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Abstract: When the film is under no stress, it does not show any stiffness or capability to withstand
loads. Therefore, with the help of ANSYS motion, the author applied pre-stress, controlled point
coordinates and the equation of equivalent stress surface and used form-finding conditions to explore
the equilibrium state of the films in different depths. The author established curve fitting equations
and designed a new membrane-removing mulch film recovery machine. The author also analyzed
key components and separately established regression equations between recovery rate, damage rate,
release rate and the working angle of film picking mechanism, as well as the regression equation
between the depth of picking mechanism into the soil and the working angle of clamping conveyor.
Then the author conducted the variance analysis on these regression equations. By using Design
Expert 8.0.6 to optimize the solution, when the working angle of the pick-up mechanism is 27.31◦,
the depth of the pick-up mechanism is 73.0 mm. The working angle of the clamping and conveying
device is 38.33◦, the recovery rate is 93.9% and the damage rate is 89.3%. The test result shows that
when parameters are set as above values, the recovery rate of residual film is 92.5%, the release rate
is 87.6% and the error values of damage rate and release rate are both lower than 1.5%, which have
verified the feasibility of the optimization solution. The experimental result can work as a reference
for the optimum working parameters of the new membrane-removing mulch film recovery machine.

Keywords: the recovery rate of the residual film; film picking mechanism; parameter optimization;
design of experiment

1. Introduction

The film mulching cultivation technique has obvious efficiency of water-saving, heat
preservation, salt suppression and yield increasing, which has been widely applied in the
field of mass agriculture production. As a big agriculture province, Xinjiang has varieties
of cash crops, and its film coverage area of farm corps is kept beyond 759.31 khm2 per year.
Taking cotton as an example, Xinjiang holds 8% of the world’s total output [1–3]. Compared
with planting cotton in open fields, planting cotton with film mulching cultivation can
increase the production by 30~50% in general and 40~60% at most. According to statistics,
mulch film could be detained for 8~10 years in the soil, and the average residue quantity
of waste film reaches 187.5 kg per hectare, which causes the production to reduce by
17% [4–12]. The looser the soil is, the lower the moisture content and viscosity are, and
the higher the plastic film pick-up rate is. “White pollution” has affected the sustainable
development of agriculture [13–22]. Mechanized residual film recovery technique provides
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an effective means for residual film recovery, but the structure is more complicated, the
reliability is low, and the recovery effect is poor [23].

In the 1980s, domestic and foreign agricultural machinery scholars started the research
on residual film recycling machines. According to different working principles, film
recovery machines could be classified into many types, such as clamping finger-chain, arc
tooth, rolling bundle and chain screen [24–26]. When the finger chain mulch film recovery
machine is working, the finger picks up the remaining film around the pitch line of the
lower sprocket. When passing the upper sprocket, the finger stretches and the mulch
film drops to the collecting box due to gravity. The arc tooth and rolling bundle residual
film recycling machine collects films by spike tooth. Missed films are pierced again by
spike tooth after being tucked up by the film raking spring-finger. When the spike tooth
is pierced into the soil too fast, the impact force is too much, which tears the films into
strips and makes it impossible to pick up the films. When the chain screen residual film
recycling machine is working, the digging shovel scoops up the mixture of mud and film.
Through shaking in the chain tooth, film impurity separation is performed on the screen
surface. However, in the recovery process, when the speed of the sprocket mechanism
is too low, the residence time of the mixture is relatively short, and the screening cannot
be achieved. In accordance with the problems such as low recovery rate, high impurity
rate and high damage rate in the residual film recycling process, the paper designed a
new membrane removing mulch film recovery machine, which can achieve film impurity
separation in the process of residual films picking up. The new machine could achieve
collecting more films in the previous work stroke and separate more impurities without
detaching from mulch films in the post-work stroke. Moreover, the machine applies pre-
stress to the film along and perpendicular to the membrane line. The machine controls
point coordinates and iso-stress surface equation to determine the action range of the angle
and depth of the film pick-up mechanism when the machine is working. This paper applied
the Design Expert 8.0.6 optimization solution and was verified through experiments. The
0.008 mm–0.010 mm white polyethylene agricultural film is commonly used in recyclable
cotton fields.

2. Experimental Method

In the residual film recycling process, fracture elongation is one of the mechanical
property indexes to measure the strength of residual films. In the general case, fracture
elongation is the ratio of displacement increments to initial line mark distance when the
specimen is at the point of tension fracture:

δb =
L− L0

L0
(1)

where

δb = the fracture elongation (%);
L = the marking distance at the point of tension fracture (mm);
L0 = the initial line mark distance (mm).

The tensile test condition parameters are as shown in Table 1.

Table 1. Tensile Test Condition Parameters.

Items
Tensile Test Specimen

Horizontal Stretch Longitudinal Stretch

Tensile Rate (mm/min) 500 500
Initial Line Mark Distance (mm) 100 100

Specimen Width (mm) 10 10
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The tensile load and deformation curve are shown in Figure 1. As the soil layer depth
increases, the tensile force F of tearing residual film shows an overall decreasing trend.
When h is larger than 110 mm but no more than 120 mm, the water content w is 9.63%.
According to the tensile force and deformation diagram, the energy generated by the
resistance of the residual film to soil and impurity resistance is 1.52 J, and the tensile force
is 1.393 N–1.432 N. When the soil depth is 100 mm < h ≤ 110 mm, the moisture content
“w” is 11.72%, the energy produced is 4.11 J and the tensile force is 1.115 N~1.373 N. When
70 mm < h ≤ 90 mm, the moisture content “w” is 16.13%, the energy produced is less than
1.2 J and tensile force is 1.314 N~1.388 N, which has no significant difference.
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Figure 1. Tensile Force–Deformation Curve.

In the process of plastic deformation, the polynomial fitting is separately applied on
the tensile force–deformation curve when the soil depth is 90 mm < h ≤ 120 mm, which is
as shown in Equation (2).

y =


−E− 12x4 + 5E− 0.9x3 − 0.6x2 + 0.0047x + 0.4194R2 = 0.9158
2E− 15x5 − 12x4 − 0.8x3 − 0.5x2 + 0.0059x + 0.5376R2 = 0.9213
4E− 16x5 − 12x4 − 0.9x3 − 0.6x2 + 0.0039x + 0.6242R2 = 0.9172

(2)

where

E = the constant 10;
R2 = the correlation coefficient of the polynomial fitting, which characterizes the degree of
the linear correlation;
x = the represents deformation extent, and y represents tensile force.

