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Abstract: When peanuts are harvested, the high rate of pod crush and pods leakage are the main
problems in the current peanut fruit picking process. Optimized peanut picking rollers help to
improve peanut harvesting efficiency. This paper investigates the fruit picking system of a three-
monopoly, six-row semi-feeding peanut combine harvester, in order to reduce the rate of crush and
leakage of peanut pods during the picking process. Firstly, this article specifies the structure and basic
parameters of peanut picking pairs of rollers. Secondly, this paper combines JKR (Johnson-Kendall-
Roberts) model theory, crash model simulation analysis, a field test, and other methods. Motion and
force analysis are presented in detail for the peanut picking mechanism and associated harvesting
components. The optimum clamping chain speed, the angle of installation of the picking rollers to the
clamping chain, and the picking rollers’ speed are determined. A three-factor, three-level regression
orthogonal combination test was designed to obtain regression models for pod crushed and pods
leakage rate. The regression model’s response surface analysis concluded that when the clamping
chain speed is 0.84–1.2 m/s, the fruit picking roller angle is 10◦–11.2◦ and the fruit picking roller
speed is 442 r/min–500 r/min. It is the optimal working parameter for the three-monopoly six-row
peanut combine harvester. At this point, the peanut harvesting requirements are met, and the overall
performance is significantly improved. This paper lays the foundation for the development of the
semi-feeding peanut picking system.

Keywords: peanut; fruit picking system; field trials; pod crushed rate; pods leakage rate

1. Introduction

Peanut is an important economic crop and oil crop in China, and the planting area
of peanuts, has shown a year-on-year increase. Thus, peanut mechanized harvesting has
become one of the important factors affecting peanut production. And picking matters
most in peanut harvesting process, directly related to the efficiency and quality of the
peanut harvest [1,2]. There are two main ways of picking peanuts on the market: full-feed
peanut fruit picking and semi-feeding peanut fruit picking. Full-feed fruit picking is when
peanut seedling and peanut pods are fed into the fruit picking roller to obtain peanut pods.
This picking method results in a high impurities content. It is only suitable for drier peanuts
and mostly used by picking harvesters [3–5]. Semi-feeding fruit picking is when only the
peanut plant roots are fed into the fruit picking roller to obtain peanut pods. This method
is highly adaptable to the wet and dry conditions of peanuts. Combine harvesters mostly
use this method. So, the paper investigates the semi-feeding fruit picking method.

Wang Bokai designed an axial-flow peanut full-feed harvester and used Hertzian con-
tact theory to analyze the pods and to pick spike teeth during fruit picking [6]. Hu Zhichao
further optimized the semi-feeding peanut picking device by analyzing the movement
during fruit picking, determining the optimum position for picking [7]. Wang Dongwei
used PROE software (USA, PTC) and ANSYS software (USA, American ANSYS company)
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to analyze the mechanism and optimize the parameters of the curved roller picking de-
vice [8]. Nan Feifei optimized the semi-feeding peanut combine harvester to determine
parameters such as fruit picking roller speed and fruit picking roller length [9]. Fang
Qingliu innovatively used the TRIZ method to optimize the fruit picking mechanism to
obtain the optimal feeding scheme and design of the mechanism [10]. However, research
on the mechanics of the semi-feeding fruit picking mechanism is relatively weak at present.

However, China’s current semi-feeding fruit picking method uses two pairs of fruit
picking rollers that rotate in opposite directions. The fruit picking blades are driven to
strike the peanut root system. This method of picking peanuts is suitable for picking fresh
peanut pods. This method is suitable for peanut combine harvesters. The conventional
semi-feeding peanut picking mechanism mainly uses the Hertz contact theory. Only the
contact between two objects under the action of external forces is considered. The surface
forces between the peanut pods and the picking blade are not considered. Therefore, this
paper uses the JKR theoretical model in contact mechanics to analyze the critical impact
force and critical speed of impact between the picking roller and the peanut pods [11–13].

To enhance fruit picking performance and reduce breakage and leakage, this paper
analyses and tests the fruit picking mechanism of a three-monopoly six-row semi-feeding
peanut combine. Firstly, based on the physical characteristics of the peanut pods. The
structure, and basic parameters of the picking pair of rollers are determined. The basic
parameters are analyzed to determine the primary and secondary factors affecting the fruit
picking effect. Then, the kinematic and dynamic analyses are used to determined the stable
relationship between test factors and indicators. The JKR theory and collision model are
established, and the collision simulation analysis of peanut pods is carried out. Through
the method verified by the field test, a response surface model was constructed to optimize
further the combination of the structural parameters of the fruit picking roller pair. The
above research content provides a reference for the optimization of the semi-feeding peanut
picking device.

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

To meet the market demand for peanut harvesting and improve the quality of peanut
pod harvesting and peanut harvesting efficiency. This fruit picking mechanism is researched
through a three-monopoly, six-row semi-feeding peanut combine harvester [14]. The
structural sketch is shown in Figure 1.

Figure 1. The overall structure of the three-monopoly six-row peanut combine harvester.

