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Abstract: Leaf fragments and grain mixture produced by rice threshing with a combine harvester
seriously affects the subsequent grain cleaning efficiency. In this paper, rice leaf breaking force
was tested at different temperatures and moisture contents to analyze the influence of temperature
on the tensile properties of rice leaves. The overlapping regions of rice leaf breaking force and
grain separation force at different temperatures were obtained. Based on the rice leaf breaking
force, the effect of the temperature change on rice leaf with different moisture content was analyzed.
The results showed that tensile strength of rice leaf decreased first, then increased and finally decreased
from rice sheath to the top. The tensile breaking force of the leaf sheath was about 75 N (N is Newton,
1 N =1 kg:m/s?). The tensile fracture resistance of rice leaf was shown to weaken with the increase of
temperature. The influence of the moisture content on the mechanical properties of rice leaf during
the process of temperature change was small. At 30 to 35 °C, the blade was the strongest tensile
fracture resistance, which was the lowest probability of fracture under the same stress condition.
At this time, the rice grain separation force has the least coincidence with the rice leaf resistance to
breakage. According to the breaking force of different blade layers, the number of blade layers has a
significant linear relationship with its tensile limit. Therefore, the overall fracture resistance of the
multilayer blade can be improved by controlling the temperature and moisture content.

Keywords: mature rice; rice threshing; grain separation; leaf fragment; tensile test

1. Introduction

Rice is an important food crop in the world [1,2]. Mechanized harvesting has become important in
rice production, which has been an important guarantee for the world’s rice harvesting [3,4]. With the
increase of yield, the existing combine harvester threshing device often faces problems, such as high
impurity content after threshing and very low grain cleaning efficiency [5,6]. High-yielding rice with
abundant stalks and leaves is currently posing a huge challenge to existing threshing devices [7].
The mass ratio of grain to impurity in the mixture is about 3:1, but the volume ratio is 1:4. High impurity
content after threshing makes it difficult to clean the subsequent grain [8]. The high impurity content
after threshing by combine harvester was shown in Figure 1. The existing rice threshing device can
achieve high grain threshing rate and low loss rate, but there is a problem of high impurity content
after threshing.

Although there are many things that seriously affect the subsequent grain cleaning efficiency,
high impurity content after threshing is the most important reason. In order to improve the cleaning
efficiency of high impurity content, Craessaerts et al., (2010) developed a fuzzy control strategy by
installing wind speed sensors and pressure sensors on the cleaning sieve, which could improve
the detection and prediction of the cleaning loss status [9]. At the same time, Hiregoudar et al,,
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(2011) developed a grain detection model for high impurity content cleaning process by artificial
intelligence and neural networks [10]. The fuzzy logic control model for the combine harvester’s
cleaning system was a mature method and technique that can predict and control the cleaning loss
rate [11]. High impurity content after threshing is an inevitable phenomenon. No matter how to
improve the cleaning device, it is hard to solve the difficult of high impurity content after threshing.
Thus, is there a way to reduce the broken rice leaves after threshing to improve the subsequent grain
cleaning efficiency?

(a) Rice harvest in the field.  (b) Grain mixed with broken leaf (c) Broken leaves after threshing

Figure 1. Natural rice and high impurity content after threshing by combine harvester.

After rice threshing, straw will produce stalks and rice leaves rupture. In order to investigate the
morphological characteristics and changes of stems and leaves during threshing, Bart et al., (2014) tested
the elastoplastic bending deformation wheat. The bending force process of wheat straw was simulated
by the spring damping model of straw [12]. In exploring the causes of stalk breakage, Tom et al., (2016)
used the Discrete Element Method to develop the force model at the wheat straw joint [13]. Based on the
deformation mechanics joint force model, plastic characteristics of straw node were obtained. Geometric
mechanical model of rice stems, leaf sheaths, leaves and ears, and the stiffness coefficients of rice stems
and branches were developed by many scholars [14-16], such as Li et al., (2015), Zhang et al., (2020)
and Ke et al,, (2019). At present, the granule ruptures form, stalk deformation model and grain
threshing characteristics in the threshing process are an important way to explore the reasons for the
high impurity content after threshing. However, the existing reference have insufficient research on
the stress state of rice leaves, the elastoplastic characteristics of rice leaves and the fracture conditions
of rice leaves during rice threshing. Thus, the fracture mechanism of rice leaves during rice threshing
process is still unclear.

