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Abstract: The transmission characteristics of the vibration excitation of rape plants are of great sig-
nificance to the study of the harvesting loss and threshing mechanism of rape during harvesting.
Aiming to examine the problem that the existing vibration measurement method cannot be well
adapted to the vibration measurement of small plants such as rape, this article proposes a vibration
measurement method based on high-speed photography and image recognition and uses this meas-
urement method to study the vibration characteristics of rape plants in the three states, i.e., sweep
frequency, standing frequency, and free attenuation, with a default hydraulic shaker. The results
showed that the average measurement error of the vibration amplitude of this method was 0.0068
mm, and the relative measurement error of the amplitude at 20 Hz was 0.45%, which met the test
requirements. Based on this measurement method, a sweep frequency test of rape plants was car-
ried out. It was found that the first-order and second-order vibration modes of rape plants were
concentrated in the first 15 Hz. The resonance range of rape plants mainly occurred at 67 Hz and
11-12 Hz. The standing frequency vibration test showed that rape plants had strong resonance at 6
Hz and 11 Hz, and grain falling was 1.192% and 0.992%, respectively, which was greater than those
of other frequencies. The free attenuation vibration of the rape plant showed that the average atten-
uation coefficients of the mark points on the lateral branch at 20 cm, 30 cm, and 40 cm from the
branch node were 0.542, 0.475, and 0.441, respectively, and the attenuation coefficient decreased as
the distance between the mark point and the branch node increased. The amplitude attenuation
coefficient of the main branch had little difference, and the average value was 0.797. This research
can provide some reference for exploring the threshing mechanism of the rape drum and optimizing
the header structure and parameters.

Keywords: rape plant; vibration characteristics; high-speed photography; image recognition

1. Introduction

Rape plants comprise an important oil crop worldwide, with a planting area of 70
million hectares in China [1-3]. A long-endured problem in rape production is the enor-
mous loss generated with mechanized harvesting. The main causes for this problem are
that the plant is multibranched and that the rape pods located in the upper and lower
parts of the rape plant have different maturity levels [4-7]. The fragile pods located in the
upper layer of the rape plant have high maturity levels and are more prone to cracking
with the effects of reel tine and the vibration collision force of vertical cutters, resulting in
grain loss during harvest [8-11]. The sturdy pods located in the lower layer of the rape
plant have low maturity levels and are difficult to thresh, which increases the threshing
loss rate [12]. Therefore, it is urgent to study the mechanism of seed abscission during
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rape harvest to determine the relevant factors affecting rape pod seed falling, which pro-
vides a reference for optimizing rape combine harvesters.

Many studies have been conducted to decrease rape seed loss during harvest. In par-
ticular, the physical characteristics of rape plants were studied, including improving rape
varieties to select rape varieties suitable for mechanized harvest and selecting an appro-
priate harvest time to reduce the loss of rape seeds [8,13,14]. Moreover, some scholars
have studied the harvesting methods of rape. First, the rape is cut down and laid in the
field for drying, and then the dried rape is threshed through a pickup device. This method
allows rape to be fully mature and easy to thresh, but there is inevitably a serious problem
of grain loss in the process of picking and threshing [15]. Additionally, the vibration of all
parts of the combine harvesters is decreased to reduce the force of the header on the plant,
reducing grain loss in the harvest process [16-19]. The above methods require many ex-
periments and continuous optimization of the device, which is time-consuming and labo-
rious, and the process of grain falling is not explained fundamentally. Studying the trans-
mission characteristics of dynamic excitation in rape plants and clarifying the process of
grain falling will be a major future research trend. Research on plant vibration mainly
focuses on vibration fruit picking. For example, Yang Huimin et al. [20,21] used ANSYS
software to conduct finite element modeling analysis on apricot trees and analyzed the
influence of different vibration characteristic parameters on apricot vibration detection
points through experiments. He Miao et al. [22,23] determined an optimal parameter com-
bination of fruit pedicle separation by studying the fruit pedicle separation conditions and
the dynamic transfer characteristics between Lycium barbarum branches in the process of
vibration harvesting machinery. Wang Qirui et al. [24-26] proposed a dynamic simulation
model considering the vibration response characteristics of flexible crop stems and stud-
ied the dynamic response characteristics of crop stems. In summary, the main research
ideas of plant vibration characteristics include plant modeling and simulation and exper-
imental research on the transmission process of excitation signals in plants with the help
of acceleration sensors [27], but the premise of this method is that the installed sensor
must ignore the influence on the vibration frequency of the measured object. Therefore,
the method of installing sensors on rape plants is not applicable.