When the three-monopoly, six-row peanut combine is harvested. The centering device
separates the peanut plants to be harvested. In contrast, the gear rotates toward the peanut
plants to be harvested. The peanut plants are lifted and gathered into a central position.
At the same time, the excavating device breaks the peanut’s main roots and loses the soil
under the action of the forward force of the machine. With the cooperation of the centering
and excavating devices, the peanut plants move backward according to inertia into the



Agriculture 2022, 12, 1418 3 of 20

clamping chain [15]. During the clamping and conveying process, the soil removal device
reciprocates left and right on the peanut to remove soil and impurities from the root system
of the peanut plant. The three rows of peanut plants are gathered in the middle and sent to
the picking section. The clamping chain transports the peanut plant, and the root system
enters the fruit picking roller. The peanut picking rollers pick off the peanut pods. The
peanuts are dropped by gravity into the cleaning device, where the heavier soil and other
impurities are sieved off by the reciprocating movement of the cleaning device. At the same
time, the lighter leaves and membranes are blown out by the blower. It is completing the
secondary demising operation. After sorting, the peanut pods are driven by the L-shaped
conveyor belt into the fruit collection box and equipped with a hydraulic device that allows
the package to be tilted for subsequent bagging operations. When the picking operation is
completed, the picked peanut plants are transported backward with the clamping conveyor
chain and finally thrown into the field by the clamping chain powered by guide rails and
seedling guiding devices. After the fruit picking operation is completed, the picked peanut
plants are transported backward with the clamping conveyor chain and finally thrown into
the field by the clamping chain powered by guide rails and seedling guiding devices.

2.1.1. Structure of Peanut Picking Roller Device

The three-monopoly six-row peanut combine harvester has a semi-feeding roll picking
system. Three clamping chains primarily combine this harvester. Transport of peanut
plants with pods to the picking roller. The fruit picking rollers are driven by the relative
rotation of the fruit picking blades. The peanut pods pass between two picking rollers
rotating at high speed. The outer tangential direction of the picking rollers’ blades causes
tugging, beating, and pulling forces on pods, stalks, roots, etc., and by constant shearing,
squeezing, and other details—full contact between picking roller blades and peanuts. The
peanuts pass through the back end of the picking roller to complete the complete shedding
of the peanut pods [16,17]. The peanut picking roller device is shown in Figure 2.

Figure 2. Structure of peanut picking roller device.

2.1.2. Structural Parameter Analysis of Peanut Picking Roller

Fruit picking rollers as the core component of the three-monopoly six-row semi-feeding
peanut combine harvester. Its structural parameters include fruit picking rollers’ diameter,
fruit picking rollers’ length, fruit picking rollers’ angle, fruit picking rollers’ speed, etc.
Each fruit-picking pair of rollers is arranged with four rows of fruit-picking blades, which
are welded to the rollers in the shape of a cross. And the two rollers are rotated relative to
each other under the control of the steering gear [18]. As is shown in Figure 3.
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Figure 3. Working schematic of double-roller for picking.

As in Figure 3, when the peanut roots enter the rectangular picking area of the fruit
picking pair of rollers. Physical measurements of the fruit and root systems of different
peanut varieties were carried out to effectively separate the peanut pods from the vine and
avoided the loss and fragmentation of peanut pods. As is shown in Table 1.

Table 1. Geometric dimensions of peanut.

Peanut
Varieties

Average Plant
Height/mm

Average Root
Length/mm

Average Root
Height/mm

Average Number
of Peanuts

Lu Hua 12 463.45 129.97 130.14 43
Ji Hua 18 476.39 128.34 125.43 38

Yu Hua 14 447.68 130.76 126.93 40
Hua Yu 33 420.63 133.78 120.09 36

According to Table 1, determining the average height of the peanut fruit system for
120–131 mm, and the average length of the root system for 128–134 mm, which gives
the result CO = 65 mm and AO = 67 mm. The Pythagorean theorem can be known as
OC = 93.4 mm. So, the picking roller rotary diameter is 187 mm. Taking integer value as
190 mm.

During actual operation in the field, when the angle of synthetic movement of the
peanut plant relative to the ground is less than 90◦. The peanut plant feeding volume is
higher than the clamping volume satisfied by the peanut clamping mechanism, resulting in
plant blockage and missed clamping. In practice, it is necessary to appropriately increase
the clamping mechanism’s transmission speed to avoid such conditions by setting the
peanut plant’s absolute movement angle, and the vehicle body’s forward momentum
greater than 90◦. At the same time, for the three-monopoly, six-row peanut combine
harvester. The increased feed volume and the higher requirements. Bring many peanut
pods into full contact with the picking rollers for the picking roller length adjustment.
Meanwhile, the size of the fruit picking rollers should be increased. The picking roller
should not be so long that the peanut pods are broken due to excessive contact. The formula
for calculating the length of the fruit picking pair of rollers is as follows:

L = vgt (1)

where L is fruit picking roller length, mm; vg is clamping chain conveying speed, m/s; t is
fruit picking time, s.

Therefore, in actual field operations, the angle between the peanut clamping mecha-
nism and the ground is taken to be 30◦ to 40◦. The vehicle’s speed fluctuates slightly up and
down at 0.625 m/s during the field operation. After a comprehensive analysis of the above
data, the clamping chain transmission speed in this experiment was between 0.7 m/s and
1.2 m/s [19]. The clamping chain transmission speed factor levels were 0.7 m/s, 0.9 m/s
and 1.2 m/s, respectively.

The three-monopoly six-row clamping chain homing speed is approximately 0.9 m/s.
The peanut seedlings enter the fruit picking rollers and are picked in a process lasting
approximately 1 s. So, the length of the fruit picking rollers is about 900 mm. The relative
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speed of the picking rollers is also an essential factor in the picking effect. Too fast a speed of
the picking pair of rollers leads to an increase in the rate of peanut pods crushed. The slow
speed of the picking drum resulted in incomplete picking of the peanut pods. Resulting in
the loss of peanut pods.

