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Abstract: Under diurnal temperature stress, the vascular bundle content of mature rice stems will change which will cause a
change in the modulus of elasticity. Therefore, the rice stems will collapse with the reduction in bending resistance because of
the change in the modulus of elasticity. In order to reveal the distribution of vascular bundle gradients in rice stems under
different climatic temperatures and explore the locations where stems are prone to bending and the form of stem damage, this
study established a model of stem stiffness under free loading based on observing microstructure of the rice. The lodging
characteristics of rice stems was explored seldom in different environmental temperatures from a micro structure of rice stems.
So, the statistical analysis and #-tests were carried out on stems 1 to 4 in combination for cantilever bending tests at room
temperature on stem internodes 3, versus three-point bending tests at —10°C to 65°C temperature treatment. Results showed that
the bending resistance of the stem can be well predicted by using the vascular bundle distribution regression model and the
variable stiffness mechanical model. The bending resistance of No. 3 stem was established by using the results obtained from
the three-point bending test in a temperature range between 10°C-65°C. The correction coefficient TF of stem bending
resistance under temperature difference induced stress was established based on the Gauss regression model. Statistical analysis
showed that the bending resistance of No.3 stem was relatively large in a temperature range of 16°C-34°C. This study
elucidated the variations of the mechanical properties of rice stems under temperature difference induced stress and provided a
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theoretical foundation for understanding the lodging characteristics of rice during mechanized harvesting.
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1 Introduction

Rice is an important food crop in the world, its production is of
great significance for the development of human life!'?. As a large
rice-producing country, China is the largest producer of rice in the
world, accounting for approximately half of the global production
annually®. At present, rice is mainly harvested by combine
harvesterst?),
conditions have an important impact on rice yield“”. Therefore, to
ensure an efficient mechanical harvest of rice, it is of great

but harvesting temperature and environmental

significance to establish a suitable harvest scheduling scheme for
combine harvesters based on the mechanical model and growth
environment of rice™’.

The mechanical properties of the stem directly can reflect its
lodging resistance!'”. At present, the primary parameter used for the
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evaluation of the lodging resistance of the stem is the lodging index.
Higher lodging index indicates the rice stem is more prone to
overloading. Three types of lodging, including bending, setback and
torsion, occur under the condition of lodging, which seriously
reduces the working efficiency of combine harvester!'"'?. As shown
in Figure 1, the lodging of mature rice will reduce the operational
smoothness of the cutting and feeding device of the combine
harvester, which will reduce the yield seriously.

The mechanical properties of the lower internodes (1-3) at the
base play a crucial role in determining the characteristics of rice
stems'”. Building on this foundation, Luo et al." conducted an
analysis and modeling of the 2nd stem at the base under room
temperature conditions. Optimal parameters of stem bending
resistance were established, and then the lodging index for mature
stems evaluated and predicted. However, Li et al."” proposed a
relative stem wall thickness model, which used the ratio of stem
internode wall thickness to its diameter to describe the mechanical
properties of stem bending resistance, which seriously affected the
mechanized harvesting of rice. Combined with the growth
environment of mature rice, Ma et al.'"¥ found that the mechanical
indicators such as the friction coefficient of mature rice stems are
larger in high temperature environment, which will affect the
mechanical harvesting efficiency. High temperature or low
temperature stress has a significant impact on the mechanical
properties of stems!”?", which will affect the final yield of rice
further. Therefore, the simulation statistics of the mechanical
properties of mature rice stems at different temperatures can ensure
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the normal harvesting and operation of the harvester, thereby
reducing the mechanical harvesting loss of rice.

a. Harvesting normal rice

7

d. Basal lodging rice e. Difficulty in harvesting

Figure 1 Rice lodging affects mechanized harvesting

From microscopic view, the content and distribution of
vascular bundles of rice stems are important factors affecting the
mechanical properties of the stem base™. The microstructure of rice
stems has distinct layers and has many functions to maintain stem
life activities and resist external loads™*. Meng et al.” sampled
and analyzed different varieties of rice and found that the
morphological distribution characteristics such as vascular bundle
filling and number have an important impact on the mechanical
properties of stems, Gong et al.* designed a biomimetic porous
sandwich structure similar to the structure of rice stems based on the
good compressibility and recoverability of the vascular bundles of
stem microstructures; The study from Chen et al.”” showed that the
quantity of small vascular bundles is the primary factor affecting the
lodging resistance of rice, and it exhibited a strong positive
correlation with the maximum bending resistance of the stem.
Consequently, by establishing the pattern of vascular bundle
distribution within the stem, one can make preliminary predictions
regarding the mechanical properties of the stem and can develop
efficient harvesting techniques.