In this paper, a noncontact measurement method is proposed. First, the vibration-
state images of the characteristic points on rape plants were collected by a high-speed
camera [28]. Then, after batch processing, such as threshold segmentation, denoising, and
feature point center coordinate extraction, the motion trajectory data of the feature points
were obtained. Finally, the accuracy of the measurement method was verified with a hy-
draulic vibration shaker. Using this measurement method, the sweep frequency test,
standing frequency test, and free attenuation vibration test of rape plants were carried out
with a hydraulic vibration shaker. Through this experiment, the resonance range of the
rape plant and the corresponding vibration grain falling during plant resonance were ob-
tained, and the attenuation coefficient of the amplitude in the rape plant was also deter-
mined. This study can provide a theoretical reference for the mechanized harvesting of
rape.

2. Materials and Methods
2.1. Stress Analysis of Rape during Combined Harvest

In the process of rape combined harvest, grain loss mainly occurs in the falling grain
loss caused by the reel fingers and the threshing loss caused by the insufficient separation
of rape threshing. Figures 1 and 2 show the force analyses of the actions of the reel finger
and threshing nail teeth on the rape plant, respectively.
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Reel finger

Rape plant

Figure 1. Analysis of shifting force on rape plant by reel finger.

In Figure 1, the rape plant at point B is moved by the reel finger, where F. is the
force of the reel finger on the plant, F, is the elastic force of the stalk against deformation,
and the direction is perpendicular to the lateral branches. F_ is the traction along the
stalk direction, then

F +F,=-F 1)

Threshing nail teeth
F, 8

Rape plant

Figure 2. Analysis of hitting force on rape plant by threshing nail teeth.

In Figure 2, the rape material fed into the threshing drum falls under the action of
gravity and collides with the threshing nail teeth in the falling process. The threshing nail
teeth are installed on the teeth rod and rotate around the center of the drum at speed w.
Due to the action of stalk epidermal fiber, the rape stalk will not be broken immediately
after being impacted by the nail teeth. The stress analysis was carried out at the “A” point
of the main stalk of rape. Point A is subjected to the tensile stress, F,’, of the partially
broken stalk, the impact force, F), of the threshing nail teeth on the stalk, and the re-
sistance, F,, along the moving direction of the stalk. The mechanical force analysis of the

rape stalk in the direction of the moving speed and vertical speed can be expressed as
follows:

Fysin@, = F,sin6, )

Fy cos@, + F, cost,—F, =ma 3)
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where m is the equivalent mass below point A, kg, and a is the acceleration of stem move-
ment, m/s2.

The analyses of the actions of the reel finger and threshing nail teeth on the rape plant
show that the common feature of dynamic excitation in the process of rape plant harvest
islocal force, and the parts without collision will also be affected by the dynamic excitation
of the collision point.

In Figure 2, taking branch AB as the research object, A is the dynamic excitation con-
tact point, and the part above point B is equivalent to the whole block with mass m. The
part between points A and B can be equivalent to the spring damping model [29], as
shown in Figure 3. The coordinate X downward is selected as positive, and the stress anal-
ysis on the position of point B is conducted. Due to the complex stress in the process of
rape harvest, the stress in the direction of gravity is only analyzed here, then the force
acting on point B is as follows: gravity, F, acting on point B, restoring force of spring
k(A, +x), which is related to the bending strength of the stalk, inertia force, %x" , inter-

ference force, F,sinar, which is related to forced vibration response, and damping force,

Fo, which includes air damping and internal friction of straw. The damping force is usually
assumed to be proportional to the speed as follows: F, =cx’, where c is the proportional

constant.
A [k, +0
X

=

S S

Figure 3. Simplified stress analysis model.