The formula for calculating the speed of the peanut picking pair of rollers is as follows:

V1 =
πNωD

60× 1000
(2)

The equation for the maximum impact velocity that a peanut pod can withstand is
as follows:

V2 =
2πD

60
n (3)

where Nw is spindle speed, r/min; D is fruit picking roller diameter, mm; n is ultimate
peanut impact speed, r/min.

According to Equations (2) and (3), the speed of the fruit-picking pair of rollers is
450 r/min. The maximum impact velocity that the peanut can withstand is 8.95 m/s. The
picking roller has a return torque of 190 mm.

The configuration of this peanut combines the harvester’s fruit picking mechanism.
It forms an inclined arrangement of clamping conveyor chains and fruit-picking pairs of
rollers and attaching chains with a certain angle to the fruit-picking roller shaft. When the
clamping position of the peanuts in the clamping chain does not change, the root system
of the peanuts entering the picking roller changes, enabling the root system of the peanut
pods to be fully covered in the picking roller [20–22]. In this case, there are no dead spots
for fruit picking, and it is less likely that fruit will leak.

The ideal peanut picking process is shown in Figure 4: peanut pods from the bottom
up into the picking area ABCD. AB is obtained by parallel movement of the clamping
conveyor chain. The equation according to the position relationship is as follows:

L
l
=

sin b
sin a

(4)

where a is the angle between the clamping conveyor chain and fruit picking rollers; b is
the clamping angle between peanut plant and clamping chain; l is the height of the peanut
family, mm; L is the length of the fruit picking rollers, mm.

Figure 4. Schematic diagram of peanut picking process. a is the angle between the clamping conveyor
chain and fruit picking rollers; b is the clamping angle between peanut plant and clamping chain.

During the peanut plant body in the clamping chain conveying process, the angle
between the peanut plant and clamping chain is approximately 90◦. The height of the
peanut fruit system varies according to the variety, so the angle between the clamping
conveyor chain and the fruit picking pair of rollers can be derived as 6.89–13.47◦. Take the
integer range of 6–14◦.

The final picking roll diameter is 187 mm. The fruit picking roller length is 900 mm.
The angle between the clamping chain and fruit picking roller angle is 6.5–13.5◦. It was
clamping and conveying a speed of 0.9 m/s. The maximum velocity of the impact that the
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peanut can withstand is 8.95 m/s. The picking roller speed is 450 r/min, and the picking
roller torque is 190 N·m [23,24]. The roller angle factor levels are determined as three based
on the integer interval calculated above, −6◦, 10◦, and 14◦, respectively.

2.2. Research on the Mechanism of Picking Roller
2.2.1. Kinetic Analysis of Peanut Picking Processes

Establishing a right-angle coordinate system in the fruit picking area perpendicular to
the drum. X and Y axes coincide with the fruit picking blades. The force analysis at the
point of contact between the peanut pod and the leaf is shown in Figure 5. Fc represents
the impact force of the picking roller blades on the peanut pods. The point is directed
perpendicular to the picking blade; N denotes the reaction force of Fc. It represents the force
exerted by the peanut pod root system on the plucked roller in the direction co-linear and
opposite to Fc; f represents the friction between the peanut pod and the picking blade. Its
direction is perpendicular to the impact force Fc; mg indicates the gravity of the peanut pods
themselves. This gravity includes the peanut root system and the peanut seedling stalk. The
force is directed vertically downwards. The angle between this force and the impact force
is θ1; Fa represents the centrifugal force generated by the high-speed rotation of the fruit
picking rollers. Its direction varies from moment to moment and is always perpendicular
to the direction of the speed of rotation; F1 denotes the force between the peanut stalk and
the pod. F2 indicates the point between the seedling vine and the peanut stalk. This force’s
direction is approximately the same as the direction of friction. F3 represents the diagonal
upward pull of the clamping chain, the angle between the direction of this force and the
direction of the reaction force given by the pods to the picking blade is θ2.

Figure 5. Stress analysis diagram of peanut picking process. F1 denotes the force between the peanut
stalk and the pod, N; F2 is the force between the seedling vine and the peanut stalk, N; F3 is the
diagonal upward pull of the clamping chain, N; Fc is the impact force of the picking roller blades
on the peanut pods, N; N is the reaction force of Fc, N; mg is gravity, N; f is the friction between the
peanut pod and the picking blade, N.

The friction equation is as follows:

f = µN (5)

The centrifugal force equation is as follows:

Fa = mω2R (6)

where µ is the coefficient of friction between pods and picking leaves, take 0.3; ω is the
drum speed, rad/s; R is the radius of rotation of the fruit picking rollers, cm.

The equilibrium equations for peanut plants on the X and Y axes are expressed
as follows: {

f + F1 + F2 + F3 sin θ2 −mg sin θ1 = 0
F3 cos θ2 + N − Fa − Fc −mg cos θ1 = 0

(7)
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The results are as follows:{
F3 = mg sin θ1+F1+F2− f

sin θ2
N = µ(mg cos θ1 + FC + Fa − F3 cos θ2)

(8)

where F1 is the tension between the fruit stalk and the pod, N; F2 is the tension between the
seedling vine and the fruit stalk, N; F3 is the tension generated by the clamping chain on
the peanut plant, N; Fa is the centrifugal force generated by the high-speed rotation of the
fruit picking rollers, N; ω is the drum speed, rad/s; m is the equal mass of peanut plant
body and impurities, kg; g is the gravitational acceleration of the peanut plant body and
impurities, take 10 m/s2. Fc is the impact force of the picking roller blades on the peanut
pods, N; N is the force generated by the peanut pods and roots on the blades of the picking
roller, N; θ1 is the angle between gravity and impact force, rad; θ2 is the angle between the
pulling force and the reaction force of the impact, rad.