The mechanical properties of stems are to be determined by
taking into account a comprehensive understanding of both material
mechanics and elastic-plastic mechanics. Huang et al. derived
relevant equations for the transverse loaded deformation of the
stem, but the calculation is large and not representative. Berry, with
a test method for lodging resistance, established a theoretical
analysis model for lodging of oat stems and pointed out that
different crops have different lodging methods™*). Teng et al.*
established a unified criterion for the identification and evaluation
of resistance to overturning by considering factors such as spike
traits, physical strength at the base of the stem and root morphology.
A lot of research has been done on the bending model of rice stems.
Wu et al.’" used a high-throughput micro-CT-RGB imaging system
and deep learning (SegNet) technology to establish a damage-free
quantitative rice bending moment model®** proposed a rice yield
classification model based on visual algorithm processing to

quantify the lodging resistance of stems. The mechanical properties
of stems in the above studies mostly is based on simulated loading,
and the studies on the calculation of stiffness or bending modulus,
based on the deformation of stems in the real state, are unfrequent.
Moreover, the above research cannot give the weak position of
the stem on freely loaded and predict the lodging behavior of
mature rice.

Therefore, this study established a regression model to reveal
the distribution of vascular bundles based on the functional gradient
of rice stem microstructure. In order to predict the easy lodging
position of the stem by combining with the stiffness mechanical
model, cantilever bending tests and the three-point bending tests at a
temperature range of —10°C to 65°C were further carried out to
analyze the susceptibility of stalks to collapse under different
temperature stresses and the magnitude of the collapse force. The
correction coefficients of the stem bending force under different
temperature stress were derived, and a numerical method for
predicting the stem bending stiffness and bending force based on
the mechanical model was established. The findings can provide a
certain theoretical foundation for the mechanized harvesting of rice
and contribute to the reduction of harvest losses.

2 Material and methods

2.1 Characteristics of mature rice

The raw materials used in this experiment were the ear-picking
rice of Huaidao No. 10 in the Jiangsu region of China (116°18'E-
121°57'E, 30°45'N-35°20'N). The rice has moderate plant height,
compact plant type, erect leaves, and strong lodging resistance. In
this experiment, the rice plants were harvested manually after they
were mature, and the plants with good growth conditions, full
grains, and no pests and diseases were selected as the test samples,
(accuracy of 1 cm), electronic scales (accuracy of 0.1 g), etc. to
measure the physical structure parameters of the plant, as shown in
Figure 2.

b. Morphology of ears and leaves of
mature plants

\]l Shaft cut
specimen

Diameter cut]
sample

(

Rice stalk

c. Axial and radial slices of stems of
mature plants

Rice root

d. Axial and radial slices
of rice roots

a. Sample variety of
Huaidao No. 10
Figure 2 Morphological features and structures of various parts of
rice plants

Mature rice straw is at an angle of about 15°-30° to the ground,
with a thousand-grain weight of about 28 g, a total number of 110-
130 grains per spike, and a fertility rate of 90%-95%. The average
height of the rice used in the experiment was about 850 mm. The
length of the cut rice straw was about 700 mm. The diameter of the
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rice straw roots was about 7 mm. The moisture content of 10 rice
straw samples was measured and the average value was taken to
be 60.2% at the root of the rice straw and 49.7% at the top of the
rice straw.
2.2 Microstructure observation test and analysis

In order to observe the microstructure of rice, the WN25VY
photo platinum electron microscope of China New Bell Technology
Co., Ltd. was used to observe the microscopic morphology of rice
stems before and after threshing. The magnification test can
reach x2000. Complete unbroken stems and rice leaves were
selected as test samples for cutting and grouping, and the samples
were observed with a combination of x60 eyepiece and *10
objective lens.

The rice leaves, stems, etc. were supported on the microscope
stage, and the resulting images were displayed on the display screen
matched with the test, as shown in Figure 3.

Rl
)

Figure 3  Optical platinum electron microscope

The image of the microstructure can be stored on the PC
through the interface. After completing the measurement of stem
tissue, the vascular bundle layer was gray-scaled, the number and
distribution area of vascular bundles were calibrated and counted,
and the relationship between the number and area of vascular
bundles and plant stiffness was obtained by further analysis of
variance.

2.3 Rice stem variable stiffness mechanical model

The mechanical properties of rice against bending are mainly
determined by the density of vascular bundles and epidermal
mechanical tissue layers in rice stems®. In order to reveal the
mechanical model and stability of rice stem under different
conditions, a stem model is established based on material
mechanics, and designed lateral and longitudinal loading to simulate
the bending model of naturally loaded rice. In order to simplify the
calculation model, this paper makes the following assumptions:

1) In the radially compressed condition, the stalk partly bends
and the rice stalk nodes do not change significantly®, so the change
in force at the rice stalk nodes is neglected;

2) The cross section of the stem is a highly symmetrical
circular ring®;

3) Based on the microstructure observation test of rice stalks, it
can be obtained that the stiffness of rice stalks has a gradient
distribution, and the mechanical properties show a linear trend from
bottom to top.