Thus, the motion equation of the rape plant can be obtained:

Ex"+ax'+k(A”+x)—F—Fd sinar =0 4)
4

By simplifying the above formula, and because kA, =F,

” ’ F .
X +gx +k—gx:Lgs1na)t (5)
F F F

The natural frequency of the system wo is as follows:
i
w-fE-fE ©
The following variables are introduced:
-
o=3F ?)

where 6 is the damping coefficient; then, Equation (5) can be simplified as
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x”+25~x'+a)§~x:%sina)t ®)
In the case of small damping, 6 < @,, the general solution of the above equation can
be calculated:

x=Ae’ sin(\/wj—§2t+a)+Bsin(wt+£) )

The first part of the formula is the attenuation vibration, which decreases rapidly
with increasing time and ultimately disappears. The second part is forced vibration. After
the first part disappears, only forced vibration remains, and the equation can be simplified
as. x=Bsin(ax+¢). In the above formula:

B: ng
2 7? 2 2
Fai [1—[‘”] ] +4(5J [‘”J {10)
a)O a)O a)O
£=arctan 200 11
o -’ D

The theoretical analysis shows that the amplitude of the forced vibration of the stalk
is related to the natural frequency, damping coefficient, quality, and other factors of the
stem itself. The natural frequency can determine when the vibration amplitude of the rape
plant is the strongest and obtain the best frequency of grain vibration and grain falling,
which can effectively guide the improvement of the device. The damping coefficient is
mainly determined by the attenuation coefficient of the amplitude in the plant. By meas-
uring the attenuation coefficient of the amplitude in each part of the rape plant, the opti-
mal position of the harvesting device with respect to the plant can be determined, and the
critical condition for the force acting on the stem to be transmitted to the pod to cause
grain falling can be obtained.

2.2. Test Materials and Method

The materials used in the experiments were collected and picked from the experi-
mental farm of Huazhong Agricultural University. The variety planted on the farm was
“Huayouza 62”, a winter Brassica napus variety developed by the researchers of Huazhong
Agricultural University in 2011 and now widely planted in central China. The average
water content of the main stalk was 68.94%.

In this experiment, whole rapeseed plants, which were pest-free and well-grown,
were cut and collected from six randomly chosen patches of the experimental farm. First,
vibrations of different frequencies were generated using a hydraulic vibration shaker. The
frequency range within which the plants showed severe vibrations was determined by a
sweep frequency test. Six rape plants were measured in each group, and measurements
were repeated three times. Then, tests of fixed frequencies were performed. For each fre-
quency, the vibration lasted 120 s in one test. The ratio of the drop seed weight to the
whole rape seed weight was recorded, the test was repeated three times, and the average
value was recorded. Finally, the rape plant was fixed on a shaking table, and a horizontal
offset was applied to the lateral branches of the rape plant. The attenuation process of the
swing amplitude was recorded by high-speed photography. To avoid interference from
nearby stems, only one main stem was clamped on the shaker in each test. During the
tests, the movements of the plants were recorded at a high speed, as shown in Figure 4.



Agriculture 2022, 12, 727 6 of 14

Figure 4. Experimental setup of rape plant vibration measurements: 1 —background paper; 2—hy-
draulic shaker; 3—computer; 4—high-speed camera; 5—hydraulic console.

The equipment used in the test included a moisture analyzer (model MB45,
OHAUS Corporation, Switzerland), high-speed photography system (PCO.dimax HD,
PCO AG, Germany), hydraulic vibration shaker (model ES-3, Sushi Testing Instrument,
China), marking pen, white background plate, scissors, and a tape measure. The parame-
ters of the equipment are shown in Table 1.

Table 1. Parameters of equipment used in the noncontact measurement method.