According to Chinese Standard, the regulation of surface and deep mulch films in
GB/T 25412-2010 is as follows: when the distance to the ground surface is 0 mm~100 mm, it
belongs to surface mulch film; when the distance is over 100 mm, it belongs to deep mulch
film. After previous experiments, the mechanical property of the mulch film is assured to be
negligible when the distance to the ground surface is over 120 mm. Preliminary experiments
also studied the mechanical properties between the shallow mulch film ranging 0 mm to
100 mm from the mulch film soil surface and mulch film ranging 100 mm to 120 mm from
part of the deep soil surface.

From the above equation, we can establish that when the soil depth is 90 mm < h ≤
120 mm, the full force is 1.29 N based on the Lagrange interpolation method.
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3. The Structure and Working Principle

The machine mainly consists of an ellipse gauge film-picking mechanism, finger
clamping, transmission chain, four-link screen device, film collecting box, etc. The structural
diagram is, as shown in Figure 2b, the positive view of the recovery machine, and Figure 2c
is the top view of the recovery machine. The transmission system mainly adopts two-stage
transmission. The tractor pulls the traction frame 5 to move forward along the film line.
The rear output shaft of the tractor decelerates through the bevel gear transmission and
drives the elliptical gauge film picking mechanism 2 to embed into the soil to pick up the
residual film periodically. The longitudinal guide rail 3 controls the penetration depth of
the elliptical gauge film picking mechanism 2. The transverse guide rail 3 controls the
penetration depth and working angle of the elliptical gauge film picking mechanism 2.
After two-stage chain drive deceleration, the clamping finger 7 on the conveying chain
clamps the residual film of the elliptical gauge film picking mechanism 2 and transports it to
the film stripping roller 8. Finally, the residual film is conveyed to the four-bar screen device
9 separating the cotton boll, cotton shell and sandrock, as shown in Figure 2a. Therefore,
more impurities are thrown into the soil due to the action of gravity, and the residual film
enters the film collecting box 1. The complete processes such as picking up, stripping and
separation of membrane impurities are completed. After the multi-cycle reciprocating
motion, the field residual membrane recovery operation is completed. In order to achieve
effective residual film recovery, it is necessary to perform modeling and optimization on
the parameters of the film picking mechanism.
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screen device. The structural diagram of the new film-picking with impurity separation residual film
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In order to achieve effective residual film recovery, it is necessary to perform modeling
and optimization on the parameters of the film picking mechanism. The major technical
parameters of a new film-picking mulch film recovery machine with an impurity separation
function are shown in Table 2.

Table 2. Major Technical Parameters.

Items Design Values

The Size of the Specimen/mm×mm×mm 1300 × 1250 × 780
Traction Mode Traction

Auxiliary Power/kw 30~66
Operating Speed/km·h−1 ≥3.5

Recovery Rate/% ≥85

3.1. The Design of the Film Picking Mechanism

Currently, the thickness of the mulch films, which are widely used in the Xinjiang re-
gion, is 0.008 mm, and the tensile strength of the film is lower than 0.010 mm~0.015 mm [27].
The ground surface is mixed with impurities such as plant stems, which make it difficult to
collect the whole piece of the film. In order to achieve massive recovery and recycling of the
mulch film, the paper designed a double-slider crank mechanism, which is used for film
picking-up and intermittent film-cutting. As shown in Figure 3, the movement trajectory
of the film pick-up mechanism is the forward and circular movement. The film picking
mechanism in the design is made up of an upper rocker OB, down rocker BD, support bolt
3, etc. The connection way between upper rockers A and down rockers C is the pin joint.
The supporting part relies on the coordination between the support bolt and bolt shank to
adjust the dip angle of soil entry, and the adjusting range of the dip angle is 7~35◦. The
bolt shank is embedded in the down rocker to achieve the top length adjustment of the film
picking rod, and the adjusting range is 30 mm~72 mm.

Set AB = l1, BC = l2 , CD = l3 , ∠BCD = θ

AB = l1; BC = l2; CD = l3; ∠BCD = θ
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Then the horizontal and longitudinal displacements of terminal D are separate:{
XD = (l2 + l1) cos(wt) + l3cos(wt + θ − π)
YD = (l1 − l2) sin(wt)− l3sin(wt + θ − π)

(3)

Compared to the frame, the horizontal and longitudinal displacements of terminal D
are separate:  XD =

√
(l 2+l1 − l3 cos θ)2+(l 3 sin θ)2 cos(wt− α)

YD =
√
(l 2 − l1 − l3 cos θ)2+(l 3 sin θ)2 sin(wt− β)

(4)

Additionally, set 

α = arctan( l3sin θ
l2+l1−l3cos θ )

β = arctan( l3sin θ
l2−l1−l3cos θ )

R1 =
√
(l 2+l1 − l3 cos θ)2+(l 3 sin θ)2

R2 =
√
(l 2 − l1 − l3 cos θ)2+(l 3 sin θ)2

(5)
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Compared to the inertial coordinate system, the horizontal and longitudinal displace-
ments of terminal D are separate:{

XD = R1 cos(wt− α)+kt
YD = −R2 sin(wt− β)

(6)

After obtaining the first and secondary derivatives of time on both sides of Equation (6),
then the horizontal and longitudinal velocities of terminal D in the double-slider crank
are separate: {

VDX = −wR1 sin(wt− α)+k
VDY = −R2 cos(wt− β)

(7)

The horizontal and longitudinal accelerations are separate:{
aDX = −w2R1 cos(wt− α)

aDY= w2R2 sin(wt− β)
(8)

3.2. The Design of Clamping Conveying Mechanism

The clamping conveying mechanism is one of the key components to achieve residual
film recovery, so its reliability and operation effects decide the recovery rate of residual films.
Comparing the film conveying effects of embedded, horizontal and longitudinal clamping
fingers, the horizontal is the best. The horizontal clamping fingers can significantly reduce
the hard-to-disperse rate of impurities and film. If the distance of adjacent clamping fingers
is too small, it is easy to cause secondary damage to residual films, and it is hard to disperse
the film and impurities. If the distance is too large, the leakage phenomena of residual
film picking will be serious. The schematic diagram of finger clamping movement in
adjacent periods is as shown in Figures 4 and 5. OC is the projectile motion of film impurity.
O is the contact point in which the film stripping roller pulls away from the residual
film from the clamping finger and is the origin of the Cartesian right-angle coordinate
system. The horizontal direction is the x-axis. The vertical direction is the y-axis. xc is
the horizontal displacement during film impurity ejection. yc is the vertical displacement
during film impurity ejection. A is the critical contact point between the membrane picking
mechanism and the soil. B is the contact point between the film picking mechanism and
the clamping fingers.
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Figure 5. Schematic diagram of the movement trajectory of the finger in adjacent periods.