First, this study established the static parameters of the stem,
including the length and diameter of each segment of the stem.
Regarding the establishment of the stem model, this study is based
on the following Equation (1), and the label is i (i=1, 2, 3, ..., n)
from the bottom up. Among them, the length of the stem and its
internodes has a power function relationship, and the established stem
length is:

L=t )

S
i=1

where, /; is the length of the i-th internode, mm; / is the total length

of stem plant, mm; /, is the relative stem length, mm; it can be
solved by the following Equation (2):

ly=al 2

where, a is the internode length coefficient of the stem, 80.36, b is
the internode length index of the stem, —0.6657, and the diameter of
the stem has an exponential relationship with its position, which can
be solved by Equation (3):
L
d= 3)

“al

where, d; is the diameter of the i-th internode, mm; a' is the
internode diameter coefficient, 594.2; b’ is the internode diameter
index, —0.2362; The difference calculation method detects the
conformity of the model, as follows:

4)

where, x; is the predicted value of the model, mm; x, is the actual
parameter of the stem, mm; # is the sample size; calculated the R,
values of the stem length and position variation model, stem
diameter and position variation model are 2.67%, 3.69%.

The length of the i-th internode, based on the three
assumptions, was obtained in the above calculation process. And
then, the formula of the relation between diameter and position was
obtained and the conformity of the model verified by the difference
calculation method. After solving the morphological parameters of
the stem, a model is established, as shown in Figure 4.
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b. Parameters of stem nodes

a. Node coordinates

Figure 4 Mechanical model of rice stem

When modeling, considering that the dead weight of the rice
ear will generate a bending force, resulting in a complete constraint,
and the upper end is free, the bending-deflection curve equation of
rice stem under the influence of rice ear is established, and the
deflection and node turning angle of each stage of the stem are
solved. Naturally, under the condition of no external load, the rice
stem is only affected by the weight of the ear, so the approximate
differential equation of the deflection curve can be established"”, as
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follows: Figure 5, it can be seen that:

‘(1;7“: - % (5) ¢, = arctan (y—) =2tan™ (i—:) (11)

M) = [Py~ + P (=P 0=) (6) Geeosemp=FL-m-L )

where, w is the deflection of the rice stem, m; y is the vertical
distance from the measurement point to the ground, m; x is the
horizontal distance from the measurement point to the neutral axis,
m; (x,,, v,,) is the coordinates of the measurement point, is rotation
angle of measuring point; M is the bending moment of the stem,
N-m; EI is the rice section stiffness, N-m?; The moment of inertia of
the thin-walled ring is TR5; P is the rice weight, N; F is free load,
N. Due to the large deformation of the stem, this study introduced
the Simpson equation® to characterize and solve the deflection, as

dw M@y (dw>2 °
dyz-Ez{“ & } 2

By integrating Equation (7), the stem deflection curve and the

follows:

differential equation of the turning angle can be obtained, since the
Equation (7) involves nonlinear implicit elliptic integrals, this paper
introduces the fourth-order Runge-Kutta method™ for numerical
calculation, as follows:

d

d—‘;’ = fO,w)

w| ()
dy|

The Runge-Kutta method is an important class of implicit or
explicit iterative methods for the solution of nonlinear ordinary
differential equations. The solution algorithm is shown in Equation
(9), where £ is the calculation step size.

Wiy = W; + é(k, + 2k, + 3k; + ky)

k= hf(ymwn)
h k

k2:hf<yn+§,wn+§l) 9)
h k,

ky = hf(y,, + E,w,, + E)

k, = hf(y, + h,w, + k;)

From Equation (6)-(9), the initial solution of the deflection
curve equation can be obtained. It can be seen that the deflection of
rice stem is related to Young’s modulus and section stiffness.
Therefore, the stiffness is first solved by combining the geometric
relationship. Under the influence of the comprehensive load, the
deformation of the stem is simplified as shown in the figure, and the
Equation (7) can be deformed as:

dw dw\’ " de,,
e {1+<dy)} =0 COSP,, (10)

Integrate Equation (10) to get its basic solution. On this basis,
this study is extended to solve the applied load of rice, as shown in
Figure 5. The natural load is decomposed into horizontal and
vertical forces, and the rice gravity is simplified to the center of
gravity.

The deformation model of the stem axis in Figure 5 can
describe the bending and micro-deformation degree of the stem
under load, and can be described by the angle of rotation and the
amount of axial deformation. From the geometric relationship in

Figure 5 Loading and deformation of rice

Therefore, taking Equation (12) into Equation (10), it can be
obtained that the ground end of the stem is completely constrained,
so the bending angle can be expressed as:

M di
COSp, = g7 (13)
r=V1+w? (14)

where, 7 is the radius of curvature of the segment, mm. Equations
(7)-(14) and (2) can be solved to obtain the deflection curve
equation of the stem under load, but it noticed that the stiffness of
the stem is still necessary. Therefore, this study used the deflection
to determine the stiffness of the stem. The solution is to describe the
stiffness of the stem at different positions with the change of
displacement.

