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Abstract: The technology of plastic film mulching is widely applied in Xinjiang, but it also brings
about serious issues of residual film pollution. Currently, the IMSF-2.0 residual film recovery machine
can effectively address the problem. However, it faces challenges such as high overall machine weight
and noticeable frame vibrations, which affect the stability of the entire machine operation. The frame,
as the installation foundation, needs to bear loads and impact. Therefore, the reliability of the frame is
crucial for the stability of the entire machine. Improving the frame’s vibration is of great importance.
In response to the significant vibration issues during the operation of the IMSF-2.0 residual film
recovery machine, this paper utilized Workbench 2020 R2 to establish a finite element model of
the machine frame and conducted static analysis to obtain strength information, thereby initially
understanding the optimization space of the frame. Building upon this, Mechanical was employed to
solve the first 14 natural frequencies and mode shapes of the frame, and the accuracy of the theoretical
analysis was verified through modal testing. After analyzing the frequency characteristics of external
excitation forces, it was found that the fourth-order natural frequency of the frame fell within the
frequency range of the excitation force of the shaft of the straw grinder, causing resonance in the
frame and necessitating structural optimization. The optimal results indicated that the optimized
frame increased in mass by 4.41%, reduced the maximum stress value by 2.56 MPa, and increased the
fourth-order natural frequency to 22.7 Hz, avoiding the frequency range of the excitation force of the
shaft of the straw grinder, thus improving the resonance issue. This paper provides a reference for
optimizing the design of the frame of the residual film recovery machine.

Keywords: residual film recovery machine; static analysis; modal analysis; modal testing; dimensional
optimization

1. Introduction

The technology of plastic film mulching can effectively increase the yield of cotton in
Xinjiang and is widely applied there [1-3]. However, the problem of plastic film pollution
in Xinjiang has become increasingly severe due to the long-term use of plastic film. This
pollution issue seriously hinders the sustainable development of agriculture. Research
has shown that residual plastic film can cause a yield reduction of approximately 10%
in cotton and corn crops [4]. According to statistics, China’s annual plastic film usage
has exceeded 1.4 million tons, with a recycling rate of approximately 80%. This indicates
that approximately 300,000 tons of plastic film remain in the soil every year. The control
and management of plastic film pollution has become an urgent task. Currently, the
primary method for managing residual film pollution is to use residual film recovery
machines. The focus of this paper is on the 1MSF-2.0 residual film recovery machine.
Previous research and experiments have shown that this residual film recovery machine
can effectively recover residual film from Xinjiang’s cotton fields, significantly mitigating
the problem of residual film pollution. However, there are still some key issues that need
to be optimized. Due to the complexity of the residual film recycling process, the 1IMSE-2.0
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residual film recovery machine has numerous moving components, which results in a
significant amount of vibrational force. As a result, the machine experiences noticeable
vibrations, significantly impacting its reliability and stability during operation [5]. The
frame, serving as the installation foundation for the residual film recovery machine, plays a
crucial role in bearing and resisting impacts. Improving the vibration issues of the frame
and preventing resonance under vibrational forces are of vital importance in enhancing the
reliability of the entire machine [6].

Modal analysis is used to calculate the natural frequencies and mode shapes of struc-
tures. It is the most fundamental dynamic analysis and an important area of study in
vibration reduction design [7]. When the natural frequency of a structure is close to the
frequency of external excitation forces, the structure can experience resonance. In such
cases, it is necessary to optimize the structure to shift its natural frequencies away from
the frequency range of the external excitation forces, thereby improving the structure’s
vibration characteristics. In the work by Yaoming Li et al. [8], they solved for the modal
frequencies and mode shapes of the chassis frame of a rice-wheat combined harvester. By
optimizing the structure of the frame through changes in beam cross-sectional dimensions,
they were able to shift the modal frequencies away from the excitation frequencies, thus
enhancing the overall reliability of the machine. In the research conducted by Jianjun Gao
et al. [9], they performed theoretical modal analysis on the chassis frame of a combined
harvester. Then modal testing was used to validate the accuracy of their theoretical analysis.
This allowed them to optimize the structure of the frame effectively, thereby preventing
frame resonance and improving the stability and reliability of the machine. In the research
conducted by Jinming Zhang et al. [10], simulation was used to determine the vibration
characteristics of a wheeled tractor under different operating conditions. They obtained
the natural frequencies of vertical vibrations for the front axle, cabin, driver’s seat, and
implement as 2.09 Hz, 2.84 Hz, 2.84 Hz, and 2.09 Hz, respectively. Subsequently, they
performed multi-objective optimization on the stiffness and damping parameters of the
front axle, obtaining the optimal stiffness and damping settings to improve the tractor’s
vibration performance and ride comfort. A modal analysis on the chassis frame of the
4JZ-1700 crawler-type pepper harvester using ANSYS was conducted by Xinzhong Wang
etal. [11]. The natural frequencies of the frame were found to be between 23 and 76 Hz, pro-
viding a theoretical basis for the anti-vibration design of the frame. Yingcan Liu et al. [12]
addressed the issue of strong vibrations in the residual film recovery machine. They
performed static and modal analysis on the machine’s frame using ANSYS WorkBench
19.0 software. Through an orthogonal experimental design method, they optimized the
structure, resulting in a reduction of the maximum stress and the maximum amplitude,
effectively avoiding resonance phenomena. Junxian Guo et al. [13] focused on the intense
vibrations of the cotton stalk return and residual film recycling integrated machine. The
Lanczos Method algorithm in ANSYS Workbench was used to solve for the modal frequen-
cies and modes of the frame. After optimization, the first two natural frequencies of the
frame deviated from the external excitation frequency, resulting in a significant reduction
in vibration amplitudes and enhanced vibration damping. Changjiang Liang et al. [14]
conducted modal analysis on the frame of the residual film recovery machine using finite
element analysis software. The results showed a significant difference between the natu-
ral frequencies of the frame and the external excitation frequencies, effectively avoiding
resonance occurrences. Shuangshuang Zhong et al. [15] conducted modal analysis on the
roller of the mulch shredder using ANSYS finite element software, obtaining the first eight
natural frequencies and modes to verify the design requirements of the frame. Panfeng
Zhang et al. [16] used ANSYS software and finite element simulation analysis to prevent the
occurrence of resonance in the film-lifting component of the rotary tillage nail tooth plastic
film recycling machine. Modal analysis and transient dynamic analysis were performed
on the nail tooth component. The data confirmed that no resonance occurred during the
operation of the nail tooth, thus ensuring the reliability of the entire machine. Zhenhua
Yu et al. [17] conducted finite element stress analysis and modal analysis on the disc-type
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film-gathering device of the residual film recovery machine. The stress distribution and
dynamic characteristics of the film-gathering device under working loads were obtained,
providing a reference for the design improvement of the equipment.