Under the drive of the transmission system, the crank performs a clockwise rotational
motion from A to B, and the film picking rod inserts into the soil from 1 (2) to pick up films
and leave at 1 (2) conveying films. The area surrounded by the motion trajectory and the
soil surface is the effective area of film picking-up. The onward speed is k. The rotational
speed is w. The equivalent diameter is R2. We marked that the machine arrived at 1 at the
time of t1, at 1 at the time of t2, at 2 at the time of t3 and at 2 at the time of t4. h is the depth
between A point of membrane picking mechanism between the ground surface. X1 is the
displacement of the implement in one cycle. X2 is the total displacement of the implement
and film picking mechanism in two cycles. ∆X′11 is the horizontal displacement embedded
in the soil of the picking film mechanism in the cycle. ∆X′12 is the suspended horizontal
displacement of picking film mechanism in the cycle. ∆X′22 is the horizontal displacement
embedded in the soil of the picking film mechanism in the next cycle.

The condition of the film picking machine to miss picking up films is:

∆X′11 − X0 ≥ 0 (9)

where:
X0 = the forward displacement of the film picking mechanism separating from the soil

in one cycle.
Place Equation (9) into Equation (4), then:

k

5π

2
− arcsin


√

R2
2 − h

R2

− πw

√
2h
√

R2
2 − h− h2 ≤ 0 (10)


N2cos ϕ + N1= mgcosϕ

T2= mgsinϕ + T1+µN1 − N2sin ϕ
f1= µN1

(11)

where:

T1 = the pulling force of film picking mechanism on residual film (N);
T2 = the pulling force of clamping finger on residual film (N);
N1 = the supporting force of clamping finger on residual film (N);
N2 = the supporting force of film picking mechanism on residual film (N);
m = the mass of the residual film (Kg);
f = the friction between residual film and impurities (N);
g = the acceleration of gravity (m/s2);
µ = the friction coefficient between residual film and impurities;



Processes 2022, 10, 455 9 of 26

ϕ = angular separation between straightening direction and horizontal direction of the
residual film.

From Equation (11), we can establish that the compulsory condition of residual films
obtaining secondary damage in the tangential direction is:

T2 −mgsinϕ− T1 − µN1 − N2 sin ϕ ≤ 0 (12)

In the radial direction, the resultant force to bear for residual films is:

FResultant force= mw2R > mgcosϕ− N1 − N2cos ϕ (13)

where

R = curvature radius of the film picking mechanism in a non-uniform circular motion (m);
ϕ = the longitudinal included angle formed by gravity and the clamping finger.

In the process of film impurity separation, due to gravity, residual films fall into the
four-link screen device. The residual films, mixed with impurities, will perform variable
speed circular motion after being released from clamping fingers. The motion velocity of
residual films and impurities could be regarded as the same. Residual films will perform
variable speed circular motion taking R as the radius in the film picking process and
performing low-speed parabolic motion after moving out of the ground. Moreover, the air
resistance is proportional to velocity, which means the air resistance is:

Fa = −kv (14)

where

Fa = the air resistance (N);
k = the resistance coefficient (N·s/m);
v = the velocity of residual films (m/s).

The linear velocity of residual films equals the linear velocity of clamping fingers
when residual films leave clamping fingers, which is:

v1 =
πRn1z1

30z2
(15)

where

z1 = the tooth number of spindle sprocket wheels of the film picking machine;
n1 = spindle speed of the film picking mechanism (r/s).

From Equation (13) to Equation (15), we can establish that, in the process of film
impurity separation, the spindle’s critical minimum rotational velocity of the film picking
machine is:

n1 >
z2

√
mgcosϕ−N1−N2cos ϕ

mR

2πz1
(16)

where

n1= the spindle’s rotational velocity of the film picking machine, r/s;
z2 = the tooth number of sprocket wheels.

The curvature radius of the film picking machine performing the circular motion is:

RR =

∣∣∣∣∣∣∣∣∣
1+
(

1 +
(

dy
dx

)2
)3/2

d2y
dx2

∣∣∣∣∣∣∣∣∣ =
∣∣∣∣∣∣∣∣∣∣

1+

(
1+
(
−R2 cos(wt−β)
−R1 cos(wt−α)+k

)2
)3/2

R2sin(wt− β)(−R1w sin(wt− α) +k)

R3
1w4 cos3(wt− α)

−
(

wR1R2 cos(wt−α) cos(wt−β)

R3
1w4 cos3(wt−α)

)
∣∣∣∣∣∣∣∣∣∣

(17)
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Based on Taylor series expansion of Equation (17), after collation, we can obtain:

R =
l

η sin(wt − α) sin(wt − β)− ρ cos(wt − α) cos(wt − β)
×

R2
2w3(wt − α)2

R1(wt − α)
(18)

where

l = the proportional coefficient;
η = the sinusoidal coefficient;
ρ = the cosine coefficient.

Films and impurities perform parabolic motion after releasing from clamping fingers.
The motion trajectory decides the film-striping effects of the stripping roller. After perform-
ing kinematics analysis on this process, the working parameters of the machine can be
determined. Establish a Cartesian rectangular coordinate system with the projectile point
as the origin of the coordinates. Then, the force condition of films and impurities after
being projected is shown in Figure 3 [28].{

vx= v2e
εt
m

vy= (v 2 −
mg
ε )e

εt
m + mg

ε

(19)

where

v2 = the initial velocity of films and impurities being projected (m/s);
vx = the horizontal vector of the initial velocity (m/s);
vy = the vertical vector of the initial velocity (m/s);
t = the period time from films and impurities being projected to touching the stripping
roller (s);
ε = the damping coefficient.