This result leads to the following: when the basic parameters of the fruit picking
rollers have been determined, the size of the pull produced by the fruit picking roller on
the peanut is influenced by the speed of the fruit picking roller and the angle of the fruit.
The linear rate generated by the rotation of the picking blade is proportional to the speed
of the picking roller [25,26]. The speed of the fruit picking rollers is proportional to the size
of the pulling force of the fruit picking device.

2.2.2. Kinematic Analysis of Peanut Picking Process

The peanut plant and pods enter the picking area and complete the separation of
the fruit seedlings and the final picking process. Throughout, the peanut has two main
directions of speed. Firstly, the peanut plant body moves diagonally upwards with the
clamping chain. The peanut pods are driven by the peanut seedling vine and root system
so that the peanut pods have a horizontal upward speed. Secondly, as the fruit picking
roller makes a circular motion, it drives the fruit picking roller blades to rotate. And the
fruit picking roller blades produce a slapping effect on the peanut so that the peanuts get a
vertical downward speed [27].

The pod’s movement can be approximated as a parabola when detached from the
plant body. When separated, the peanut pods’ initial velocity can be seen as a combination
of the clamping chain’s forward speed and the picking rollers’ rotation.

The velocity and displacement of the peanut pods after detachment are shown in
Figure 6. Thus, the equation for the speed of the pods after they have detached from the
plant is as follows:

v =
√

v2
x + v2

y

=
√

v2
x + (vy

0 + gt)

=
√

v2
x + (v0 sin θ + gt)2

(9)

The direction equation is as follows:

tan α =
vx

vy
(10)

The equation for the displacement of the pods falling away from the plant is as follows:

X =
√

x2 + y2

=
√

x2 + (v0yt + 1
2 gt2)

2 (11)

The direction equation is as follows:

tan β =
y
x

(12)
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This result is the ideal state for moving peanuts off the root system. However, during
actual movement, there are frictional collisions between pods, stalks, branches, and leaves.
The speed changes accordingly. The velocity of the pods after detachment was determined
by calculation to fluctuate between 6 and 9 m/s.

Figure 6. The movement track after pod separation process. v0x is the initial horizontal velocity
of the peanut pod after it has detached from the root, m/s; v0y is the initial vertical velocity of the
peanut pod after it breaks away from the roots, m/s; vx is the horizontal velocity of the peanut pods
after they have detached from the roots, m/s; vy is the vertical velocity of the peanut pod after it has
detached from the root, m/s. v is the rate of synthesis of peanut pods after detachment from the roots.

2.3. Peanut Picking force Simulation Modelling
2.3.1. Analysis of Peanut Pod Collision Modeling

The impact area of the fruit picking roller blades on the peanut pods is small. In
this paper, to simplify the complexity of the simulation, Simplification of the peanut pod
collision model using software to become a simulation of the impact of individual peanut
pods by picking pairs of roller blades. Simulation of collision mode settings for lateral,
longitudinal, and vertical collision. The collision process is shown in Figure 7.

Figure 7. Peanut pod simulation model of different collision modes. (a) Lateral collisions; (b) Longi-
tudinal collisions; (c) vertical collision.

The meshing of the collision model using Hyper mesh, a Hyper works pre-processing
software. The total number of meshes in the simulation model is 28,041. The number of
peanut picking roller blade grids is 12,413, and the number of peanut pod grids is 15,628.
The model after meshing is shown in Figure 8.



Agriculture 2022, 12, 1418 9 of 20

Figure 8. Drawing grid with the simulation model.

After the Hyper mesh meshes, the file is imported into the Workbench LS-Dyna
module for a collision simulation. The simulated collision process is shown in Figure 9
This paper sets the material properties of the model in LS-Dyna. And import the models of
peanut pods. And picking peanut roller blades into the software, respectively. To simulate
the forces on peanut pods under impact loading, set the peanut picking rollers to three
speeds: 400, 450, and 500 r/min. Add fixed restraints to the base of peanut pods. Also set
to pick peanut pods for contact during working collisions. The contact section contains
surface contact and self-contact of the individual components. The final simulation time is
set to 10 ms, output contact forces, directional deformation, mass energy, etc.

Figure 9. Simulation process of peanut pod collision. (a) Lateral collisions; (b) Longitudinal collisions;
(c) Vertical collision.

This paper applies different speeds of 400, 450, 500, and 550 r/min to the fruit picking
roller blades. By adjusting the different rates of the fruit picking rollers, collision contact
forces of 19 N, 35 N, 67 N, and 84 N are obtained. It increases contact forces as speed
increases. The change rule is shown in Figure 10 The analysis shows that the contact force
of the peanut pod and the rotation speed of the fruit picking roller is approximately linearly
related [28–30].
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Figure 10. Contact force as a function of speed at different speeds.

The above condition leads to the following results. When the speed of the fruit picking
roller is 400 r/min, the collision contact force is ideally 19 N, at which point the peanut
pods are incompletely removed. When the fruit picking roller speed is 450 r/min, the
collision contact force is 35 N in the ideal condition, which can satisfy the fruit picking
demand in the perfect shape. Variability in the distribution of peanut pods and seedling
vines from plant to plant during the actual peanut harvest. Irregular and oscillatory transfer
of work when peanut pods are hit by picking roller blades. This periodic oscillation causes
the impact force also to show fluctuating variations. Therefore, in this test, the minimum
critical speed of the fruit picking rollers was 400 r/min.