This paper addressed the issue of noticeable vibrations during the operation of the
1MSF-2.0 residual film recovery machine. Through methods such as static analysis and
modal analysis, the strength information and vibration characteristics of the frame were
solved for. Combining the characteristics of external excitation forces, the frame of the
residual film recovery machine was optimized in size to enhance its reliability and stability
during operation, thereby the effectiveness of residual film recovery was further improved.

2. Materials and Methods
2.1. Establishment of Finite Element Model for the Frame and Static Analysis
2.1.1. Establishment of Finite Element Model for the Frame

The frame of the residual film recovery machine is primarily composed of rectangular
steel tubes and steel plates welded together. The overall dimensions of the frame are
2950 mm in length, 2560 mm in width, and 1559 mm in height, with a weight of 354.25 kg.
At the front end of the frame, it is welded to the straw grinder. The frame is equipped
with picking rollers, film stripping and pressure relief devices, baling machines, and some
transmission components, serving a load-bearing function. Additionally, during operation,
the frame must withstand external impacts and vibrations. Therefore, the frame needs
to meet certain strength and stiffness requirements. The three-dimensional model of the
frame, established using Autodesk Inventor Professional 2020, is shown in Figure 1.

>

A0

Figure 1. The three-dimensional model of the frame.

Meshing is an important step in creating a finite element model, and the quality of
the meshing directly affects the mathematical representation of the physical model and
the computational workload. Therefore, it is necessary to set an appropriate mesh size
when establishing a finite element model. Typically, the element quality after meshing
should not be lower than 0.7. In this paper, multiple mesh sizes were considered, and it
was determined that a mesh size of 7 mm resulted in an element quality of 0.780. When the
mesh size exceeded 8 mm, the element quality dropped below 0.700. Therefore, selecting
a mesh size of 7 mm not only ensures the quality of the meshing but also reduces the
computational workload.

The three-dimensional model of the frame was imported into Workbench 2020 R2 to
establish the finite element model. The material of the frame is Q235 structural steel, with
a density of 7850 kg/ m3, an elastic modulus of 210 GPa, and a Poisson’s ratio of 0.3. The
material parameters in Workbench 2020 R2 were set, with a mesh size of 7 mm, and the
mesh was divided to obtain the finite element model of the frame, as shown in Figure 2. It
consists of 813,440 nodes and 413,333 elements. Figure 2 also displays the meshing details
of the upper crossbeam of the frame.
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Figure 2. Finite element model of the frame: (a) The overall meshing of the frame. (b) The meshing of
the upper crossbeam of the frame.

2.1.2. Static Analysis of the Frame

During the process of optimizing the frame design, it is essential to ensure that the
strength of the frame meets the required standards. Static analysis can provide information
about the strength of the frame, serving as a reference for optimizing its design. Therefore,
conducting static analysis on the frame is necessary.

The forces acting on the frame mainly originate from the tractor’s tractive force and
ground resistance, as well as the gravitational forces of the picking rollers, film stripping
and pressure relief devices, baling machines, and some transmission components mounted
on the frame.

The magnitude of tractive force and resistance is measured through experiments.
During the experiment, the torque at the picking roller was measured using the TQ201
wireless torque sensor node (manufactured by Beijing Beetech Inc., Beijing, China). The
experimental setup was as shown in Figure 3. The resistance during the operation of
the residual film recovery machine mainly comes from the resistance of the picking roller
against the soil; it is assumed that the tractive force is solely used to overcome this resistance.
Therefore, based on the measured torque magnitude and the relationship between force
and torque, the magnitudes of tractive force and resistance can be calculated. In this paper,
the calculated magnitudes of tractive force and resistance are 2500 N.