Films and impurities are under the interaction of air resistance and gravity. Through
the integration with the parameter of Equation (19), we can establish that the horizontal
and longitudinal displacements of films and impurities from being projected to touching
the stripping roller are: xc =

∫ t
0 v2e

εt
m dt = v2

m
ε

(
e

εt
m − 1

)
yc =

∫ t
0

((
v2 − mg

ε

)
e

εt
m + mg

ε

)
dt =m

ε

[(
v2 − mg

ε

)(
e

εt
m − 1

)
+ mgt

ε

] (20)

v3 =
πdz1n1

60z3
(21)

where

v3 = the velocity of the stripping roller (m/s);
d = the pitch circle diameter of the sprocket wheel;
z3 = the tooth number of the sprocket wheel on the film-stripping roll shaft.

The film-stripping mode is the reverse film-stripping of the stripping roller, and the
necessary condition of normal film-stripping is:

v =
√

v2
x+v2

y ≥ v3 (22)

By setting the simultaneous equation of Equations (21) and (22), we can establish that
the critical maximum of the spindle’s rotational velocity of the film picking machine is:

n1 ≤
60z3v3

πdz1
(23)

From the above analysis, when the adjacent winding lines overlap, the leakage phe-
nomenon is avoidable and periodic film-picking can be realized during the residual film
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recycling process. The film-picking mechanism and the clamping conveying mechanism
should be in a reasonable proportion. In order to avoid secondary damage to the residual
film, the minimum tensile strength to bear in the radial direction should be less than the
horizontal fracture strength of residual films. The necessary conditions of film impurity
separation and normal film-stripping could be the theoretical basis of the design of the
film-picking mechanism.

Based on the operation requirements of residual film recovery, the onward velocity of
the residual film recycling mechanism should be 2.2 km/h~5.0 km/h, and the rotational
speed of the film-picking mechanism is 1.5 r/s~2.8 r/s. Through the analytical method and
the critical condition of secondary damage of residual film, the following values can be
determined. The spacing between fingers is 291.2 mm. The maximum tensile angle of the
finger is 12◦. The angle between the conveyor chain and the horizontal plane is 28◦.

3.3. The Analysis of the Film-Picking Mechanism
3.3.1. The Analysis of the Film-Picking Mechanism

After cotton straw recovery, marginal films are difficult to be recycled because of
the following reasons. The residual films are detained in the soil for a long time and
collapsed by impurities such as straw, stems, leaves and weeds. The residual films were
crushed by the soil. The membrane-soil model equivalent is set to a plane with fixed sides,
rotating around the center. Residual films do not show any stiffness without stress. After
applying suitable pre-stress on the film to make it show enough stiffness, the deformed
shape of the unit and the constraint graph in boundary condition can be determined, as
shown in Figure 6. The film unit does not possess the properties of anti-bending and
anti-compression. The initial form is set to under with constraints. After applying initial
stress and iterative calculation, the derivation proceeds under the equilibrium condition.
The SHELL181 shell element is adopted to establish the structure of residual films, and
the film material is defined as in-plane isotropic material. The density of mulch films is
9.2 × 102 kg/m3. The elastic modulus is 6.21 × 105 Pa. The Poisson ratio is 0.35. Fixed
constraints are made in x, y, z directions and in the displacement of radial boundary lines
in x and z directions. The paper added contour maps of the displacement field and the
Mises equivalent stress distribution, which are as shown in Figures 7 and 8. Residual
errors are all less than the convergence criteria. The maximum displacement is 1.62372 mm.
The dangerous stress value is 0.401876 Pa, and it acts on the point (0, 11.3894, −5). The
displacement field is the largest at the center and decreases by a constant gradient along
the circumference. The minimum deformation value is 0.144704 mm, and the maximum
deformation is less than the allowable deformation of residual films after harvest.
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3.3.2. The Dynamic Simulation Analysis of the Film-Picking Process

The film-picking mechanism is one of the key components of the residual film recycling
mechanism. The paper uses the Workbench/explicit dynamics module to analyze the
nonlinear dynamics problems of the film-picking process. The material of the film-picking
machine is defined as 65 Mn steel, and the density is 7850 kg/m3. The elastic modulus is
2.1 × 1011 Pa, and the Poisson ratio is 0.34. The soil type is sandy soil, and its density is
2600 kg/m3. The elastic modulus is 1 × 107 Pa, and the Poisson ratio is 0.38. The thickness
of the mulch film is 0.008 mm. The contact manners between the soil and the film-picking
machine and between the film-picking machine and the mulch film are both frictional
contacts. The contact manner between the soil and the mulch film is Rough contact. The
static friction coefficient between the soil and the film-picking machine is 0.62, and the
dynamic friction coefficient is 0.051. The static friction coefficient between the film-picking
machine and the mulch film is 0.57, and the dynamic friction coefficient is 0.048. Based on
the actual operation in the actual residual film recycling process, the horizontal velocity of
the film picking machine is 3.8 km/h, the angular velocity is 5.1 rad/s and the treatment
time is 0.018 s. The deformation diagram and the stress diagram of the film-picking
machine are as shown in Figures 9 and 10. The operation of the film-picking machine
contains two processes, which are inserting into the soil to pick up films and leaving the soil
with films. The deformation value in the end and corner of the film-picking machine are
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the largest (the amplification coefficient is 10). The actual maximum deformation value is
0.96331 mm, and the actual maximum stress value is 2.2068 Mpa. When the mulch film, soil
and straws attrite and rub with each other, it is easy to produce electrostatic. This causes a
higher impurity rate, and the damage rate of the mulch film is also increased significantly.
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Establish the 3D parametric assembly model of the double-slider crank film-picking
machine, as shown in Figure 11. Save the model as Parasolid (.X_T) and import it into
Adams/view. Add the following constraints to the physical parameters mentioned in
Section 3.2 under the connector module [29]. The connection between crank and ground,
rocker and the upper and down sliders is rotating. The crank, upper, down sliders and
ground, is translational. The rotary driving angular velocity between crank and ground
is 2.2 rad/s. The movement driving velocity is 1200 mm/s. Increase the simulation
run velocity and decrease Lagrange iteration times [30]. Keep one double-slider crank
film-picking machine. Set the simulation time as 1 s and the length as 250 steps.
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Figure 11. The model motion diagram. 1. Longitudinal slider; 2. Frame slider; 3. Crank; 4. Horizontal
slider; 5. Rocker.