During the rice harvesting process, it is necessary to consider not only the threshing rate,
but also the threshing results such as the breaking rate and the impurity content [17,18]. Therefore,
it is especially important to study the threshing force and its related factors. Effects of grain were
simulated by EDM (discrete element method) to model the grain fracture and predict the damage
characteristics by combining the proportional boundary finite element method and discrete element
method [19]. Dai et al., (2019) studied the effects of the grain breakage rate at different speed flows in a
threshing device and analyzed the motion trajectory of the grain by gas-solid coupling method [20].
Grain breakage rate and mechanical strength under different moisture contents were analyzed by
many scholars [21,22], such as Zhao et al., (2019) and Tang et al., (2015). Tang et al., (2014) conducted a
separation test on fresh and overripe rice heads at different moisture contents [23]. It was indicated
that the separation force range of freshly mature rice grains ranged from 1.48 N (N is Newton,
1N =1 kg:m/s?) to 2.29 N at different moisture contents, which are much bigger than that of overripe
rice grains. There are different maturity levels for rice threshing. The proper harvest time would
greatly improve yield and grain quality for rice threshing [24], thus, maturity is an important factor
affecting the grain threshing performance of rice; the maturity index of rice is the moisture content.
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Therefore, based on the effect of the moisture content for the rice threshing process, we can get a better
understanding of the laws and characteristics of rice leaf breakage during rice harvesting.

Moisture content is an important indicator of rice maturity. The change of moisture content will
have certain influence on the physical properties of rice, but the moisture content itself is not easy to
control artificially during the threshing process. However, the physical properties can be controlled by
changing the moisture content and temperature. The effect of temperature on rice performance is still
in its initial stage. Zhang et al., (2018) analyzed the temporal and spatial distribution of rice disasters
caused by heat damage. It was indicated that 38.9 °C, 39.5 °C, 40.2 °C and 41.5 °C are the thresholds
for the mild, moderate, heavy and severe disasters of rice growth and development that can withstand
high temperature and cause disasters [25]. It can be seen that temperature is an important factor that
cannot be ignored for rice threshing performance. In order to study the effect of temperature on stems,
Md-Sailm et al., (2017) used hot air and microwave drying methods to test the drying performance
of flower stems at 40 °C, 50 °C and 60 °C [26]. It was indicated that microwave drying has good
consistency and drying efficiency. Moisture content of rice could be controlled by temperature and then
the difficulty of rice threshing is regulated. It can be seen that changing the temperature to a certain
extent can improve the mechanical properties of rice. Therefore, to a certain extent, the rice breakage
during threshing is reduced. However, the effect of the temperature on the mechanical properties of
rice, especially the performance of rice leaf breakage, is not clear.

In this paper, the mechanical properties of rice leaves with different temperatures were studied
and the effects of different temperatures on the mechanical properties of leaves and grains and their
size were obtained. The relationship between the changes of different temperature, moisture content,
leaves layers were analyzed, which could provide theoretical reference and experimental basis for the
design of the rice threshing device.

2. Material and Methods

2.1. Rice Leaves and Tensile Test Methods

Rice is a cereal crop of Oryza (Oryza sativa L.). Rice is composed of stalks, leaves, ears and
roots [27,28]. Broken leaf and grain are mixed together after rice threshing. In this paper, the rice leaves
were hybrid japonica rice with good growth conditions. Rice variety was Zhendao growing in Jiangsu
Province. Rice samples were all derived from artificially cut mature rice. Samples rice grown in the
tield are shown in Figure 2a. Samples rice leaves are shown in Figure 2b. Rice grains status are shown
in Figure 2c.

(a) Rice growth status (b) Rice leaves status  (c) Rice grain status

Figure 2. Status of rice plant and rice leaves and rice ear with grain.
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Because of the large individual differences in rice leaves, they needed to be screened before the
experiment. The length, width and thickness were 60-65 cm, 2-2.5 cm and 0.5-0.8 mm, respectively.
The width and thickness of rice leaves varied from root to top, thus sample rice leaves needed to be
grouped before the experiment. Rice grain separation force was tested from the rice ear.

The stress of the rice head in the threshing process is very complicated. Because it is surrounded
by the stalk part, the force is also varied. Therefore, the simulation of the stress condition is complicated
and not representative. The purpose of rice threshing is to achieve grain shedding, but it is not desirable
to break other parts such as rice stems, leaves and platycodon. Therefore, the test of the separation
force of a single grain is the key to this study to obtain the minimum force required for the separation
of the grain from the ear. With this, the efficiency of rice threshing and the difficulty of cleaning due to
the breakage of the blade portion can be better achieved. According to the actual stress condition of
rice leaves during threshing, the mechanical properties of the leaves were comprehensively tested.
The instrument used for the tensile tests of rice leaves was the Edgar 0824 push-pull testing machine
(made by China Shenzhen Xindeya Precision Instrument Co., Ltd., Shenzhen, China), which was
shown in Figure 3. The instrument’s supporting software could display the pressure data in real time
and could export the data for post processing. The specific instrument parameters were shown in
Table 1.

=

i
=

-

Figure 3. Edberg 0824 push-pull testing machine.

Table 1. Parameters of Edberg 0824 push-pull testing machine.