Figure 3. Experimental setup for torque measurement: 1. TQ201 wireless torque sensor node and
2. battery.

The forces exerted by the picking rollers, film stripping and pressure relief devices,
baling machines, and some transmission components on the frame are primarily due to
gravity. The weights of these components were determined by measuring their volumes
using Autodesk Inventor Professional 2020, combined with their densities.

The constraints on the frame mainly come from the depth limitation roller and the rear
suspension of the tractor. The depth limitation roller restricts three translational degrees of
freedom and two rotational degrees of freedom of the frame, allowing only the freedom of
rotation around the axis of the depth limitation roller. Additionally, the rear suspension of
the tractor is connected to the frame, limiting the freedom of rotation around the axis of the
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depth limitation roller. Therefore, when applying constraints during static analysis, the
frame is constrained according to the above conditions.

During static analysis, the positions, magnitudes, directions, and loading modes of
the loads are as indicated in Table 1. The schematic diagram of load application positions is
as shown in Figure 4. These positions on the frame all have symmetry.

Table 1. The positions, magnitudes, directions, and loading modes of the loads.

Positions Magnitudes/N Directions Loading Modes
Picking support side plate 7298 Vertical downward Uniformly distributed load
Picking support side plate 2500 Horizontal backward Uniformly distributed load
Peel-off roller bearing seat 3310 Vertical downward Uniformly distributed load
Baling machine bearing seat 8388 Vertical downward Uniformly distributed load
Transport roller bearing seat 2992 Vertical downward Uniformly distributed load
Straw grinder connection hole 2500 Horizontal forward Uniformly distributed load

Figure 4. The schematic diagram of load application positions: 1. Baling machine bearing seat,
2. peel-off roller bearing seat, 3. transport roller bearing seat, 4. picking support side plate, and
5. straw grinder connection hole.

After applying constraints and loads, the solution was computed using Workbench
2020 R2. Through post-processing of the results, stress analysis contour plots, strain analysis
contour plots, and total deformation analysis contour plots of the frame, a finite element
model was obtained.

2.2. Modal Analysis of the Frame
2.2.1. Calculated Modal Analysis of the Frame

Modal analysis is used to determine the vibrational characteristics of a structure.
Calculated modal analysis can be divided into free modal analysis and constrained modal
analysis. Constrained modal analysis requires simulating the actual working conditions
of the structure [18]. When calculating this, appropriate boundary conditions, such as
loads and constraints, need to be applied to the model. Due to the complexity of the
actual working conditions of the residual film recovery machine frame in this paper, using
constrained modal analysis will result in significant differences between simulated and
actual working conditions, making it difficult to ensure the accuracy and reliability of the
analysis results. Free modal analysis assumes that the structure is in a free state and does
not consider the actual working conditions. The analysis is relatively simple and can reflect
the vibrational characteristics of the structure. Therefore, free modal analysis was adopted
for the modal analysis of the residual film recovery machine frame in this paper. Since
the frame was in a free state, the first six modes obtained from modal analysis were rigid
modes with natural frequencies of 0 [19].
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Based on the static analysis of the frame, modal analysis was performed using the
finite element model of the frame in Mechanical, without applying loads and constraints,
to obtain the first 14 non-zero mode shapes and natural frequencies.

2.2.2. Test Modal Analysis of the Frame

To validate the accuracy of the finite element model of the frame and the calculated
modal analysis, it is necessary to conduct modal testing on the frame [20-22]. The principle
of modal testing is as follows: excite the structure with a vibrational force input, measure the
signals at various points on the structure, and use modal parameter identification methods
to obtain the modal parameters of the structure. By comparing the test modal parameters
with the calculated modal parameters, the accuracy of the results can be verified.

In this paper, the force measurement method was used for the modal testing of the
frame, employing a single-point excitation approach. The force measurement method
requires simultaneous measurement of the excitation force and response during the test. By
using this method, modal parameters can be estimated. Therefore, during modal testing, a
force hammer equipped with a force sensor must be used to apply measurable excitation
forces. The force measurement method can estimate all modal parameters, including
natural frequencies, mode shapes, damping or damping ratios, modal mass, and modal
stiffness, with high accuracy.

When selecting measurement points, it is important to choose points that adequately
represent the shape of the frame. Too few measurement points will result in an incomplete
representation of the frame’s shape, while too many points will lead to excessive computa-
tional burden, prolonged calculation time, or even computational infeasibility. As shown
in Figure 5, this paper selected 18 important response points of the frame structure as the
measurement points, and chose the midpoint position of the lower beam as the excitation
point (Point A). The reliability of the results was ensured through two measurements and
analyses [8].

6

[

Figure 5. The positions of 18 measurement points and 1 excitation point in modal testing.

During modal testing, it is essential to maintain consistency between the testing condi-
tions and the calculated modal analysis. Since the calculated modal analysis conducted in
this paper was based on free modal analysis, during the testing, the frame was suspended
using a crane with a flexible connection between the crane and the frame to approximate a
free-state condition. The experimental instruments are illustrated in Figure 6.
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(a) (b)

Figure 6. The experimental instruments: (a) Data acquisition system section: 1. force hammer,
2. accelerometer bus, 3. DH5902N rugged data acquisition system, and 4. laptop. (b) Sensor section:
2. accelerometer bus and 5. accelerometer.