Equipment Parameter Parameter value
Resolving power 2 megapixels (1920 x 1440)
hooti 1~2128 £ j 1
PCO.dimax HD Shooting speed 8 frames/s ?ad]ustab e)
Shutter speed 1.5 us~1 s (adjustable)
Spectral response range 290~1100 nm
Frequency range 0.1~160 Hz
Direction of vibration vertical
Hydraulic vibration shaker Maximum Vg(r;cal accelera- 40 m/s?
Maximum sinusoidal force 30 KN
Displacement range +100 mm

2.3. Measurement Method of Rape Plant Vibration
2.3.1. Image Acquisition

The prepared rape plant sample was clamped on the fixture of a hydraulic vibration
testbed, and the vibration signal was applied to the rape plant by the hydraulic vibration
testbed. In the process of rape plant vibration, the vibration state of the rape plant was
recorded with a high-speed camera, and the sampling frequency of high-speed photog-
raphy is 200 Hz.

During the test, the bottom of the rape stalk was clamped and fixed on the vibration
testbed. High-speed photography and the marking points on the rape plants remained at
the same level. Since the applied vibration signal was in the vertical direction, the vibra-
tion amplitude in the vertical direction of the plant was the largest, so only the vertical
amplitude of the marked points on each pod was recorded.

2.3.2. Feature Point Coordinate Recognition

In this paper, MATLAB software (GRALL07b, R2007b GR KIT WIN-MAC-UNIX,
MA, USA) was used to batch process the pictures recorded by high-speed photography
to measure the vibration at the marked points of the rape plants. The specific process
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included image clipping, image threshold segmentation, image filtering, and mark point
coordinate extraction. The specific operations were as follows:

(1) First, the pictures taken by high-speed photography were segmented. Because the
position of high-speed photography was fixed and the rape plant was fixed on the fixture
of the vibration testbed, the parts other than the plant mark points may interfere with the
recognition of the feature points. Therefore, the parts other than the image mark points
were segmented to obtain images containing only the mark points.

(2) Threshold segmentation and filtering were performed on the segmented images.
In the experiment, a black marker was used to mark the plant, and there were black spots
on various parts of the plant that interfered with the marked points. Therefore, the bina-
rization process contained local noise, and the images needed to be filtered. Because the
local noise was generally less than the marked points, according to the size of the marked
points, the binary image was processed by corrosion expansion in this paper. While cor-
roding the local noise, the image marking points were expanded to eliminate the noise as
much as possible and ensure that the size and center position of the marking points re-
mained unchanged. Images of the rapeseed plant marked feature points and threshold
segmentation are shown in Figure 5.

| -.‘\ .
(b)
(d)

Figure 5. Figures of rape plant’s measurement point marks and threshold segmentation. (a) Image
of rape pods marked feature points. (b) Threshold segmentation image of rape pods. (c) Image of
rape branches marked feature points. (d) Threshold segmentation image of rape branches.

(3) Mark point coordinate extraction: The processed pictures were named with digital
serial numbers and saved in the same folder. The pictures were exported in batches
through MATLAB programming, and the center coordinates of the marked points in the
pictures were solved. Thus, the displacement change of the marked point was A(#). At
this time, the displacement signal was not the vibration signal of the feature points but the
amplitude change of the feature points, and the vibration signal of the marked points was
X

Xw= y(A H — AO) X(t):,U(A(t) *Ao) (12)

where 4, is the offset of the center point when the mark point fluctuates up and down,
and u is the ratio of the amplitude of feature points on the picture to the actual ampli-
tude of feature points.
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2.3.3. Measurement Accuracy and Feasibility Analysis

At present, the measurement of vibration is mainly based on contact sensors, and few
scholars measure it based on high-speed photography and image recognition. The accu-
racy and effectiveness of this method need to be verified. This study marked a point on
the fixture of the vibration testbed, provided a sinusoidal signal to the hydraulic testbed,
measured the signal with the help of high-speed photography and image recognition tech-
nology, and compared the measured signal with the actual signal to verify the effective-
ness and accuracy of this method. The measurement accuracies of the two sinusoidal sig-
nals at 20 Hz and 60 Hz are shown in Table 2.

Table 2. Error analysis table of vibration signals.