Stem ground end, d/=ds, w~0, And the bending angle of the
proximal end is 0, therefore, Equation (13) can be transformed into:

M
=— Vi+w? 1
cosg, = = VI+w (15)
The bending stiffness of the stem at this time can be solved as:
M(0
pr=_10 (16)
\/1+w?
For general parts, Equation (7) can be transformed into:
de M)
— = —— 17
COSp 7 Z] 17

Substituting Equation (6) into Equation (17), and integrating
both sides of the equation, Equation (18) can be get:
[P(xo— x) + Fcosg,(x, —x)]  [Fsing,(y,—)] ’

Sihg = El - 2EI (18)

Therefore, this paper calculated the stiffness value of each
internode based on the deformation deflection and rotation angle of
the stem from the Equation (18). After obtaining the calculation

method of the stiffness of the stem, the critical load of the rice stem
and the position of the internodes that are prone to failure are
further discussed. Since the lodging form of the stem is mainly
bending failure, Brazier*” is used to calculate the critical bending
load of the stem, predict the lodging load of the rice stem and
determine the approximate lodging interval. The stem model in this


https://www.ijabe.org

June, 2024 Wang B Z, et al.

Rice stem lodging properties and bending modeling under the influence of circadian temperature difference

Vol. 17No.3 25

study is a thin-walled ring, so the critical load in Brazier’s
theoretical model is:

TEE62R1 (19)
(1-v2)2

M, =0.31426

where, v is the Poisson’s ratio of the stem, which is taken as 0.3 in
this study™. From Equation (20), it can be known that the critical
bending load of each joint can be solved by combining parameters
such as moment of inertia and radius after the stiffness is solved.
Combined with Equations (19) and (20), the critical load of each
segment can be solved based on the deformation.
2.4 Bending mechanics tests based on stem loading model at
room temperature

In order to reveal the mechanical properties of stems at
different temperatures, this study firstly designed a cantilever
bending mechanical property test of stems at room temperature. In
order to ensure the accuracy and consistency of the test temperature,
the selected rice plants were preliminarily screened and grouped
according to their different parts and differences in width and

b. Structure of bMM721ING1-PW digital
microwave incubator

thickness. A digital microwave incubator is used for sample
temperature heating and heat preservation. The schematic diagram
of the test structure and the test process are shown in Figure 6. At
the same time, the test samples including stems, leaves, roots and
other parts were heated and kept warm under a digital incubator.
The MM721NG1-PW digital microwave thermostat selected in this
test can quickly and accurately reach the specified temperature. The
temperature is controlled by an infrared thermometer during the
test. The measurement temperature range is —18°C to 35°C, and the
measurement accuracy is 1.8%.

In this study, the samples were subjected to the cantilever
bending test under normal temperature treatment and the three-point
bending test under normal temperature treatment on the Edberg
0824 push-pull testing machine to analyze the bending deformation
under load of the stem at different temperatures - the axial and
radial directions at the time of fracture. The change characteristics
of stiffness to reveal the bending resistance mechanism of stems at
different temperatures, and provide theoretical guidance for the
mechanized harvesting of mature rice.

Heat
preservation

Heating l o 8 |
d. Axial-cut specimens of
the root system used

Waveguide

A

Microwave
heating
chamber

/1]

e. Test stem part shaft
cutsample

Microwave
radiation area

Magnetron

Counterop with stem

—— Switch==

/4

Transformer~]

o

a. Grouping of rice samples

c. Principle and heating process of digital
incubator

f. Root system shaft cut sample
used in the experiment

Figure 6 Cutting of rice stem samples

When rice lodging occurs, each segment of the stem, especially
the proximal segment, is subject to bending stress under the
combined effect of ear weight and external load. That is, one end is
fixed and the other end is free, which can be regarded as a
cantilever beam model. The purpose of this test is to verify the
bending resistance of rice stems, set up a single-arm bending test of
No. 3 stems at room temperature, and analyzed the bending
resistance of rice stems. The experimental design and sample
installation are shown in Figure 7.

Figure 7 Installation method for single-arm bending test

Put the three groups of test samples into the incubator for
temperature adjustment, and adjust the test temperature to 20°C, in

order to reduce the influence of the indoor temperature difference
on the test, after the value of the incubator remains unchanged, it is
taken out for about 1 h. In order to ensure the accuracy of the test
results, the stems were kept in a relaxed state when clamping to
avoid substantial damage to the stems themselves.

Similarly, before the three-point bending test, the rice stem
samples were grouped, and the three-point test method was carried
out for each part to measure the bending resistance, and the main
section of its lodging was observed, mainly the No.3 near the lot.
The force state of the three parts of the stalk during the test is shown
in Figure 8.