The experimental instruments mainly included a force hammer, triaxial accelerometer,
DH5902N rugged data acquisition system, and DHDAS V2.0 software (all manufactured
by Donghua Testing Technology Co., Ltd., Taizhou, China). The experimental process was
as follows:

1. Instrument setup: The instruments were connected. The force sensor on the force
hammer was connected to the first channel of the data acquisition system, while the
accelerometer was connected to the second, third, and fourth channels. The instruments
and DHDAS software were started, and then the Analysis/Frequency Response Analysis
function was selected.

2. Parameter setting: The sensor sensitivity was input into the sensitivity setting
column of the corresponding channel. Each measurement point was struck with the force
hammer and the waveform was observed. The instrument connections, wire connections,
sensor, and instrument functionality were checked until the waveform was correct. The
range was appropriately adjusted by striking the points with suitable force until the force
and response waveforms were neither overloaded nor too small.

3. Excitation and data collection: The frame was struck with the force hammer to
induce forced vibration. The accelerometer installed on the frame collected the vibration
acceleration—time domain signals. The DH5902N rugged data acquisition system and
DHDAS software were used to collect, save, and analyze the signals. According to the
Nyquist sampling theorem, the sampling frequency must be at least twice the highest
frequency present in the original signal in order to accurately reconstruct the digital signal
from the original signal [23]. In order to ensure the accuracy of the sampled signal, sampling
frequency was set to 2 kHz, with 800 spectral lines, and the acceleration-time domain
signals collected at each measurement point were measured sequentially. For example,
when measuring point 1, the acceleration-time domain signals collected by the triaxial
accelerometer installed on the frame were as shown in Figure 7.

— X-axis — Y-axis Z-axis

acceleration/m-s ™2
0.01 0.05

-0.03

time/s

Figure 7. The acceleration—time domain signals collected by the triaxial accelerometer sensor.
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The DHDAS software was utilized for the spectrum analysis and frequency response
analysis of the acceleration-time domain signals. In the spectrum analysis settings, we
chose amplitude output, selected the average spectrum for calculation parameters, set the
number of spectral lines to 800, set the frequency spacing to 0.1 Hz, set the number of
averages to 10, and selected linear averaging. In the frequency response analysis, we added
input and output measurement point information. The results of the spectrum analysis and
frequency response analysis are shown in Figure 8.

— X-axis Y-axis Z-axis

0.001

acceleration/m-s 2

T T 1
0 195 391 586 781

frequency/Hz
Figure 8. The results of the spectrum analysis and frequency response analysis.

We established the corresponding model in the DHDAS software based on the 18 se-
lected measurement points and 1 excitation point in this article. The model should ade-
quately depict the shape of the framework, as shown in Figure 5. The measurement point
numbers on the model were edited; these numbers should correspond to the modal testing.
We imported the transfer functions of each measurement point into the data interface,
performed modal parameter identification, and solved for the first 14 modal frequencies,
damping ratios, and mode shapes.

2.3. Optimization of the Framework Dimensions

Material selection, dimension optimization, shape optimization, and topology opti-
mization are important methods for frame optimization design [24]. Currently, commonly
used materials for frames are Q235 steel and Q345 steel. Compared to Q235 steel, Q345
steel has poor welding performance and is prone to weld detachment issues. Furthermore,
improving the performance of the frame usually requires more than just changing the
material, structural optimization is also necessary. Dimension optimization establishes
an accurate mathematical model and ensures that design variables meet specific design
requirements by adding constraints. It is widely used in frame optimization design due to
its precision and versatility. Shape optimization involves describing variables using partial
differential equations [25]. It is more complex and less commonly applied than dimen-
sion optimization, and it is usually combined with dimension optimization in practical
applications. Topology optimization offers a larger design space and greater degrees of
freedom, making it suitable for lightweight design. In this study, depending on the specific
circumstances, the dimension optimization method was to optimize the frame design. The
residual film recovery machine consists of numerous key components and transmission
parts. To ensure the reliability of the machine operation, the installation positions and align-
ments of each component on the frame have been thoroughly considered and calculated.
Furthermore, the installation positions and alignments of each component are interrelated.
During the optimization design of the frame, it is essential to avoid significant changes in
the overall size and shape of the frame structure. Therefore, in this paper’s optimization
design of the rectangular steel tubes in the frame, the wall thickness of the rectangular steel
tubes was chosen as the design variable. This approach ensured that the overall shape of
the frame would not undergo significant changes. There are a total of 16 rectangular steel
tubes that can be optimized in terms of dimensions. The positions of the rectangular steel
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tubes are shown in Figure 9. Due to the symmetry of the frame, the identical rectangular
steel tubes on both sides of the frame were considered as one design variable.

Figure 9. The positions of the 16 design variables.

This paper aimed to adjust the natural frequency of the residual film recovery machine
frame to avoid the excitation frequency range of the straw grinder’s stirring cage shaft. To
achieve this goal, a dimensional optimization of the rectangular steel tubes constituting the
frame was conducted.