Set mark points MARKER7 and MARKER8 at the corner and end of the rocker. A series
of kinematics results are output from Adams/Postprocessor. Figure 12a is the path curve
of marked points (MARKER7 and MARKER8). Figure 12b is the curve of the horizontal
displacement of the marked point (MARKER7 and MARKER8) with time. Figure 12c is the
curve of the vertical displacement of the marked point (MARKER7 and MARKER8) with
time. Figure 13 is the curve of the linear velocity of the marked point with time.

Processes 2022, 10, x FOR PEER REVIEW 15 of 26 
 

 
(a) 

 
(b) 

 
(c) 

Figure 12. (a) The curve of combined displacement. (b) The curve of the horizontal displacement 
of the marked point with time. (c) The curve of the vertical displacement of the marked point with 
time. 

Figure 12. Cont.



Processes 2022, 10, 455 15 of 26

Processes 2022, 10, x FOR PEER REVIEW 15 of 26 
 

 
(a) 

 
(b) 

 
(c) 

Figure 12. (a) The curve of combined displacement. (b) The curve of the horizontal displacement 
of the marked point with time. (c) The curve of the vertical displacement of the marked point with 
time. 

Figure 12. (a) The curve of combined displacement. (b) The curve of the horizontal displacement of
the marked point with time. (c) The curve of the vertical displacement of the marked point with time.

Processes 2022, 10, x FOR PEER REVIEW 16 of 26 
 

 
Figure 13. The curve of the linear velocity of the marked point with time. 

As shown in Figure 12a, The operation depth of the film-picking machine is 110 
mm~115 mm, which meets expected requirements. The effective picking area surrounded 
by the corner (MARKER7) and the end of the rocker (MARKER8) is 8211 mm2. As shown 
in Figure 12b, there is no variable length at entry and departure points of the single film-
picking machine to remove the leakage phenomena. The difference of horizontal displace-
ment between MARKER7 and MARKER8 is 0.311 m. According to design requirements, 
it can avoid secondary damage caused by miss-picking and the film picking mechanism. 
As shown in Figure 12c, during 0 s~0.17 s, the film-picking machine is embedded into the 
soil, and the residual film is depressed extruded by the soil. During 0.17 s~0.38 s, the film-
picking machine leaves the soil with films. (The clamping fingers clamps the residual film 
at the end of the film picking mechanism). Under the action of inertia, films and soil con-
tinue the variable circular motion in 0.38 s~0.64 s. In 0.38 s, the vertical coordinates of the 
corner and end of the film-picking machine are the same. The soil falls due to gravity. The 
residual film needs to overcome its gravity, the fraction and cohesive force of the soil and 
air resistance. Upon previous experiments results, when the end speed of the film-picking 
mechanism is greater than 1.51 m/s in unit volume, the residual film continues the varia-
ble-speed circular motion. At 0.8 s, the clamping conveyor clamps the residual film to 
complete film picking and conveying. 

4. Field Test 
4.1. Test Conditions 

The test location is the Eighth Division of Xinjiang Production and Construction 
Corps, China. The average flatness of the test field is between −11.7 mm and 23.6 mm. The 
moisture content of the soil is 16.8~19.7%. Drip tapes were recycled. The cotton plant mode 
is one film covering six rows, and the film-covering time is 160d. The machine is pulled 
by a John Deere tractor. 

4.2. Test design and Methods 
Upon previous experiments, the main factors influencing the operation result are the 

onward speed x1, the working angle of the film-picking machine x2 and the depth into the 
earth of the machine x3. The response indexes are the recovery rate of residual films D, the 
damage rate E and the release rate N; these indexes are tested according to the Chinese 
Standard GB/T 25412-2010 Residual Film Recycling Machine. The paper adopts a central 
composite quadratic regression rotatable orthogonal experiment and full implementation 
action [31,32]. There are 20 experimental sites in total, which include eight two-level tests, 
six star and six zero-level tests [33]. The length of the star arm is 1.682. The coding level of 
test factors is shown in Table 3. 

Figure 13. The curve of the linear velocity of the marked point with time.

As shown in Figure 12a, The operation depth of the film-picking machine is
110 mm~115 mm, which meets expected requirements. The effective picking area sur-
rounded by the corner (MARKER7) and the end of the rocker (MARKER8) is 8211 mm2.
As shown in Figure 12b, there is no variable length at entry and departure points of the
single film-picking machine to remove the leakage phenomena. The difference of hori-
zontal displacement between MARKER7 and MARKER8 is 0.311 m. According to design
requirements, it can avoid secondary damage caused by miss-picking and the film pick-
ing mechanism. As shown in Figure 12c, during 0 s~0.17 s, the film-picking machine is
embedded into the soil, and the residual film is depressed extruded by the soil. During
0.17 s~0.38 s, the film-picking machine leaves the soil with films. (The clamping fingers
clamps the residual film at the end of the film picking mechanism). Under the action of
inertia, films and soil continue the variable circular motion in 0.38 s~0.64 s. In 0.38 s, the
vertical coordinates of the corner and end of the film-picking machine are the same. The
soil falls due to gravity. The residual film needs to overcome its gravity, the fraction and
cohesive force of the soil and air resistance. Upon previous experiments results, when
the end speed of the film-picking mechanism is greater than 1.51 m/s in unit volume, the
residual film continues the variable-speed circular motion. At 0.8 s, the clamping conveyor
clamps the residual film to complete film picking and conveying.
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4. Field Test
4.1. Test Conditions

The test location is the Eighth Division of Xinjiang Production and Construction Corps,
China. The average flatness of the test field is between −11.7 mm and 23.6 mm. The
moisture content of the soil is 16.8~19.7%. Drip tapes were recycled. The cotton plant mode
is one film covering six rows, and the film-covering time is 160d. The machine is pulled by
a John Deere tractor.

4.2. Test Design and Methods

Upon previous experiments, the main factors influencing the operation result are the
onward speed x1, the working angle of the film-picking machine x2 and the depth into the
earth of the machine x3. The response indexes are the recovery rate of residual films D, the
damage rate E and the release rate N; these indexes are tested according to the Chinese
Standard GB/T 25412-2010 Residual Film Recycling Machine. The paper adopts a central
composite quadratic regression rotatable orthogonal experiment and full implementation
action [31,32]. There are 20 experimental sites in total, which include eight two-level tests,
six star and six zero-level tests [33]. The length of the star arm is 1.682. The coding level of
test factors is shown in Table 3.

Table 3. Test Factor Level Table.