The measurement principle of the three-point method is to fix
the two ends of the test material, apply a load in the middle, and
measure the characteristics of the crop based on the bending theory
of the beam. When the rice is lodging, most of the cases on the
upper end of the stem can be regarded as the plastic deformation of
the stem caused by the excessive load in the middle of the
internode, which can be approximated as a three-point stress
treatment. Figures 8a-8c correspond to the experimental procedure
at the root, middle and top of the stalk, respectively. All data were
saved for subsequent processing and analysis at the end of the test.
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a. stem root b. middle stalks c. top of stalks

Figure 8 Three-point tension mounting of the blade

2.5 Bending test of stem under temperature difference
induced stress

The main purpose of this part is to study and analyze the
mechanical properties of rice stems under the simulated natural
environment of day and night temperature changes. Before the
experiment, the experimental materials were screened, and the
samples were placed in the refrigerator for 24 h before
classification, and kept in the incubator for heat preservation, so as
to basically ensure that the physical properties of each segment tend
to be consistent. During the test, the stems were first treated with
temperature difference, and the tensile properties of the leaves at
different temperatures were tested and analyzed using the existing
test materials.

In order to achieve the change of temperature difference
between day and night, the mechanical properties of rice leaves in
the range of —10°C to 65°C were studied. The specific temperature
test equipment and control method are shown in Figure 9.

Figure 9 Broken force test of stem at different temperatures

They were grouped according to their internode positions, and
divided into the third stem at the proximal end. The stem samples
were placed in a digital microwave incubator and microwaved for
8 min. After the rice stems had completed the temperature
treatment, the samples were clamped and immediately subjected to
the second stage of the three-point stretching test. The fixture used
for stretching was mounted and calibrated on the test apparatus,
connected to an Eidelberg 0824 push-pull tester with a computer
and the three-point stretching test was carried out until the stems
broke, the load data was exported and the fractures were analyzed.
The temperature was increased by 3°C each time. The test
temperatures are —10°C, —=7°C, 0°C, ..., 65°C, respectively.

3 Results and discussion

3.1 Vascular bundle distribution gradient and regression
model

Under the electron microscope, the microstructure morphology
and fibrous tissue arrangement of roots and stems of different plants

are basically the same, as shown in Figure 10. Rice stems are
characterized by a well-defined layered structure with thin walls and
tube bundles evenly arranged, and the microscopic composition is a
solid cylindrical structure with multiple laterally reinforced nodes;
the root cells are arranged neatly, clearly and compactly, from small
to large from the inside to the outside. In the form of radial
arrangement, the parenchyma cells of the cortex are the smallest and
the density is high, and the cells of the outer cortex are neatly
arranged and evenly distributed.

Stalks microstructure

Leaf microstructure | leaf sheath

Cortical cells

. N |

-
y L'
~ ‘ Epidermal cells

b. Stem microstructure and arrangement

Figure 10  Microstructure of rice plants and stems

In addition, under the microscope, the volume content of
vascular bundles showed a decreasing trend from bottom to top, and
the vascular bundles near the epidermis are denser than those in the
core, the density and existence of vascular bundles and epidermal
mechanical tissue layers are important factors that determine the
mechanical properties of rice. Therefore, it can be preliminarily
inferred that there is a certain difference in the stiffness of the
vascular bundle in the axial and radial directions.

In this study, the hue adjustment and grayscale processing were
performed on the stem microstructure in Adobe illustrator, and the
RGB was set to (0, 0, 0) based on MATLAB, that is, the black mark
is the vascular bundle, and its area ratio was calculated, for each
group of 5 samples, the proportion of the vascular bundle area in the
first, third, fifth, and seventh internodes was counted, as shown in

Figure 11.
. Stalk fill layer D Stalk pore
RGB (255, 255, 255)
RGB (0, 0, 0)
Figure 11 Vascular bundle labeling and area ratio extraction


https://www.ijabe.org

June, 2024 Wang B Z, et al.

Rice stem lodging properties and bending modeling under the influence of circadian temperature difference

Vol. 17No.3 27

In order to reveal the relationship between the content of stem
vascular bundles and their location, this study obtained a significant
relationship between the proportion of stem vascular bundle area
and its location through one-way analysis of variance. As listed in
Table 1. The results showed that there were extremely significant
differences in the area of stem vascular bundles among the four
groups,
significantly correlated with the position of stems.

indicating that the content of vascular bundles was

Table 1 One-way analysis of variance for the proportion of
stem vascular bundles in the four groups
Variation df SS s’ F Fyos Fyo

Between blocks 3 0.2744 0.0914 77.82% 3.24 5.29
Within the block 16 0.0188 0.0018
Total variation 19 0.2932

In this study, the exponential regression model of vascular
bundle content and internode position was further established, and
the relationship between vascular bundle content and internode
position in stems was obtained as follows:

A =0.9774¢ 0086 (20)

where, A indicates vascular bundle content. The model regression
root mean square error (RMSE) was 0.0734, the coefficient of
determination (R?) was 0.8073, and the modified coefficient of
determination (R3,;) was 0.7055, which showed that the regression
equation was in good agreement with the test values as a whole.