Changing the dimensions of the frame to adjust the natural frequency may lead to
a significant increase or decrease in the mass of the frame. The results of static analysis
indicate that the frame has a certain margin of static strength but it is not sufficient because
during actual operation, the frame may experience impacts where instantaneous stress
could significantly increase. If the optimized frame significantly reduces in mass, although
it can adjust the natural frequency, it cannot guarantee the strength of the frame. Therefore,
when applying constraint conditions, it is necessary to impose constraints on the mass of the
frame. Therefore, this paper imposed a constraint on the frame’s mass reduction, limiting it
to no more than 5%. A total of 16 locations of the rectangular steel tubes’ wall thickness
were chosen as design variables, forming the basis for the optimization design model. The
selection of the rectangular steel tube wall thickness adhered to national standards.

The wall thickness of the 16 rectangular steel tubes is denoted in Formula (1).

X = [x1,x2,. .., X16] 1)

The constraints are as follows: the fourth-order natural frequency w of the frame is
greater than the maximum excitation frequency fy.x of the straw grinder’s stirring cage
shaft; the mass W(x) of the residual film recovery machine frame is not less than the
specified minimum value W,,;,,; and the maximum stress ¢ in the frame does not exceed the
specified maximum value ;5. The mathematical model for optimizing the frame design
was obtained as in Formula (2).

w > fmux
st W(x) > Wy

0 < Omax
X= [xl,xz, .. .,x16}

(2)

Based on the static and modal analyses, Workbench 2020 R2 offers two optimization
methods: direct optimization and response surface optimization [26,27]. Direct optimiza-
tion involves selecting the optimal solution from sample points obtained from experimental
designs. The more sample points there are, the more accurate the optimization results, but
this also leads to longer computation times. Response surface optimization, on the other
hand, utilizes fitted response surfaces for optimization. The accuracy of the optimization
results depends on how well the response surface is fitted to the data. In this paper, there
were a total of 16 discrete design variables. Since the number of sample points was rela-
tively small, and to obtain accurate computational results, this paper intended to employ
the direct optimization method to optimize the dimensions of the rectangular steel tubes in
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the frame. The Direct Optimization module was added to Workbench 2020 R2, aiming to
calculate the optimal solution for the 16 design variables.

In Workbench 2020 R2, according to national standards, the range of values for the
wall thickness of 16 rectangular steel tubes was determined and inputted into the parameter
setting table. Since each parameter can only control the wall thickness of two opposite
sides of the rectangular steel tube, the parameter relationship table needed to be updated
to include the relationship between the wall thickness of adjacent sides. Objectives and
constraints were set according to Formula (2). The optimization method chosen was
Screening. After completing the setup, the calculation was performed, resulting in three
sets of optimal sample points. By comparing these three sets, one set of optimal sample
points was selected as the optimized design scheme for the frame.

The optimized frame underwent both static analysis and modal analysis to evaluate
the feasibility of the optimization solution. By comparing the results of these analyses
to those of the original frame, the effectiveness of the optimization approach could be
examined.

3. Results
3.1. Results of Static Analysis

After post-processing the results of the static analysis, the stress analysis contour plot,
strain analysis contour plot, and total deformation analysis contour plot of the frame finite
element model were obtained as shown in Figure 10.

The main material used for the frame is Q235 structural steel, with a maximum yield
strength of 235 MPa. The calculation formula for allowable stress is shown in Formula (3).

o]=2 ®)

In Formula (3), [¢] represents the allowable stress, o5 represents the maximum yield
strength, and n represents the safety factor. Taking n = 1.5 [10], the allowable stress [¢] for
(235 structural steel can be calculated as 156.67 MPa.

B: Static Structural
Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: Pa
Time: 1
u 9.246 X 10~* Max
8.219X 1074
7.191 X107
6.164X1074
5.137X10°4
4.110X10*
3.082X1074
2.055X107
1.028 X 1073
4664.5 Min

A

0.000 1.000 2.000 (m)
I I
0.500 1.500
(a)

Figure 10. Cont.
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B: Static Structural
Equivalent Elastic Strain
Type: Equivalent Elastic Strain
Unit: m/m
Time: 1
. 4.430X10~*Max
3.938X1074
1 3.445X 107
2.953X107*
2.461 X104
1.969 X107
1.477X1074
9.846 X107
4.924X107
2.221X1078 Min

0.000 1.000 2.000 (m)
I I
0.500 1.500
(b)

B: Static Structural

Total Deformation

Type: Total Deformation

Unit: m

Time: 1

. 1.583 X103 Max
1.407X1073

S 1.231X1073
1.055X1073
8.795X 107
7.036X1074
5.277X1074
3.518X107*
1.759 X104
0 Min

A

Figure 10. The results of static analysis of the frame: (a) stress analysis contour plots; (b) strain

0.000 1.000 2.000 (m)
I I
0.500 1.500
(c)

analysis contour plots; and (c) total deformation analysis contour plots.

The results of static analysis indicate that the maximum stress in the frame is ap-
proximately 92.46 MPa, with an average value of 4.03 MPa. These values are below the
allowable stress for Q235 structural steel, demonstrating that the frame meets the strength
requirements under static loading conditions.