Signal 20HZ 60 HZ

) Theoretical Measured Theoretical Measured
Numerical Value

Value Value Value Value

Period/T (s) 0.05 0.0500 0.0167 0.0167

Frequency (HZ) 20 20.0000 60 59.8802

Velocity (m/s) 0.1592 0.1600 0.0531 0.0559

Acceleration (m/s?) 20 20.0960 20 21.1122

Amplitude (mm) 1.2678 1.2735 0.1409 0.1487
Amplitude error (mm) 0.0057 0.0078
Amphtude( (1;:)1at1ve error 045 554

Table 2 shows that the test method is feasible. The average measurement error of the
vibration amplitude was 0.0068 mm. The relative measurement error of the signal ampli-
tude was only 0.45% at 20 Hz and 5.54% at 60 Hz. The error increased at higher frequen-
cies, mainly due to the acceleration of the sinusoidal signal a = (27tf)?d, where f is the fre-
quency and d is the stroke (twice the amplitude); when the acceleration, 4, was certain, the
amplitude decreased with increasing frequency, and the relative error was & = AA/A.
When the value of A remained unchanged, the amplitude decreased, and the relative error
increased. During the test, only the vibration characteristics of rape plants in the first and
second order were studied, so this measurement method is feasible for studying the vi-
bration characteristics of rape plants.

3. Results and Discussion
3.1. Sweep Frequency Vibration Test of the Rape Plant

First, the console was preloaded to determine whether the hydraulic vibration shaker
could complete the frequency sweep. To avoid the overload of the hydraulic vibration
shaker, it started to sweep the frequency with a fixed amplitude when the frequency
sweep signal of the hydraulic vibration shaker reached the preset amplitude. Then, the
hydraulic vibration shaker was started, to apply the vibration signal to the rape plant, and
the sweep frequency measurement signal as shown in Figure 6. The real-time vibration
signal of the hydraulic vibration shaker as shown in Figure 6a. The vibration signal of the
rape plant can be obtained by subtracting the signal applied by the vibration testbed from
the measured signal. The measured signals of the main and lateral branches are shown in
Figure 6b,c.
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Amplitude/mm

Amplitude/mm
Amplitude/mm

Time/s

(a)
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Time/s Time/s
(b) (0)

Figure 6. Sweep frequency measurement signal. (a) Frequency sweep signal of vibration bench. (b)
Vibration signals of main branch. (c¢) Vibration signals of lateral branches.

The amplitude fluctuated obviously at 7.150 s, 10.735 s, 16.645 s, and 18.570 s, as
shown in Figure 6b. Since the data sampling frequency set by the high-speed camera was
200 Hz, it can be concluded that the time interval between the two data points was 0.005
s. Therefore, the frequency at the resonance point can be obtained by combining the num-
ber of measuring points in the vibration cycle where the signal peak point is located. The
corresponding frequencies at each resonance point can be calculated as 3.64 Hz, 5.41 Hz,
11.11 Hz, and 14.29 Hz. The main branch had a maximum amplitude at a frequency of
14.29 Hz, and the maximum amplitude was 2.347 mm. Similarly, the lateral branches had
a maximum amplitude at a frequency of 11.11 Hz, and the maximum amplitude was 6.922
mm, as shown in Figure 6c.

Through the frequency sweep test, it was found that there were multiple resonance
points in the frequency range of 1-15 Hz. The maximum deformation of plant vibration
was usually in the first and second order. Therefore, a frequency sweep test was carried
out on 18 rape plants, and the maximum amplitudes of the first and second peaks of the
rape plants at 1-15 Hz were recorded. The frequency distribution range corresponding to
the vibration peak point of the rape plant is shown in Figure 7. The resonance of rape
plants mainly occurred at 67 Hz and 11-12 Hz.

—_
(=}

9

Number of resonance point/n
[\8) w E w =)} ~ [oe] N

1-2 23 34 45 56 67 7-8 89 9-10 10-1111-1212-1313-1414-15
Frequency/HZ

Figure 7. Frequency distribution range corresponding to the vibration peak point of the rape plant.