The comparison between the experimental results and model
predictions of internode location and vascular bundle content is
shown in Figure 12. The error between the test results and the
model prediction results is small, and the prediction model can

better reflect the test results and laws.

-

097 ® Mean @ Sample value

- Regressnon curve
0.8 F

0.7

0.6

0.5F geo

The proportion of vascular bundles

0.4k Sections 1-5 : 0.54<4<0.69

1
50 60 70 80 90 100 110 120

Stem position/cm

30 40
Figure 12 Microstructure of stems of different plants

It can be seen from Figure 12 that the content of vascular
bundles in the stem gradually decreased, and the vascular bundles
are an important component to maintain the mechanical properties
of the stem. Therefore, it can be preliminarily predicted that the
mechanical properties of the stem gradually decrease from bottom
to top, the 1st to 3rd joints have the largest bending moment and the
best mechanical properties, the 4th to 5th joints are the second, and
the 6th to 7th joints have the worst bending performance. This study
establishes a variable stiffness mechanical model of the stem to
reveal the maximum load-bearing position of the stem.

3.2 Prediction of culm stiffness and easy lodging position of
each segment

After completing the establishment of the variable stiffness
mechanical model of the stem, this study preliminarily predicted the

stiffness of different parts of the stem based on the mechanical
model, and determined the stiffness distribution of each segment of
the stem.

In the calculation, the load acting point was fixed on the top of
the stem, and the ear weight of Huaidao No.10 was 0.42 N, which
acted on the end of the stem, and the direction was vertical
downward; the load of the test sample was controlled using a 139
digital force gauge (model: ZP-10, capacity: 10 N, resolution: 0.001 N,
Dongguan Fuma Electronic Equipment Co., Ltd., China), a lateral
force of —0.5-0.5 N is applied to the rice, the direction is horizontal,
and the loading interval is 0.2 N. After measuring the end corner
and each segment corner, the corresponding stiffness value can be
obtained. The test environment is 25°C. In this study, the critical
bending moment is converted into a critical load force by
combining the strength equation of bending moment and stress in
material mechanics, and the torsional section coefficient is:

W= "0 (1) 1)
where, a; =6/d;, in this paper, only the bending deformation is
carried out, and the torsional deformation of the stem is ignored,
and the bending moment can be further transformed into the load

acting on the stem. The load is applied to the middle of the stem,
and the bending section coefficient is:

nd;
W=k (1-a) (22)
M; nd;
F= W, 4 (23)

Combined with Equations (18)-(23), the elastic modulus and
flexural stiffness of each segment of the stem were calculated in this
study, and the mechanical properties of each segment of the stem
were obtained as shown in the figure below.

The predicted results are shown in Figure 13. It can be seen
from Figure 13a that in the prediction model of stem stiffness, the
stiffness value of the No. 3 stem is the largest was 2.39 GPa, which
indicated that the mechanical properties of mature stems mainly
depended on the 1-3 internodes. Figure 13b shows the relationship
between the flexural stiffness of the stem and its position. It can be
seen that the flexural stiffness of the stem in the 5-7 internodes is
very small and cannot be used as a support carrier for the stem; stem
No.1 had the highest bending stiffness and was the main bearing
structure of the culm. Further, an exponential regression model was
established for the flexural stiffness of the stem at different
positions, and the relationship between the flexural stiffness of the
stem and the position of the internodes was obtained as follows:

p =0.6182¢ 030 (24)

The model regression root mean square error (RMSE) was
0.022 52, the coefficient of determination (R*) was 0.9859, and the
modified coefficient of determination (R7,;) was 0.9789. Based on
the calculation of the anti-bending stiffness, the maximum load of
each segment of the stem is calculated with the help of Equations
(19)-(23), as shown in Figure 14.

The stress-bending moment diagram of No.3 stem under the
action of comprehensive load is shown in Figure 15a, the dangerous
section, is the axial section of the load concentration point, where
the shear force-bending moment mutation also occurs. In these two
places, the two sides of the neutral axis of the stem are tensile stress
and compressive stress, respectively. Calculated as follows:

M;d,
= T = (25)

z

g
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where, M, is the interaction bending moment between the No.4
stem and No.3 stem, N'm; 0., iS the maximum compressive
stress, GPa; 0. is the maximum tensile stress, GPa.

Conclusion can be made, the force concentration point of No.3
stem is the main lodging point of Huaidao No.10, the maximum
stress is located at the boundary point of the section, and the stress
is linearly related to the radius from the center of the section.

3.3 Rice stem bending test at room temperature

In this study, the two-point bending test of rice stems was
firstly carried out at room temperature to determine the bending
resistance of rice stems. After the experiment was repeated three
times, the experimental data was exported. The experimental results
are shown in Figurel6.