Analyzing the stress contour plot, strain contour plot, and total deformation contour
plot of the frame reveals that, under static loading, the overall stress, strain, and total
deformation of the frame are relatively small. There is noticeable variation only in the
upper beam, this is mainly because the upper beam is connected to the baling machine,
which has a relatively large weight. The baling machine exerts its load on the upper beam
through bearings, causing a significant force on the upper beam.

3.2. Results of Modal Analysis

Building upon the static analysis of the frame, modal analysis of the finite element
model of the frame was conducted using Mechanical. The first 14 natural frequencies of
the frame obtained from this analysis are presented in Table 2, while the mode shapes for
the first four modes are depicted in Figure 11.
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Table 2. Comparison between calculated modal analysis and test modal analysis.

Calculated Modal Analysis Test Modal Analysis
Order Relative Error/%
Calculated Frequency Mode Shapes Test Frequency Mode Shapes
1 6.306 Torsion 5.859 Torsion 7.093
2 9.192 Bending 7.813 Bending 5.004
3 11.495 Bending 11.603 Bending —0.940
4 21.314 Bending 21.908 Bending —2.787
5 35.302 Bending 35.157 Bending 0.411
6 42.909 Bending 41.415 Bending 3.482
7 50.949 Bending 51.055 Bending —0.208
8 53.713 Bending 54.751 Bending -1.932
9 61.642 Bending 61.908 Bending —0.432
10 69.063 Torsion, Bending 67.563 Bending 2172
11 76.664 Bending 76.730 Bending —0.086
12 83.454 Torsion 82.028 Torsion 1.709
13 92.378 Bending 92.631 Bending —0.274
14 95.845 Torsion, Bending 95.334 Bending 0.533
C: Modal

Total Deformation

Type: Total Deformation

Frequency: 6.3063 Hz

Unit: m

O 1.168 X 1071 Max
1.038X 107!

19.084X 1072

7.786X 1072
6.489X 1072
5.192X1072
3.895X1072
2.598 X102
1.300X 1072
3.169 X 1075 Min
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Figure 11. The first four modes of the frame in calculated modal analysis: (a) mode 1, (b) mode 2,
(c) mode 3, and (d) mode 4.

The three directions of the frame in the three-dimensional coordinate system are shown
in Figure 11. Analyzing the first four non-zero mode shapes of the frame, the following
observations can be made.

Mode 1: The primary deformation involves left-right torsion, with the maximum total
deformation located at the front end of the frame. The torsion of the welded structures on
both sides of the frame mainly occurs in the Y direction, with relatively minor deformations
in the X and Z directions.

Mode 2: The primary deformation is characterized by forward-backward bending,
with the maximum total deformation located at the front end of the frame. The bending of
the welded structures on both sides of the frame primarily occurs in the X direction, with
minor deformations in the Y and Z directions.

Mode 3: Similar to Mode 2, the primary deformation involves forward-backward
bending, with the maximum total deformation located at the front end of the frame. The
bending of the welded structures on both sides of the frame primarily occurs in the X
direction, with minor deformations in the Y and Z directions.

Mode 4: The primary deformation is characterized by left-right bending, with the
maximum total deformation located at the front end of the frame. Although there are no
significant shape changes in the welded structures on both sides of the frame, noticeable
displacement occurs due to a significant deformation of the two beams.
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The natural frequencies of the frame obtained from modal testing are presented in
Table 2, while the first four mode shapes are depicted in Figure 12. The red dots in Figure 12
represent the corresponding 18 measurement points and 1 excitation point in Figure 5.

4y 4

a) (b)
(c) (d)

Figure 12. The first four modes of the frame in test modal analysis: (a) mode 1, (b) mode 2, (c) mode
3, and (d) mode 4.

The three directions of the frame in the three-dimensional coordinate system are shown
in Figure 11. The analysis and parameter identification yield the following results for the
first four mode shapes.

Mode 1: The first mode shape is primarily characterized by twisting motion in the
horizontal direction. The welded structures on both sides of the frame twist around the
X-axis in opposite directions. The front and middle sections of the welded structures exhibit
significant deformation.

Mode 2: The second mode shape is primarily characterized by bending motion in the
forward and backward directions. The welded structures on both sides of the frame exhibit
displacement along the X-axis. The front and middle sections of the welded structures
display significant deformation.

Mode 3: The third mode shape is primarily characterized by bending motion in the left
and right directions. The welded structures on both sides of the frame exhibit displacement
along the X-axis. The lateral bending of the welded structures is evident, while deformation
is relatively small in other regions.

Mode 4: The fourth mode shape is primarily characterized by bending motion in the
left and right directions. The welded structures on both sides of the frame bend in opposite
directions around the Z-axis. The front and middle sections of the welded structures display
significant deformation, and the two horizontal beams also experience a certain degree of
deformation.

During modal analysis, the calculated results may have errors compared to the actual
conditions due to the simplified idealized model used and the differences between the
simulated and actual operating conditions. In modal testing, apart from the external signal
interference caused by environmental factors, it was challenging to ensure that the excitation
force applied by humans remained consistently positioned accurately at the excitation point
and maintained a consistent magnitude. These factors could introduce certain errors into the
test results. Therefore, it is necessary to perform modal shape correlation analysis to assess the
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reliability of the calculated modal analysis results in comparison with the calculated modal
analysis results.