2.3.2. Critical Impact Force Analysis Based on the JKR Model

The maximum speed of the picking rollers is governed by the breakage of the peanut
pod shells during the picking process, with the assurance that the peanut pods are not
damaged and can be picked off simultaneously. In this paper, the JKR theoretical model
in contact mechanics is used for analysis. The critical impact force between the fruit
picking roller and the peanut pod is mainly analyzed, and so is the critical speed of the
impact between the fruit picking roller and the peanut pod. The traditional semi-feeding
peanut picking mechanism is primarily based on the Hertz contact theory. Only the contact
between two objects under external forces is considered, not the surface forces between the
peanut pods and the picking blade. Because fresh peanuts are moist when dug out of the
soil, the surface force between the knife roller and the peanuts must be considered. Normal
contact forces between peanut pods or between peanut pods and the hob are based on the
Johnson-Kendall-Roberts theory [31].

FJKR = −4
√

πγEα
3
2 +

4E
3R

α3 (13)

δ =
α2

R
−
√

4πγα

E
(14)

1
E
=

1−U2
1

E1
+

1−U2
2

E2
(15)

1
R

=
1

R1
+

1
R2

(16)

where VJKR is the normal contact force, N; δ is the amount of overlap, mm; γ is surface
tension, N/m; E is the equivalent modulus of elasticity, Pa; α is the amount of tangential
overlap, mm; R is the equivalent contact radius, mm; E1,E2 is the contact modulus of
elasticity, Pa; U1,U2 is the contact Poisson’s ratio; R1,R2 is the contact radius, mm.

When the surface energy γ = 0, the JKR normal elastic force becomes Hertz-Mindin’s
normal force, the formula is as follows:
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FJKR = FHertz =
4
3

E
√

Rδ
3
2 (17)

The JKR contact model provides attractive cohesion even when the peanut pods are
not in direct contact with the picking roller blades. The equation for the maximum normal
and tangential gap with cohesion is as follows:

αc = [
9πγR2

2E
− (

3
4
− 1√

2
)]

1
3

(18)

δc =
a2

c
R
−
√

4πγac

E
(19)

where ac is the normal maximum gap at non-zero cohesion, mm; δc is the tangential
maximum clearance at non-zero cohesion, mm.

JKR cohesion reaches a maximum when the actual contact interval between the peanut
pods and the picking blade is less than the maximum tangential clearance at non-zero
cohesion. The formula is as follows:

Fpullout = −
3
2

πγR (20)

According to the JKR model, the contact radius of the contact surface after contact
under the combined effect of external load and contact forces on the contact surface is given
by the following equation:

a3 =
3R
4E

[F0 + 3πwR +

√
6πwF0R + (3πwR)2] (21)

The equation for the displacement of the normal contact force is as follows:

δ =
a2

R
− (

2πaw
E

)
1/2

(22)

The equation for the pressure distribution on the contact surface is as follows:

p(r) = p1

√
1− r2/a2 − p2/

√
1− r2/a2 (23)

p1 = 2aE/πR (24)

p2 = (2wE/πa)1/2 (25)

Therefore, the equation for the contact force between the peanut pod and the flat plate
of the picking blade based on the JKR model is as follows:

F JKR
tot =

∫ a
0 2πp(r)rdr

=
(

2
3 − 2 p2

p1

)
πa2 p1

= 4Ea3

3R − (8πw)

(26)

When the contact force between the peanut pod and the picking blade is greater than
the maximum strength force that the peanut pod can withstand, the peanut pod will break
and be damaged. Therefore, the full critical state force for peanut pods during the picking
process is Ftot.

1
2

mV2
max ≈ 5.13

F5
totR

3
e

E4F(e)
(27)
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Based on tests and a review of relevant information, relevant data can be obtained
(Table 2). Bringing the data into Equation (27) results in a maximum critical speed of
500 r/min for the fruit picking roller.

Table 2. Relevant material data.

Name Size/mm Ultimate Strength/Pa Modulus of Elasticity/MPa Poisson Ratio

Yu Hua 14 34.5 × 13.6 × 2 0.36 3.6 × 104 0.27
Fruit picking rollers Blades 10 × 50 × 780 3.55 × 107 2.06 × 105 0.28

Note: Yu Hua 14 (The peanut variety of Yu Hua 14 belongs to the pearl bean type, and the growth period of
summer sowing is about 110 days. The plant type is erect. The plant height is 39.7 cm, the lateral branch is
44.7 cm long, and there are eight branches, six fruiting branches, and 10.8 fruits per plant. The leaves are obovate,
dark green, and medium to large. The pods are cocoon-shaped, weighing 166.7 g, and the seeds are pink and
peach-shaped).

Note: Yu Hua 14 (The peanut variety of Yu Hua 14 belongs to the pearl bean type,
and the growth period of summer sowing is about 110 days. The plant type is erect. The
plant height is 39.7 cm, the lateral branch is 44.7 cm long, and there are eight branches,
six fruiting branches, and 10.8 fruits per plant. The leaves are obovate, dark green, and
medium to large. The pods are cocoon-shaped, weighing 166.7 g, and the seeds are pink
and peach-shaped).

It follows that the maximum critical impact speed between the peanut and the picking
roller blade during fruit picking is related to the modulus of elasticity of the peanut and
the picking roller blade itself, Poisson’s ratio, and the size of the pod itself. Combined with
the above data analysis, the number of fruit picking roller speed factors are divided into
three groups, 400 r/min, 450 r/min, and 500 r/min, respectively.

