraint condition, the regression equation Y is solved to obtain
the parameter combination of the baffle roller tilt angle of 40.6°, the baffle roller gap of
25.0 mm, and the stalk speed of 338.1 mm/s. At this time, the maximum contact force
of the corn cob was 525.4 N, which ensured the minimization of cob-picking damage.

(3)  According to the theoretical analysis results, the dislocation picking baffle roller bionic
picking test bench was trial-produced, and a bench verification test was carried out
after rounding off the optimal parameter combination. The test results show that a
baffle roller dislocation of 5 mm, a baffle roller tilt angle of 41°, a baffle roller gap of
25 mm, a stalk speed of 338 mm /s parameter combinations, a picking damage rate
of 0.32%, is obviously lower than the optimization target of 4.7% and the national
standards, meeting the requirements of low-damage picking operation of fresh corn.
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