M/N'm

0*§$
L=

S8
b. Comprehensive loading analysis on the internodes of stem No.3

Figure 15 Comprehensive prediction of stem loading based on variable stiffness mechanical model

It can be seen from the experimental results that the maximum
bending force of rice stem samples A, B, and C is significantly
different. For sample C, the maximum bending force can reach
1.32 N. In contrast, the maximum bending force of samples A and B
is only 0.2-0.4 N. This may be due to the large internode dry weight
and dry matter mass of sample C, which significantly improved the
bending resistance of rice stems. In addition, the relationship
between internode
significant.

In order to explore the deformation of rice stems under lateral
loading, a three-point bending test was designed. The analysis of the
exported test data is shown in Figure 17. It can be seen that during
the deformation process of the stem, the force changes obviously
and there are two obvious peaks. The first peak occurred earlier, and

length and bending resistance was not

151
~m Sample 1

s Sample 2
1.2 b =a Sample 3

0.6 |

Time/s

Figure 16 Results of two-point bending test of rice stem
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when the tensile force was 5-13 N, the first peaks were generated
for samples 1 to 3; at the second peak, the stem was completely
destroyed and pulled off. It can be obtained that the stem lodging
occurs at the first peak. The ultimate tensile force of the stem of
sample No.1 is 23.6 N, compared with that of sample No.3, which is
only 12.6 N.
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Figure 17 Three-point bending test of rice stem at
room temperature

After the first peak of the stem loading, the stem pulling force
will continue to rise, which is due to the bending of the axial
vascular bundles, so that the rice stems can still be connected, the
deformation force of rice is transformed from bending force to axial
tissue connection force. The homogeneity of the axial performance
of the rice stem determines that it has good mechanical properties in

Force/N

o K& A e S ./4
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Time/s

a. Three-point bending test of rice stem at —10°C-4°C

the axial direction, so the tensile fracture force is larger.

In summary, the mechanical properties of rice stems in the
radial and axial directions are significantly different. During the
three-point lateral loading test, the deformation of rice can be
divided into two stages. When the lateral load of the stem is greater
than the maximum force in the first stage, the rice will lodging; in
the second stage, the deformation mode of the stem is tensile
deformation. When the axial tension limit of the stem is reached, the
rice stem is completely destroyed. The gradient distribution of
vascular bundles in rice stems makes them show high modulus and
low toughness when they are laterally flexed, thus showing low-
level bending failure and high-level fracture failure.

3.4 Rice stem tensile under the temperature difference

Based on the previous experimental data, the three-point
bending curves of rice stalks at —10°C to 4°C as shown in Figure 18
were generated in Origin software. It can be seen that the ultimate
tensile force of the stem under the two temperature treatments of
—10°C and —7°C was significantly higher than that of the other five
groups. At 10°C, the ultimate tensile force of the stem was 3.8 N,
and at —7°C, the ultimate tensile force could reach 6.1 N, and then
with the increase of temperature, the ultimate tensile force of the
stem was less than 0.5 N. This indicates that at low temperature, the
stem is prone to bending deformation. At the same time, under the 7
treatments, there was no two-stage destruction of rice culm,
indicating that low temperature treatment has a negative impact on
the morphological distribution of vascular bundles and the
establishment of functional gradients.
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b. Three-point bending test of rice stem at 7°C-25°C

Figure 18 Three-point bending test of rice stem at —10°C-25°C.

Under the treatment of 7°C-25°C, the ultimate tensile force of
rice stem is shown in Figure 18b. Under this temperature
treatment, the ultimate tensile force of rice increased significantly.
Under the 7 groups of temperature treatments, the ultimate tensile
force of the stem was all greater than 50 N. At the same time,
under the treatment in this group, the bending deformation
regularity of rice stems was obvious, showing obvious periodic
bending-breaking stages. It can be considered that when the lateral
load reaches a certain value, the stem will bend and convert the
radial load into the axial load. Under the action of the gradient
functional arrangement of the vascular bundle, the axial display of
the stem is higher. The axial stiffness protects the rice from being
completely damaged.

Under the treatment of 28°C-46°C, the ultimate tensile force of
rice stem is shown in Figure 19a. Under this group of temperature
treatments, the ultimate tensile force of rice further increased,

reaching 88 N at 43°C, and then decreasing, reaching 57.3 N at
46°C. At the same time, within 10 s before loading, a slow bending
stage is still presented, as shown in Figure 19b. When the
temperature is 34°C, the lodging force reaches 38.3 N. After the
temperature was 37°C, the lodging point of rice stem disappeared,
the possible reason is that under high temperature treatment, the
dissipation of dry matter stored in rice stems is accelerated, and the
distribution of vascular bundles is destroyed, thereby affecting the
lodging resistance of rice.