2.4. Field Trials
2.4.1. Field Trial Program

The trial was conducted on 23 September 2021 at the trial site in Jiaozhou County,
Qingdao City, Shandong Province (120◦33′ E, 36◦07′ N). The peanut variety used in the
trial was “Yuhua 14”. The agronomic pattern of peanut planting is monopoly double row
planting with a monopoly spacing of 750 mm and a plant spacing of 263 mm, yielding
4000 kg/hm. Each plant of this variety of peanuts is divided into 10 to 14 branches. Single
plant peanut pod yield around 220 g, peanut fruit arranged neatly and centrally. The test
equipment includes a WT-CF series high precision electronic scale (Changzhou Wantai
Balance Instruments Ltd.), steel frame tape measure (Hunan Maojun Baogong Electronics
Ltd., range 0~150 m, accuracy 1 mm). Each test plot is a 30 m long 1-monopoly lot, and
three replicate trials are used for each round, with the final average taken and recorded.
This paper randomly selected ten peanut plants for this experiment [32,33]. Their statistics
are shown in Table 3.

Table 3. Statistics of peanut plant parameters.

No. Single Plant Weight/g Single Pods Weight/g Number of Pods

1 760 280 142
2 470 175 92
3 540 210 80
4 700 190 104
5 330 165 63
6 495 175 68
7 485 205 89
8 540 235 92
9 390 105 75

10 355 75 67
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2.4.2. Field Trial Conditions

The test machine was used for field trials with a three ridge six-row peanut combine
harvester, and the test data was calculated and obtained by sampling and weighing. The
field trial site is shown in Figure 11.

Figure 11. Field trial. (a) Front of the machine in working condition; (b) Working condition of the
side of the machine.

According to the Agricultural Industry Standard of The People’s Republic of China—
Operation Quality of Peanut Harvester [34]. The pod crushed rate P1 and the peanut pod
miss leakage rate P2 were used as test indicators to evaluate the picking performance.

The formula for calculating the pod crushed rate in the test index is set as follows:

P1 =
M1

M1 + M2
× 100% (28)

where P1 is the crushing rate, %; M1 is the weight of the broken pods, kg; M2 is the weight
without broken pods, kg.

The formula for calculating the pod leakage rate in the test index is set as follows:

P2 =
W1

W1 + W2
× 100% (29)

where P2 is the missed pick rate, %; W1 is the weight of the unpicked peanut pods kg; W2
is the weight of the peanut pods that have been picked, kg.

3. Results and Analysis
3.1. Analysis of Simulation Tests for Multi-Factors
3.1.1. Test Factors Codes

To obtain better performance parameters of the peanut picking pair of rollers and
verify the theoretical analysis’s rationality, a three-factor, three-level quadratic regression
orthogonal combination test is conducted. This paper determines the experimental factors
affecting fruit picking performance through theoretical analysis. The test factors affecting
peanut picking performance were determined: clamping chain speed, fruit picking roller
angle, and fruit picking roller speed. The test used crushing rate and leakage pick rate
as response indicators. Therefore, this paper analyzes the test results and establishes a
response surface model. The optimal combination of parameters for the three main factors
affecting peanut crush and missed pick rate was finally determined. The test factor level
codes are shown in Table 4.
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Table 4. Test factors codes.

Test Factor Symbol
Test Level

−1 0 1

Clamping chain speed(m/s) A 0.7 0.95 1.2
Fruit picking roller angle (◦) B 6 10 14

Fruit picking roller speed (r/min) C 400 450 500

3.1.2. Multi-Factor Test Results and Analysis

A three-factor, three-level quadratic regression orthogonal test was carried out with
clamping chain speed, fruit picking roller angle, and fruit picking roller speed as test factors,
and pod crushed rate and pods leakage rate as evaluation indicators. The results were
analyzed according to the obtained data, and the significance analysis of the main factors
affecting the index was carried out. The test results are shown in Table 5.

Table 5. Results of the multi-factor test.

No.
Test Factors Evaluation Indicator

Clamping
Chain Speed

Fruit Picking
Roller Angle

Fruit Picking
Roller Speed

Pod Crushed
Rate Y1/%

Pod Leakage
Rate Y2/%

1 0 0 0 4.28 0.51
2 −1 −1 0 6.62 1.26
3 0 −1 1 8.06 1.78
4 0 0 0 3.29 0.96
5 0 0 0 3.59 0.48
6 0 0 0 5.36 0.62
7 1 0 1 3.39 2.46
8 0 1 1 11.28 1.14
9 1 0 −1 4.39 1.35

10 1 1 0 7.35 1.75
11 0 1 −1 10.07 0.99
12 1 −1 0 4.94 3.02
13 −1 1 0 11.07 1.98
14 −1 0 1 12.17 0.8
15 −1 0 −1 2.41 1.19
16 0 −1 −1 6.4 1.36
17 0 0 0 4.69 0.71

3.1.3. The Relationship between Test Factors and Evaluation Indicators

A multiple regression fit analysis was carried out on the data in Table 4 using Design-
Expert software. Development of orthogonal response surface regression models for pod
crushed rate and pod leakage rate with three independent variables: clamping chain
speed, picking roller angle, and picking roller speed. Analysis of variance (ANOVA) was
performed on the test data, as shown in Tables 6 and 7.