To address these challenges, it is essential to conduct modal shape correlation analysis.
This analysis aims to assess the reliability of the calculated modal analysis results by
comparing them with test modal analysis results [28].

As shown in Table 2, the relative errors between the calculated frequencies and test
frequencies of the analyzed frame indicate that the absolute values of relative errors for
each natural frequency are within 8%. This suggests that the finite element model of the
frame and the results of modal analysis are accurate [29]. The relatively large errors in
the first and second natural frequencies are primarily due to their small absolute values,
as small absolute errors can result in relatively larger relative errors. Other contributing
factors may include simplifications made in the finite element model of the frame compared
to the actual model and external signal interference.

A comparison of the modal shapes from the calculated modal analysis and test modal
analysis reveals a basic consistency and correlation between the two. Discrepancies in the
descriptions of modal shapes for the 3rd, 10th, 11th, 12th, and 14th modes are attributed to
the inability of the chosen measurement points in the test modal analysis to fully replicate
the frame structure, leading to inevitable deviations in modal shapes.

Given that the lower-order modal shapes determine the dynamic characteristics of
the structure [8], a focused analysis is conducted on the first four natural frequencies and
corresponding modal shapes of the frame. During the operation of the residue recovery
machine, the excitation forces primarily originate from the ground, the cutter shaft of the
straw grinder, and the stirring shaft of the straw grinder. Ground excitation is determined
by ground conditions, with typical ground excitation frequencies being below 3 Hz [30].
Actual measurements indicate that the normal operating speeds of the cutter shaft and
stirring shaft are in the range of 2400 to 2500 r/min and 1200 to 1300 r/min, with excitation
frequencies ranging from 40 to 41.7 Hz and 20 to 21.7 Hz, respectively.

All of the first four natural frequencies of the frame are above 3 Hz and below 40 Hz,
suggesting that the influences of ground conditions and the cutter shaft are minimal.
However, the fourth natural frequency of the frame is 21.314 Hz, coinciding with the
excitation frequency range of the stirring shaft. This results in significant resonance during
operation. To address this resonance issue, an enhanced reliability and stability of the
entire machine during operation and optimization of the structural dimensions of the frame
are required.

3.3. Results of Dimensional Optimization

Optimal solutions for 16 design variables were obtained through optimization calcu-
lations, as shown in Table 3. The samples from the optimization results are illustrated in
Figure 13, with each curve representing a sample. Based on the optimization objectives, the
optimal solution was selected from the samples.

3.4. Comparison of the Frame before and after Optimization

Using Autodesk Inventor Professional 2020, the optimal thickness values obtained
from Table 3 for the 16 rectangular steel tubes were used to modify the thickness of the
corresponding steel tubes on the original frame, resulting in the three-dimensional model
of the optimized frame. Subsequently, in Workbench 2020 R2, a finite element model of the
optimized frame was created following the same principles mentioned earlier. Static analy-
sis and modal analysis were performed on the optimized frame to compare the calculated
results with the original frame and validate the effectiveness of the optimization solution.
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Table 3. Comparison of design variable values before and after optimization.

Design Variables Before Optimization/mm After Optimization/mm Increment/mm

Steel Tubes 1
Steel Tubes 2
Steel Tubes 3
Steel Tubes 4
Steel Tubes 5
Steel Tubes 6
Steel Tubes 7
Steel Tubes 8
Steel Tubes 9
Steel Tubes 10
Steel Tubes 11
Steel Tubes 12
Steel Tubes 13
Steel Tubes 14
Steel Tubes 15
Steel Tubes 16
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Figure 13. The samples from the optimization results.

3.4.1. Comparison of Static Analysis Results

In Mechanical, appropriate constraints and loads were applied to the optimized frame.
The positions, magnitudes, directions, and loading modes of the loads were consistent with
the previous description.

After applying the constraints and loads, the finite element model was solved. Post-
processing the results, stress contour plots, strain contour plots, and overall deformation
contour plots of the optimized frame were obtained, as shown in Figure 14.
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Figure 14. The results of static analysis of the optimized frame: (a) stress analysis contour plots;
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(b) strain analysis contour plots; and (c) total deformation analysis contour plots.
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The static analysis results indicated that the maximum stress of the optimized frame
was approximately 89.62 MPa, with an average stress of 3.83 MPa. Both the maximum and
average stresses were smaller than those of the frame before optimization. The maximum
overall deformation of the optimized frame was approximately 1.5 mm, which was also
smaller than the deformation observed in the original frame. The mass of the optimized
frame was 368.83 kg, which was an increase of 14.58 kg (4.12%) compared to the original
frame. The mass increase was not significant, indicating that the optimization did not signif-
icantly affect the overall mass of the frame. The optimized frame exhibited reduced overall
stress, strain, and deformation compared to the original frame. These quantities were
distributed more evenly throughout the structure, satisfying both strength and stiffness
requirements. This confirms the effectiveness of the structural optimization approach.