Test Level

The Test Factors

The Working Angle of the
Film-Picking Mechanism x1/◦

Depth Into the Soil of the
Film-Picking Mechanism x2/mm

The Working Angle of the Clamping
Conveyor Mechanism x3/◦

−1.682 8.452 24.724 23.816
−1 18 37 32
0 32 55 44
1 46 73 56

1.682 55.548 85.276 64.184

4.3. Test Indicators

In the test recycling process, recovery rate and release rate reflect the overall residual
film recycling condition and the working performance of the machine. Damage rate directly
influences the recycling and reuse result of residual films [34,35]. The test indicators are
drafted as follows. The recovery rate D is defined by Equation (24), damage rate E by
Equation (25) and release rate N by Equation (26).

D =
me

mc+md+me
(24)

E =

(
s1 − me

m0
s0

)
s1

(25)

N = 1−
m f

me
(26)

where

m = the flattening gross mass of residual films from the film collecting box (g);
mc = the mass of residual films which fall in the testing area (g);
me = the mass of residual films which winds in the film-picking machine and clamping
conveyor (g);
mf = the mass of residual films in the film collecting box (g);
m0 = the per unit area mass of unused films (g);
s0 = the unit area of unused films (m2);
s1 = the flattening gross area of residual films from the film collecting box (m2).
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In the testing area, 15 measuring fields are selected randomly, where the procession
length of the machine is 18 m. In each measuring field, the measuring position is selected
randomly, whose length is 150 m and width is 80 m. Four measuring points are randomly
picked in the range of 1/6 diagonal of the four corners. The intersection point is added as
the first five measuring points. Then another five testing points are randomly selected in
the area near but not overlapping with the previous five points as the testing points after
the operation.

The test scheme and results are as shown in Table 4.

Table 4. Test plan and results.

No.

Test Factors Response Index

The Working
Angle of Film

Picking
Mechanism x1/◦

Depth of Pick-up
Mechanism into
the Soil x2/mm

The Working
Angle of

Clamping
Conveyor x3/◦

Recovery Rate
D/%

Damage Rate
E/%

Release Rate
N/%

1 −1 −1 −1 86.90 30.02 87.48
2 1 −1 −1 86.08 29.32 89.00
3 −1 1 −1 83.16 31.6 89.64
4 1 1 −1 84.69 30.27 89.44
5 −1 −1 1 87.05 31.25 86.10
6 1 −1 1 88.95 29.66 85.79
7 −1 1 1 84.35 31.95 88.11
8 1 1 1 85.87 30.88 87.65
9 −1.682 0 0 85.60 30.75 88.05

10 1.682 0 0 90.96 28.36 85.08
11 0 −1.682 0 86.90 30.02 87.48
12 0 1.682 0 84.64 31.97 87.79
13 0 0 −1.682 83.91 30.89 89.60
14 0 0 1.682 86.85 31.50 86.05
15 0 0 0 92.04 27.88 84.48
16 0 0 0 92.21 28.06 84.13
17 0 0 0 86.90 30.02 87.48
18 0 0 0 92.68 28.17 83.55
19 0 0 0 93.18 27.57 82.75
20 0 0 0 92.31 27.85 84.24

4.4. The Analysis and Optimization of the Test Results
4.4.1. The Establishment and Significance Test of the Regression Equation

With the help of the test design and data processing software, Design Expert 8.0.6,
the fitting analysis of the quadratic polynomial regression was applied to the results in
Table 2, and the optimal parameter solution was obtained. The regression equations for
the recovery, damage and film removal rate to the working angle, buried depth of pick-up
mechanism and the working angle of clamping conveyor were established, respectively.
The regression equation was analyzed by variance, and the result is shown in Table 5.

D = 90.70 + 1.70x1 + 3.22x2 + 2.48x3 + 2.16x1x2 − 1.86x1x3 + 2.24x2x3 − 3.17x2
1 − 5.43x2

2 − 6.05x2
3 (27)

E = 19.68− 0.62x1 − 5.92x2 − 5.07x3 − 0.49x1x2 − 0.14x1x3 + 0.29x2x3 + 1.31x2
1 + 3.33x2

2 + 3.18x2
3 (28)

N = 75.74− 1.06x1 + 2.71x2 − 1.92x3 − 1.65x1x2 + 1.98x1x3 − 2.55x2x3 + 1.59x2
1 + 1.84x2

2 + 2.60x2
3 (29)
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Table 5. Regression analysis of variance.

Source of
Variance

Recovery Rate D/% Damage Rate E/% Release Rate N/%

Sum of
Squares

Degree of
Freedom F Value p Value Sum of

Squares
Degree of
Freedom F Value p Value Sum of

Squares
Degree of
Freedom F Value p Value

Model 1305.1 9 25.3 <0.0001 ** 776.5 9 28.3 <0.0001 ** 425.48 9 7.2 0.002 **
x1 39.2 1 6.8 0.02 * 5.2 1 1.7 0.21 15.41 1 2.35 0.15
x2 141.7 1 24.7 0.0006 ** 478.47 1 156.9 <0.0001 ** 100.49 1 15.29 0.002 **
x3 83.9 1 14.6 0.003 ** 4.4 1 1.4 0.2551 50.52 1 7.69 0.01 *

x1x2 37.4 1 6.5 0.0286 * 1.9 1 0.6 0.4480 21.78 1 3.31 0.09
x1x3 27.7 1 4.8 0.0523 0.1 1 0.05 0.8282 31.2 1 4.75 0.05
x2x3 40.0 1 6.9 0.0245 * 0.6 1 0.2 0.6514 52.02 1 7.92 0.018 *
x2

1 144.9 1 25.3 0.0005 ** 24.7 1 8.1 0.0173 * 36.35 1 5.53 0.04 *
x2

2 425.6 1 74.3 <0.0001 159.4 1 52.2 <0.0001 ** 48.56 1 7.39 0.021 *
x2

3 528.0 1 92.2 <0.0001 146.1 1 47.9 <0.0001** 97.11 1 14.78 0.003**
Residual 57.2 10 30.4 10 65.71 10

Lack of fit 30.9 5 1.1 0.43 7.7 5 0.3 0.8686 51.27 5 3.55 0.0952
Pure error 26.2 5 22.7 5 14.43 5

Total 1362.37 19 807.0 19 491.19 19

Note: * significant. ** highly significant.
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In the model, the P of recovery rate, damage rate and release rate are all less than 0.01,
which indicates a highly significant regression model. The values of lack of fit P are all
more than 0.05. The decision coefficient of Model D is 0.95797, Model E is 0.96221855 and
Model N is 0.866, which indicates a high fitting degree. Therefore, the above parameters
can be optimized by the model.