3.2. Sweep Frequency Vibration Test of the Rape Plant

To study the rapeseed falling of the rape plant at different frequencies, a standing
frequency vibration test was carried out for the rapeseed-falling characteristics of the rape
plant at various frequencies of 1~15 Hz. During the test, the vibration acceleration is 10
m/s2. The maximum vibration grain falling of the rape plant was 1.19% at 6 Hz, followed
by 0.99% at 11 Hz, which was greater than other frequencies, as shown in Figure 8. When
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developing the header, the vibration frequency of the header and the reeling frequency of
the reel should be selected to avoid the resonance frequency of the rape plant, which can
effectively reduce the serious problem of grain loss in the process of rape combined har-
vest.

14

1.2

Grain weight/%
(=) (=) —_
o » o

e 2
N

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Frequency/Hz

Figure 8. Vibration seed falling of rape plants under different frequencies.

3.3. Sweep Frequency Vibration Test of the Rape Plant

The vibration response of the rape plant will be transmitted from the stress point to
the rape pod during rape harvest. In the process of vibration response transmission, the
main factor affecting energy dissipation is the material damping of the rape plant itself.
Therefore, determining the transmission characteristics of the vibration response in a rape
plant is of great significance to clarify the threshing mechanism of rape.

During the experiment, taking the first branch node as the coordinate, points 20 cm,
30 cm, and 40 cm away from the node on the lateral branch and main branch were marked.
The lateral branches of the rape plant were shifted by 80 mm. While loosening the plant,
the attenuation process of the swing amplitude of the lateral branches of the rape plant
was recorded by high-speed photography. The attenuation signal of the rape plant was
obtained through later image processing, as shown in Figure 9.

80 - 40

60
40

20 f

-20

Amplitude/mm
o
Amplitude/mm

-40

-60 F

-80 L

Time/s Time/s

(@ (b)
Figure 9. Damped free vibration signal of the rape plant. (a) Lateral branch. (b) Main branch.

According to the formula of exponential attenuation of amplitude [30]:
A(r)=d,- e (13)

where Ao is the initial amplitude and ¢ is the attenuation coefficient.

The exponential function was used to fit all peak points to obtain the exponential
attenuation function of amplitude with time. The value of each peak point was logarith-
mically fitted, and the fitting degree was 0.97, as shown in Figure 10.
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Figure 10. Fitting diagram of the attenuation function of each peak amplitude of the rape plant. (a)
Lateral branch. (b) Main branch.

Taking the side branch as the node, the free attenuation vibrations of the marked
points 20 cm, 30 cm, and 40 cm away from the node were recorded, and the attenuation
coefficient of each point was measured. The attenuation coefficient of each point is shown
in Figure 11.

1.0 1.0
_0or 0.9
808 £ 08 —O— —e
£07 207
06 | {\H S 0.6
05 | 805
g =
204 % 0.4
Z03 Z 03

02 F 02

0.1 0.1

0.0 ) ) ) . \ , 0.0

15 20 25 30 35 40 45 20 30 40
Height of marker point/cm Height of marker point/cm
(a) (b)

Figure 11. Attenuation coefficients at different mark points. (a) Lateral branch. (b) Main branch.

The average attenuation coefficients at 20 cm, 30 cm, and 40 cm from the main branch
node on the side branch were 0.542, 0.475, and 0.441, respectively, as shown in Figure 11a.
The attenuation coefficient decreases with the distance between the marker point and the
node, mainly because the farther the marker point of the rape lateral branch was from the
node of the main branch, the thinner the diameter of the lateral branch at the marker point,
the lower the degree of fibrosis, and the rape plant had weak resistance to deformation in
the process of free attenuation vibration, so the attenuation coefficient of amplitude was
smaller. The amplitude attenuation coefficient of the main branch showed little difference,
and the average value was 0.797, as shown in Figure 11b.
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4. Discussion
4.1. Universality Analysis of the Vibration Measurement Method

This paper presents a noncontact measurement method of rape plant vibration char-
acteristics based on the combination of high-speed photography and image recognition.
This measurement method is not only suitable for rapeseed plants but also for other crops.
Compared with an acceleration sensor, which is limited by the transmission channel, this
measurement method can mark multiple feature points and realize multipoint measure-
ment at one time. However, because this measurement method is limited by the parame-
ters of high-speed photography equipment, it cannot be measured for a long time. After
a group of experiments are taken, the pictures need to be exported and saved, and then
the vibration signal can be obtained after postprocessing. A set of data takes about 1 hour
to process. Subsequent research can integrate a high-speed camera with the coordinate
recognition technology of feature points, which has good application prospects for the
real-time measurement of plant vibration characteristics.