3.4.2. Comparison of Modal Analysis Results

Building upon the static analysis, the finite element model of the optimized frame
was further subjected to modal analysis using Mechanical. This analysis was conducted
without applying any loads or constraints. The objective was to determine the natural
frequencies and corresponding mode shapes for the first four non-zero modes. The specific
results are presented in Figure 15. Among them, the fourth natural frequency and mode of
vibration of the optimized frame is shown in Figure 16.

M Original frame ™ Optimized frame
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(=]

13.368

ot
(9]
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Order
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Figure 15. Comparison of first four natural frequencies before and after optimization.
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Figure 16. The fourth natural frequency and mode of vibration of the optimized frame.
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Despite the increase in frame mass by 4.12%, the natural frequencies of the first four
modes of the optimized frame increased by 11.36%, 25.70%, 16.29%, and 8.25%, respectively.
These frequencies still remained above 3 Hz and below 40 Hz, indicating that the frame
is not significantly affected by ground and harrowing machine vibration. In particular,
the fourth mode frequency of the frame increased from 21.314 Hz to 23.072 Hz, effectively
avoiding the vibration range of the harrowing machine’s shaft. This improvement indicates
a significant reduction in resonance phenomena caused by the interaction between the
frame and the stirring shaft. Therefore, the improvement brought about by the optimization
plan was significant.

4. Discussion

In recent years, China has conducted extensive research on vibration reduction in
agricultural machinery. The main method for vibration reduction is to analyze the vibration
characteristics of the frame and optimize its structure [31]. This can effectively improve
the vibration problems of agricultural machinery. However, due to the limitations of
optimization methods and the complexity of mechanical equipment under actual working
conditions, there is a certain deviation from theoretical analysis under ideal conditions [32].
Therefore, it is difficult to completely avoid the generation of resonance problems by
optimizing the frame structure.

The research findings of this paper have, to some extent, addressed the issue of
significant vibrations in the 1IMSF-2.0 residual film recovery machine (manufacturered
by World Heavy Industries (China) Co., Ltd, Zhenjiang, China). This improvement has
enhanced the reliability and stability during residual film recovery operations, ensuring
the effectiveness of the recovery process. However, there are still some issues that need to
be addressed.

1. The size of the residual film recovery machine is relatively large. While improving the
vibration problem, the problem of large mass still exists, which will lead to increased energy
consumption and have an impact on the agricultural ecological environment. Therefore, a
lightweight design of the frame of the residual film recovery machine is also necessary:.

2. This paper only used the method of dimensional optimization to optimize the
frame design. In addition to this, material selection, shape optimization, and topology
optimization are also important methods for frame optimization, each with its advantages
and disadvantages [24]. It is a future research issue to comprehensively apply dimensional
optimization, shape optimization, and topology optimization methods to fully exploit the
space of frame optimization design and obtain better optimization solutions.

5. Conclusions

This paper conducted static and modal analyses on the frame of the residual film re-
covery machine and optimized the thickness of the rectangular tube of the frame, obtaining
the optimal solution for 16 design variables, which improved the vibration problem of
the residual film recovery machine. The optimization design of the frame in this paper
ensured that there was no significant change in the frame’s mass while ensuring its strength.
Based on this, the fourth mode’s natural frequency of the frame was adjusted to avoid the
frequency range of excitation forces, effectively improving the resonance issues during the
operation of the frame. This enhancement has led to an improved reliability and stability
of the frame, providing support for the efficient operation of the residual film recovery
machine. The research in this paper mainly includes the following aspects.

1. The three-dimensional model of the frame was established using Autodesk Inventor
Professional 2020, and the finite element model of the frame was established using Work-
bench 2020 R2. Static analysis was performed on the finite element model of the frame.
The results of static analysis showed that the maximum stress of the frame was 92.46 MPa,
indicating that the strength of the frame under static load met the requirements and had a
certain optimization design space.
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2. The finite element model of the frame was subjected to free modal analysis using
Workbench 2020 R2, and the first 14 natural frequencies and mode shapes of the frame were
obtained. Among them, the first four natural frequencies with significant influence on the
vibration characteristics of the frame were 6.3063 Hz, 9.1922 Hz, 11.495 Hz, and 21.314 Hz.
The accuracy of the modal analysis results was verified through modal experiments, with
an absolute value of relative error within 8%. The frequency range of external excitation
forces was analyzed, and it was found that the excitation force of the stirring shaft could
cause frame resonance, thus proposing optimization strategies.

3. Dimensional optimization of the frame was performed using Workbench 2020 R2
to control the frame mass, ensure that the frame met the requirements of strength and
stiffness, and avoid the frequency range of external excitation forces around the fourth
natural frequency. The final optimization scheme was obtained. After optimization, the
frame met the requirements of strength and stiffness, with a mass increase of 4.12%,
which was not significant. The fourth natural frequency increased by 8.25%, avoiding the
frequency range of external excitation forces, and the vibration problem was improved.

4. The forces acting on the residual film recovery machine during operation are highly
complex. Conducting a more comprehensive analysis of the frame’s load distribution and
establishing a more precise mechanical model will be crucial for future research on the
1MSEF-2.0 residual film recovery machine. Additionally, given the numerous components
present on the residual film recovery machine, optimizing the components outside the
frame also holds significant importance.
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