The regression terms x2,x3,x2
1,x2

2 and x2
3 in Model D have a great significant influence

on the recovery rate. x1, x1x2 and x2x3 have a significant influence on the recovery rate.
x1x3 has no significant influence on the recovery rate. x2, x2

2 and x2
3 in Model E have a great

significant influence on the damage rate. x2
1 has a significant influence on the damage rate.

x1, x1x2, x1x3 and x2x3 have no significant influence on damage rate. x2 and x2
3 in Model N

have a great significant influence on the recovery rate. x3,x2x3, x2
1 and x2

2 have a significant
influence on the damage rate. x1, x1x2 and x1x3 have no significant influence on damage
rate. After the elimination of non-significant factors in these three regression models, the
regression equations of all factors are as follows:

D = 90.70 + 1.70x1 + 3.22x2 + 2.48x3 + 2.16x1x2 + 2.24x2x3 − 3.17x2
1 − 5.43x2

2 − 6.05x2
3 (30)

E = 19.68− 5.92x2 + 1.31x2
1 + 3.33x2

2 + 3.18x3 (31)

N = 75.74 + 2.71x2 − 1.92x3 − 2.55x2x3 + 1.59x2
1 + 1.84x2

2 + 2.60x2
3 (32)

4.4.2. The Analysis of the Influencing Factors’ Influence on Performance Effect

The single factor’s influence weight on the regression model is represented by the
weight coefficient L [36]. The larger L, the higher degree of the influence weight of the factor
on the model will be. After calculating Equations (33) and (34), the influence weight order
of all factors on the recovery rate is as follows. The depth into the soil of the film-picking
machine is greater than the working angle of the clamping conveyor machine greater than
the working angle of the film-picking machine. The influence weight order of all factors on
the damage rate is as follows. The depth into the soil of the film-picking machine is greater
than the working angle of the film-picking machine greater than the working angle of the
clamping conveyor machine. The influence weight order of all factors on the release rate is
as follows. The depth into the soil of the film-picking machine is greater than the working
angle of the clamping conveyor machine greater than the working angle of the film-picking
machine. The calculation results are as shown in Table 6.

Φ =

{
0 F ≤ 1

1− 1
F F > 1

(33)

Lxj= Φxj +
Φxixj

2 ∑ x1, x2, x3+Φ2
xj

(34)

where

F = the value of the variance analysis on the regression model;
Φ = the weight coefficient of the regression term to F and Lxj is the weight coefficient of all
factors.

Table 6. The analysis of the influencing factors’ weight.

Response Index

Influencing Factor’s Weight

Weight OrderThe Working Angle of the
Film-Picking

Mechanism x1/◦

Depth into the Soil of the
Film-Picking Mechanism

x2/mm

The Working Angle of the
Clamping Conveyor

Mechanism x3/◦

Recovery rate 2.5525 2.7323 2.6254 x2 > x3 > x1
Damage rate 0.5938 1.9809 0.4143 x2 > x1 > x3
Release rate 1.6482 2.5939 2.4584 x2 > x3 > x1
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4.5. The Analysis of All Interaction Factors to Response Index
4.5.1. The Analysis of All Interaction Factors to the Residual Film Recovery Rate

Figure 14a–c shows the response surface diagram of interaction factors on residual film
recovery rate. x1 represents the working angle of the film picking mechanism. x2 represents
the penetration depth of the film picking mechanism. x3 represents the working angle of
the clamping conveyor. Figure 14a shows the response surface diagram of the interaction
between the working angle and the depth to the residual film recovery rate D. The working
angle of the clamping and conveying device is at the central level (x3 = 44◦). The residual
film recovery rate increases at first then decreases with the increase in the working angle
and the depth into the soil of the film-picking machine. The depth into the soil of the
film-picking machine has a more significant influence on the residual film recovery rate.
Figure 14b shows the response surface diagram of the interaction between the working
angle of the picking mechanism and the clamping conveyor on the residual film recovery
rate D. The depth of the picking mechanism is at the center level (x2 = 55 mm). The residual
film recovery rate increases at first then decrease. The residual film recovery rate increases
with the increase in the working angle of the film-picking machine, and it increases at
first then decreases with the increase in the working angle of the clamping conveyor. The
working angle of the clamping conveyor has a more significant influence on the residual
film recovery rate. Figure 14c shows the response surface of the interaction between the
soil depth of the pick-up mechanism and the working angle of the clamping conveyor on
the residual film recovery rate D. The working angle of the pick-up mechanism is at the
central level (x1 = 32◦). The residual film recovery rate increases at first then decreases with
the increase in the depth into the soil of the film-picking machine and the working angle
of the clamping conveyor. The depth into the soil of the film-picking machine has a more
significant influence on the residual film recovery rate.

It can be seen from the response index values in Figure 14a–c that the variation law
of all factors to response index values matches with the result of the variance analysis in
regression Model D. The residual film recovery rate will be higher if the working angle
and depth into the soil of the film-picking machine and the working angle of the clamping
conveyor are larger. The main reason is that the effective area will be larger if the working
angle and the depth of the soil are larger. The effective area is where is scanned by the
single circular motion in a period of time. Then the leakage phenomenon is avoidable in
the residual film-picking process. If the depth into the soil is too large, the resistance to
bear for the film-picking machine will be too large, which is easy to produce electrostatic.
Moreover, the film-picking machine will be easy to wind with residual films and impurities,
which brings difficulties for later film impurity separation. The more times the clamping
conveyor clamps films, the probability that the residual films in the film-picking machine
are removed from the clamping conveyor will be lesser in the conveying process. The
working angle of the clamping conveyor machine should not be too large. Otherwise, it
will cause the back-drawing of residual films in the film-releasing process.
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4.5.2. The Analysis of All Interaction Factors to the Residual Film Release Rate