The model P for peanut pod breakage rate and peanut pod missed pick rate were
0.0008 and <0.0001 (p < 0.01), respectively, as analyzed by the data in the table. The data
from this regression model are highly significant. The p-values for the lack of fit were 0.2312,
0.7887. According to a regression model to optimize the working parameters of this peanut
pod picker. The effect of A, B, C, and AC, on the regression model was highly significant
in the pod crush rate model (p < 0.01). AB, BC and A2 had no significant effect on the
regression model (p > 0.05); The impact of A, AB, AC, A2, and B2 on the regression model
was highly significant in the pod leakage rate model (p < 0.01). BC, C2 had no significant
effect on the regression model (p > 0.05). The response surface regression model for Y1, Y2
on the three factors is:
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Y1 = 4.24− 1.53x1 + 1.72x2 + 1.45x3 − 0.51x1x2 − 2.69x1x3
−0.11x2x3 − 0.055x2

1 + 3.31x2
2 + 1.4x2

3
(30)

Y2 = 0.66 + 0.42x1 − 0.2x2 + 0.16x3 − 0.5x1x2 + 0.37x1x3
−0.067x2x3 + 0.74x2

1 + 0.61x2
2 + 0.055x2

3
(31)

where Y1 is the peanut crushing rate, %; Y2 is the peanut missed pick rate, %.

Table 6. Pod crushed rate analysis of variance.

Source
Pod Crushed Rate

Sum of Squares Freedom F p-Value

Model 145.93 9 15.41 0.0008
A 18.61 1 17.68 0.0040
B 23.63 1 22.46 0.0021
C 16.91 1 16.07 0.0051

AB 1.04 1 0.99 0.3532
AC 28.94 1 27.51 0.0012
BC 0.051 1 0.048 0.8326
A2 0.013 1 0.012 0.9159
B2 46.07 1 43.78 0.0003
C2 8.29 1 7.87 0.0263

Residual 7.37 7 - -
Lack of Fit 4.58 3 2.19 0.2312
Pure Error 2.78 4 - -

Total 153.29 16 - -

Table 7. Pod leakage rate analysis of variance.

Source
Pod Leakage Rate

Sum of Squares Freedom F p-Value

Model 7.62 9 31.41 <0.0001
A 1.40 1 52.04 0.0002
B 0.30 1 11.28 0.0121
C 0.21 1 7.72 0.0274

AB 0.99 1 36.73 0.0005
AC 0.56 1 20.87 0.0026
BC 0.018 1 0.68 0.4380
A2 2.30 1 85.42 <0.0001
B2 1.55 1 57.55 0.0001
C2 0.013 1 0.46 0.5177

Residual 0.19 7 _____ _____
Lack of Fit 0.040 3 0.36 0.7887
Pure Error 0.15 4 _____ _____

Total 7.81 16 _____ _____

The optimized equation after removing the non-significant regression term is as follows:

Y1 = 4.24− 1.53x1 + 1.72x2 + 1.45x3 − 2.69x1x3 + 3.31x2
2 + 1.4x2

3 (32)

Y2 = 0.66 + 0.42x1 − 0.2x2 + 0.16x3 − 0.5x1x2 + 0.37x1x3 + 0.74x2
1 + 0.61x2

2 (33)

As seen in Table 8, in the quadratic regression model of pod crushed rate Y1 and pods
leakage rate Y2 in this peanut picking trial, the p-value indicates that the two regression
models are highly significant. The correction coefficient Adj R2 for the regression model
for pod breakage rate Y1 was 0.9102, which shows that the model explained 91.02% of
the corresponding variation, and the model could not explain only 8.98% of the data.
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Similarly, the regression model for pod leakage rate Y2 explains 94.48% of the corresponding
variation. The model fit was good. The correlation coefficients R2 reached 0.9520 and 0.9758,
respectively, indicating that the two regression models simultaneously misfitted the errors
of this experiment less significantly. And it argues that the error during this experiment is
small, and the experimental data has strong reliability.

Table 8. Significance analysis of regression coefficient.

Test Items Pod Crushed Rate/Y1 Pod Leakage Rate/Y2

Correlation coefficient R2 0.9520 0.9758
Correction factor Adj R2 0.8902 0.9448

F 15.41 31.41
p 0.0008 ** <0.0001 **

Note: ** indicates highly significant difference. (p < 0.01).

3.2. Analysis of Model Interaction Terms

Based on the regression model analysis results, the interaction response surface was
plotted using data analysis software [33], as shown in Figure 12.

Figure 12. Response surface of the influence of factor interaction on pod crushed rate. (a) Interaction
between fruit picking roller angle and clamping chain speed; (b) Interaction between fruit picking
roller speed and clamping chain speed; and (c) Interaction between fruit picking roller speed and
fruit picking roller angle.

The law can be seen in Figure 12a. When the angle of the peanut picking roller and
the speed of the clamping chain increase, the peanut pod crushed rate shows a decreasing
trend. The main reason for that is the increased speed of the clamping chain and reduced
time the picking rollers spend acting on the peanut pods. This paper results in a reduced
pod crushed rate. As the relative angle of the peanut picking rollers increases, the minimum
picking collision force increases, resulting in a higher peanut pod crushed rate. It is therefore
concluded that the speed of the clamping chain has a greater influence than the angle of the
picking roller in affecting the peanut pod crushed rate. Figure 12b shows that the peanut
pod crushed rate trend decreases slightly as the clamping chain speed increases. And as
the picking roller’s speed increases, the peanut pod crushed rate increases. The reason
for this is that when the speed of the picking roller increases, the picking roller rotates
rapidly, and the impact force on the peanut pods and the number of slaps increase within a
certain period, leading to an increase in the pod crushed rate. The picking roller speed has
a greater influence than the clamping chain speed in affecting the peanut pod crushed rate.
As seen in Figure 12c, the angle of the peanut picking roller affects the effective picking
distance, and the speed of the peanut picking roller directly affects the collision force. The
analysis shows that the effect of the picking roll speed is higher than the picking roll angle
because both factors affect the crushing rate.