Under the treatment of 49°C-65°C, the ultimate tensile force of
rice stem is shown in Figure 20, in this group of temperature
difference treatments, the ultimate tensile force of rice stems
decreased again, this indicates that too high temperature will no
longer be suitable for the growth and development of rice, and will
have a serious impact not only on yield but also on the mechanical
properties of rice.
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Figure 20 Three-point bending test of rice stem at 49°C-65°C

The distribution law of ultimate tensile force and lodging force
of No.3 stem under each temperature treatment was calculated, as
shown in Figure 21. From the fitting curve of lodging resistance, it
can be seen that the optimal cultivation temperature of Huaidao 10
at the maturity stage is about 16°C to 34°C. In this temperature
range, the lodging force of rice is above 80 N, indicating that the
vascular bundle of rice grows well at this temperature, thus
maintaining the mechanical properties of rice well.
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a. Statistical test of bending force of No. 1 stem
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c. Statistical test of bending force of stem No.3

rice stem in three-point bending test

In this study, further three-point bending mechanical tests were
carried out on the No.1-4 stems at 16°C-34°C, and the interval
group was set at 0.2°C. The mechanical model established above
and the predicted value of ultimate tensile force were verified, and
the Dbending-lodging-fracture process of rice stem at this
temperature was analyzed and statistically tested, as shown in
Figure 22. It can be seen from Figure 22 that the deviation of the
No.3 stem prediction model is small. In the #test, with a

=0.86, p=0.39, r=0.42
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Figure 22  Statistics and #-test of the bending force of No.1-4 stems at 16°C-34°C
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p-value<0.05, the results were not statistically significantly
different and could be a better predictor of the magnitude of the
inversion force based on the deformation of the stem.

In order to provide the physicochemical index of the bending
force of the stem under different temperature difference treatments,
this paper established the bending force correction coefficient TF of
the No.3 stem at different temperatures. As shown in Equation (25),
after temperature correction, the lodging force of mature rice in
natural state can be predicted according to Equations (6) and (21)-
(24). As shown in Equation (26), the lodging force calculation
equation of field mature rice based on the variable stiffness
mechanical model at different temperatures is obtained.

Stem damage

Maximum
breaking force 8:0
717N

Stem Ultimate
Breaking Force curve -*

4:00 5",

Time/h _--,"

Breaking Force2/N "
Bending Forcel/N .'
1

)

Temperature/°C

—(T-28.85)°
Ty =0.955lexp——————2 26
r=0955lexp—5517 (26)
M:d; nd?
Fp=Tp 2222 2
BT 4 (27)

where, Fj is the lodging force, N. Taking Huaidao No.10 as an
example, this paper conducts statistical analysis on mature Huaidao,
rice matures from July to August. During this period, the peak
sunshine time is 3.1-3.8 h a month. The temperature is relatively
high, and the maximum temperature can reach 32°C. In this study,
the temperature in Huai'an area was detected, and the safe growth
area and lodging danger area of stems in one day were calculated as
shown in Figure 23.

Stem Safe

12:00 §
1 Zone

Maximum
Lodging Force
592N

Stem Lodging
Force curve

550:00

Figure 23  Sunshine time and mechanical properties of rice stems in Jiangsu, China

It can be seen from Figure 23 that the heat accumulation in
Huai'an area is larger, and the mechanical properties of the stem are
better. Between 8:00 and 16:00, the safe growth area of the stem is
larger. But within the peak sunshine range, the danger zone
expands. The machine harvesting time of rice should be avoided as
much as possible.

4 Conclusions

1) In this study, a microstructure observation experiment was
carried out for Huai Rice No.5 variety, extracted statistics on the
area share of different parts of stalks based on MATLAB, and
established a bottom-up exponential regression model for the share
of vascular bundles of stalks, and found that the vascular bundles in
the 1¢-3" internodes were above 69%, and the vascular bundles in
the 4™-5" internodes were above 54%, with an RMSE of 0.0734, and
an Ryq; * of 0.7055, which was a good fit. The results showed that
the microstructure of the stalks had an obvious gradient
arrangement law, and its mechanical properties varied linearly from
bottom to top.

2) A free load was applied to the mature rice stem in its natural
state, and the stiffness value of the stem was determined by
measuring the deflection or turning angle. It was found that the load
on the third stem was the highest, approximately 52.68 N,
significantly different from the loads on other internodes. This
indicates that based on the measurement results of the static
parameters of the stem and applied to a case of a free load to the
mature rice stem in the natural state, the stiffness value of the stem
was obtained by measuring the deflection or turning angle of the
stem. Using this model, the lodging force of the third internode at a
temperature of 25°C was predicted. It was found that the load on the
third stem was the largest, about 52.68 N, significantly different

from the load on other internodes. This indicates that the third
internode is likely to be the main lodging point of the rice plant.

3) Furthermore, to identify the temperature range in which the
third internode is prone to bending, two-point bending test and three-
point bending test under a temperature ranged from —10°C to 65°C.
In the three-point bending test, the stress on the stem of rice
exhibited two distinct stages. It was concluded that the stem had
high toughness and low modulus in the lateral direction, while high
modulus and low toughness in the axial direction. Additionally, the
bending force correction coefficient was established. The optimum
temperature range for lodging resistance of the stem was determined
to be between 16°C and 34°C. This finding is crucial in ensuring the
mechanical harvest of rice.
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