Figure 15a–c shows the response surface diagram of interaction factors on residual
film release rate. As shown in Figure 15a, the working angle and the depth into the soil
to the residual film release rate N. The working angle of the clamping conveyor is at the
central level (x3 = 44◦). The residual film release rate decreases at first then increases with
the increase in the working angle of the film-picking machine. The residual film release rate
increases with the increase of the depth into the soil of the film-picking machine. The depth
into the soil of the film-picking machine has a more significant influence on the residual
film release rate. Figure 15b shows the response surface diagram of the interaction between
the working angle of the film-picking machine and the clamping conveyor to the residual
film release rate N. The depth into the soil is at the central level (x2 = 55 mm). The residual
film release rate decreases at first then increases. The residual film release rate decreases
with the increase in the working angles of the film-picking machine and the clamping
conveyor. The working angle of the clamping conveyor has a more significant influence
on the residual film release rate. Figure 15c shows the response surface diagram of the
interaction between the depth into the soil and the working angle of the clamping conveyor
to the residual film release rate N. The working angle of the film-picking machine is at
the central level (x1 = 32◦). Residual film release rate decreases at first then increases with
the increase in the working angle of the clamping conveyor. The residual film release rate
increases with the increase in the depth into the soil of the film-picking machine. The depth
into the soil of the film-picking machine has a more significant influence on the residual
film release rate.

From the response index values in Figure 15a–c, it can be seen that the variation law
of all factors to response index values matches with the result of the variance analysis in
regression Model N. The residual film release rate will be higher if the working angle of
the film-picking machine is smaller and the depth into the soil and working angle of the
clamping conveyor are larger. The main reason is that the contact times are more between
the clamping conveyor if the working angle is smaller and the depth into the soil is larger.
The stripping roller will be in a single circular motion in periods, and the release rate will be
higher. This helps to remove too many residual films winding with the clamping conveyor
on the surface. If the depth into the soil is larger, the clamping conveyor machine can clamp
residual films in order, which helps remove residual films congested in clamp fingers.
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Figure 15. (a) The interactive response diagram of the release rate is influenced by the working angle
and the depth into the soil of the film-picking mechanism. (b) The interactive response diagram
of the release rate is influenced by the working angles of the film-picking mechanism and the
clamping conveyor mechanism. (c) The interactive response diagram of the release rate is influenced
by the depth into the soil of the film-picking mechanism and the working angle of the clamping
conveyor mechanism.

4.6. Parameter Optimization

In the residual film recycling process, film-picking and film-releasing are both of great
importance. The residual film recovery rate and release rate are important parameters
to evaluate the quality of residual film recovery. The residual film damage rate is the
key reference index influencing the recycling and reuse of residual film. Considering
the actual operation requirements of the machine, the weight coefficients of residual film
recovery rate and release rate are both 5/12, and the weight coefficient of damage rate is
1/6. With the help of the optimization device of Design-Expert, apply the iterative solution
on the influencing factors of the residual film recovery rate, damage rate and release rate.
Optimum parameters are as follows. The working angle of the film-picking machine is
27.31◦. The depth of the soil is 73.0 mm. The working angle of the clamping conveyor
machine is 38.33◦.

In order to verify the influencing effect of all factors on residual film recovery rate and
release rate after optimization, the paper drafted the optimal values of the working angle of
the film-picking machine as 27.3◦, the depth into the soil as 73.0 mm and the working angle
of the clamping conveyor as 38.3◦. Moreover, the paper made a contrast analysis between
the actual and optimal response indexes, and the relative errors are both less than 1.5%.
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The research team of the paper conducted the field test five times in some certain
testing field at Shihezi City, Xinjiang, China, as shown in Figure 16. Based on the calculation
of Equations (24)–(26), the residual film recovery rate is 92.5%, and the release rate is 87.6%.
After comparing with the optimized results, the recovery rate as 93.9% and the release rate
as 89.3%, the relative errors are both less than 1.5%. The test result indicates the reliability
of the optimal model.
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5. Discussion and Conclusions

Current machines have problems such as the complex machine structure, low relia-
bility and poor recovery results. The paper has designed a film-picking with an impurity
separation residual film recovery machine. It mainly consists of horizontal and longitudinal
film-cutting devices, double-slider crank, film-conveying device, four-link screen, film
collecting box, etc. According to the residual film recycling conditions and the motion tra-
jectory of the film picking mechanism, the motion trajectory of the film picking mechanism
is indicated by the oblique ellipse equation (R1 is the long half axis and R2 is the short
half axis in the equation). By combining the analysis of the force of clamping conveying
mechanism, the mechanical models are obtained, such as join forces of film, the acting force
of clamping fingers on residual film, the acting force between film picking mechanism
and residual film, the friction coefficient between residual film and impurities, and the
included angle between straightening direction and horizontal direction of the residual
film. The critical conditions of missing-picking of the film-picking mechanism are assured.
The relationship among short half shaft, soil height, the rotational velocity of the crank,
and the forward velocity of machines are verified. According to the necessary conditions
for the secondary damage of the residual film, the acting force between clamping fingers
and residual film, the acting force between film picking mechanism and residual film,
the relationship of the friction coefficient between the residual film and impurities and
necessary conditions for film stripping are obtained. The parameters of key components
are assured. The recovered residual film is washed and dried, and the average thickness is
0.0053 mm measured by the indirect measurement method.

The paper adopts a central composite quadratic regression rotatable orthogonal experi-
ment and drafts an implementation plan. It also applies the fitting analysis of the quadratic
polynomial regression and obtains the optimal parameter solution. The regression equa-
tions of recovery rate, damage rate and release rate to the working angles of the film-picking
machine and the clamping conveyor and the depth into the soil of the film-picking machine
are established separately, and the variance analysis on these regression equations are
conducted. The influence weight order of all factors on the recovery rate is as follows: the
depth into the soil of the film-picking machine is greater than the working angle of the
clamping conveyor machine greater than the working angle of the film-picking machine.
The influence weight order of all factors on the damage rate is as follows: the depth into



Processes 2022, 10, 455 25 of 26

the soil is greater than the working angle of the clamping conveyor machine. The influence
weight order of all factors on the release rate is as follows: the depth into the soil of the
film-picking machine is greater than the working angle of the clamping conveyor machine
greater than the working angle of the film-picking machine.

The paper applies the iterative solution on the influencing factors of the residual film
recovery rate, damage rate and release rate and obtains the optimum parameters as follows:
the working angle of the film-picking machine is 27.31◦, the depth into the soil is 73.0 mm
and the working angle of the clamping conveyor machine is 38.33◦. Compared with the
optimized results, the recovery rate as 93.9% and the release rate as 89.3%, the relative
errors are both less than 1.5%. The test result indicates the reliability of the optimal model.
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