4.2. Effect of Different Frequencies on Vibration Modes of Rape Plants and Grain Falling

The frequency sweep test of rape plants showed that the resonance of rape plants
mainly occurred at 6-7 Hz and 11-12 Hz. Because there are some differences among rape
plants, the resonance point of the “Huayou Za 62” rape plant was preliminarily deter-
mined by statistical methods. Follow-up research can focus on the effects of different va-
rieties of rape and water content on the vibration characteristics of rape. The standing
frequency vibration test showed that the maximum vibration grain falling of the rape
plant was 1.19% at 6 Hz, followed by 0.99% at 11 Hz. The experiment was carried out on
the vibration testbed, and the rape plants will inevitably exhibit some losses in the process
of manual harvesting and transportation. Therefore, the measured value of the rape vi-
bration grain falling was slightly less than the actual value. During rape harvesting, avoid
the resonance frequency of rape header at 6-7 Hz and 11-12 Hz, which can effectively
reduce the grain falling loss. During rape threshing, optimal hitting frequency of thresh-
ing parts on rape are 6 Hz and 11 Hz for easier and more effective threshing.

4.3. Effects of Different Parts of the Rape Plant on the Vibration Amplitude Attenuation
Coefficient

The average attenuation coefficients at 20 cm, 30 cm, and 40 cm from the main branch
node on the side branch were 0.542, 0.475, and 0.441, respectively. The attenuation coeffi-
cient decreased with the distance between the marker point and the node, mainly because
the farther the marker point of the rape lateral branch was from the node of the main
branch, the thinner the diameter of the lateral branch at the marker point, the lower the
degree of fibrosis, and thinner branch has weak resistance to deformation, so the attenu-
ation coefficient of amplitude was smaller. The amplitude attenuation coefficient of the
main branch showed little difference, and the average value was 0.797. The amplitude
attenuation coefficient of the main branch was much greater than that of the side branch.
During rape threshing, because the dynamic impact of threshing nail teeth on rape stalk
is attenuated when it is transmitted from stalk to pods, making direct collision of thresh-
ing nail teeth with pods can make rape threshing easier and more effective. For example,
reducing stalk feeding or adopting the stripping harvest method to increase impact prob-
ability of threshing nail teeth on pods.

5. Conclusions

(1) This paper presents a noncontact measurement method of rape plant vibration char-
acteristics based on the combination of high-speed photography and image recogni-
tion. Through the analysis of the accuracy and feasibility of the measurement
method, it can be seen that the average measurement error of the vibration amplitude
of the test method was 0.0068 mm. With an increase in the vibration frequency, the
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relative error of the method decreased slightly, and the relative measurement error
of the amplitude was 0.45% at 20 Hz.

(2) Through the frequency sweep test, it was found that there were multiple resonance
points in the frequency range of 1-15 Hz. The maximum deformation of plant vibra-
tion is usually in the first and second order. The resonance of rape plants mainly
occurred at 6-7 Hz and 11-12 Hz.

(3) The standing frequency vibration test of rape plants in the frequency range of 1~15
Hz showed that rape plants had resonance at 6 Hz and 11 Hz, and the vibration and
grain falling were 1.192% and 0.992%, respectively, which was greater than those of
other frequencies.

(4) The free attenuation vibration test of rape plants showed that the average attenuation
coefficients of the marked points on the side branches at 20 cm, 30 cm, and 40 cm
away from the main branch and side branch nodes were 0.542, 0.475, and 0.441, re-
spectively. The attenuation coefficient decreased with increasing distance between
the marked points and the nodes, and the attenuation coefficients of the marked
points on the main branch showed little difference, with an average value of 0.797.
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