As seen from Figure 13a, as the speed of the clamping chain decreases, the time it takes
for the peanuts to enter the picking rollers will increase, and therefore the pod leakage rate
decreases. When the peanut picking roller angle is reduced, the peanut pod collision force
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is reduced, resulting in a lower rate of leakage picks. It is possible to conclude that the
effect of the clamping chain speed is higher than that of the picking roller angle regarding
the peanut pods leakage rate. Through Figure 13b, it is easy to find out that the peanut
pods leakage decreases as the picking roll speed increases. Pods leakage rate increases as
the clamping chain speed increases. The main reason for this is that the effective number of
pickings is directly proportional to the speed of the picking rollers. The effective number
of selections is inversely proportional to the speed of the clamping chain. The clamping
chain speed has a higher effect than the picking roll speed in influencing the peanut pod
leakage rate. As shown in Figure 13c, the peanut pods’ leakage picking rate decreases as
the picking roll speed increases—the angle of the picking roller increases, leading to the
pod leakage rate increasing. The analysis shows that the speed of the picking roll has a
greater influence on the rate of pod leakage picking than the angle of the picking roll. In
summary of the response graph analysis, the main and secondary factors affecting peanut
pod crushed rate and leakage picking rate are: picking roller speed > picking roller angle >
clamping chain speed.

Figure 13. Response surface of the influence of factor interaction on miss picking rate. (a) Interaction
between peanut picking roller angle and clamping chain speed; (b) Interaction between peanut
picking roller speed and clamping chain speed; and (c) Interaction between peanut picking roller
speed and picking roller angle.

3.3. Experimental Optimization and Validation

The analysis was based on the results of these tests described in this paper to further
improve fruit picking performance. The optimization objectives are the pod crushed rate
and leakage picking rate. The optimization targets included the picking roller speed, deter-
mining roller angle, and clamping chain speed. Use Design-Expert software to optimize
the regression model. The objective and constraint equations are as follows:

minY1(A, B, C)
minY2(A, B, C)

s.t.


−1 ≤ A ≤ 1
−1 ≤ B ≤ 1
−1 ≤ C ≤ 1

(34)

It concluded that when the clamping chain speed is 1.2 m/s. The relative angle
between the peanut picking roller and the clamping chain is 10◦. The speed of the peanut
picking roller is 500 r/min. The minimum pod crushing rate is 2.8% currently. Similarly,
when the clamping chain transmission speed is 0.84 m/s. The relative angle between the
peanut picking roller and the clamping chain is 11.2◦. The speed of the peanut picking
roller is 442 r/min. There is a minimum pod leakage rate of 0.67% at the time. According
to Agricultural Industry Standard of The People’s Republic of China—The Operation
Quality of Peanut Harvester [34,35]. The optimum working interval for a semi-feeding
peanut combine harvester adapted to a three-monopoly six-row can be derived as follows:
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Clamping chain speed 0.84–1.2 m/s, peanut picking roller angle 10◦–11.2◦, peanut picking
roller speed 442 r/min-500 r/min.

4. Conclusions

(1) This paper investigates the movement pattern of the peanut picking process and
the force on peanut pods. The basic parameters of the independently developed
three-monopoly six-row combined harvester for large-scale peanut harvesting are
demonstrated. The main factors affecting the efficiency of fruit picking are explored:
The transmission speed of the clamping chain holding the seedling fruit, the rate of
the peanut picking pair of rollers, the installation angle of the peanut picking rollers,
and the clamping chain.

(2) Through kinetic analysis, the stable relationship between the test factor and the test in-
dex is determined. The basic parameters of the fruit picking roller were calculated and
analyzed to determine the test factor clamping chain speed range of 0.7 m/s–1.2 m/s.
The installation angle range of 6◦–14◦ between the fruit picking roller and the clamp-
ing chain. Using the kinematic theory basis to establish a collision simulation model,
the peanut pods collided in different directions to determine the minimum critical
speed of the peanut picking roller. The JKR model theory determines the maximum
critical value of peanut pods to avoid breaking. When picking peanuts and the test
factor picking roller speed range of 400 r/min–500 r/min.

(3) Validated by field trials and response surface modelling. The optimum working
range of the three-monopoly six-row semi-feeding peanut combine harvester was
adapted to: clamping chain speed 0.84–1.2 m/s, fruit picking roller angle 10◦–11.2◦,
fruit picking roller speed 442 r/min–500 r/min. When the clamping chain speed was
1.2 m/s, the relative angle between the fruit picking roller and the clamping chain was
10◦, and the fruit picking roller speed was 500 r/min, the lowest fruit picking crushing
rate was 2.8%. Similarly, when the transmission speed of the clamping chain is 0.84
m/s, the relative angle between the picking roller and the clamping chain is 11.2◦,
and the speed of the picking roller is 442 r/min, there is a minimum fruit leakage rate
of 0.67%.

(4) This significantly reduced the breakage and leakage rates during peanut harvesting,
and both were better than the industry standard [14,34,35]. The working efficiency
of this three-monopoly, six-row peanut combine harvester is greater than 0.4 hm2/h.
The operating efficiency of one-monopoly, two-rows of peanut combine harvesters
in the market is 0.12–0.16 hm2/h. Under the condition that the missed picking rate
and broken rate meet the industry standards, the peanut harvesting efficiency is
greatly improved.
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