Model HP-200
Test distance accuracy 0.1 mm
Test force accuracy 0.5%
Sensors Built-in pressure sensor
Test distance range 0.1-180 mm
Power range +/-20 kg
PC interface RS232C standard port or USB port
Operating temperature —20-70°C

In this paper, the tensile properties of rice leaves were tested, including one end fixed with another
end axial strength of rice leaf (abbreviation: two-point stretching), the fixed two ends with midpoint
strength of rice leaf (abbreviation: three-point stretching), lateral tearing of rice leaf (abbreviation:
transverse stretching) and tensile resistance when different numbers of leaf overlap (abbreviation:
multi-layer blade stretching), which were shown in Figure 4a—d. A method of rice grain separation
force from ear was shown in Figure 4e.
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(a) Two-point (b) Three-point (c) Transverse (d) Multi-layer (e) Ear grain
stretching stretching stretching blade stretching stretching

Figure 4. Tensile properties of rice leaves and grain.

Before the test, the fixture used to stretch the leaves or grain should be correctly installed, which
should not be too tight during installation to prevent the internal stress from being too large to affect
the test results. After the fixture was installed, the sensor was zeroed. The leaves or grain was installed
on the fixture. The separation force test of the individual leaves or grain was carried out. Rice leaves
used in experiment included the blade root, the middle, the top and the wrapped leaf points below the
root. Samples rice leaves of different region were shown in Figure 5.

po

(a) Blade roots (b) Central blades (c) Blade tops (d) Leaf sheath parts

Figure 5. Leaf samples used in this experiment.

The rice leaves used in the test were all fresh rice. Before the test, the rice was sheared and classified
according to the root, middle and top. When selecting the test material, the physical characteristics
of the same location including the length, width and thickness need to be consistent to ensure the
reliability of the test results.

2.2. Moisture Content and Temperature Control Methods

In order to investigate the effect of changes in the moisture content of rice leaves on its
mechanical properties, it is necessary to dry the rice leaves to reduce its moisture content.
On this basis, tensile performance tests were performed on various parts of rice leaves
under different moisture contents to study the effect of moisture contents on the mechanical
properties of rice leaves [29]. In this paper, a Midea MM721NG1-PW microwave oven (made by
Guangdong Midea Microwave Manufacturing Co., Ltd., Foshan City, China) was used to dry rice at
different levels to achieve the purpose of reducing the moisture content of rice leaves. The specific test
equipment and drying method is shown in Figure 6a. In order to investigate the effect of temperature
on the mechanical properties of the blades, the existing test materials were used to test the tensile
properties of the blades at different temperatures. The mechanical properties of rice leaves from —10 °C
to 65 °C were studied experimentally, and the temperature was increased by 5 °C each time. The test
temperatures were —10 °C, =5 °C, 0 °C, ... , 65 °C. The specific test equipment and controlling method
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for temperature are shown in Figure 6b. A temperature box is an enclosed space. Moisture cannot be
discharged during temperature control. The test equipment and method for measuring the surface
temperature of rice leaves and grains are shown in Figure 6¢c. The parameter of the temperature
measuring instrument UT301A (made by Unilead Technology (China) Co., Ltd., Shenyang City, China)
infrared thermometer is that temperature range —18-350 °C, measurement accuracy is 1.8%.

(a) Microwave oven for (b) Temperature box for (c) Surface temperature testing
controlling moisture content controlling temperature instrument and method

Figure 6. Moisture content and temperature control equipment and methods.

During the tests, the microwave oven was adjusted to a low fire position, and the rice leaves
were microwave-heated for 1 to 8 min to obtain different test samples with moisture content,
which provided the basis for subsequent mechanical performance tests under different moisture
content. In order to facilitate the comparison and analysis of the changes in the moisture content
of rice leaves after drying, a weight test was performed on the moisture content of fresh rice.
The instrument used for weighing was a model manufactured by China Wisdom Model RZ-2000 (made
by Wuxi Changxie Electronics Co., Ltd., Wuxi City, China) electronic scale with a minimum accuracy
of 0.01 g. During the test, 43.70 g of rice leaves were taken for dehydration test. After the water
was sufficiently dried, the remaining mass was measured to be 15.10 g. According to the test results,
the fresh rice has a moisture content of 65.45%. The rice leaves under normal conditions were used as
the initial reference data to compare and analyze the moisture content of rice leaves after different
drying time.

The experimental materials were screened before the experiment, and the shape and size of
the selected leaves needed to be consistent. The samples should be kept in the refrigerator for 1 h
before classification, to ensure that the physical characteristics of each part tended to be consistent.
The materials corresponding to each temperature were classified during the tests, taking —10 °C as
an example. The leaves were classified according to the root, middle and top of the blade, placed
in an incubator, and the temperature was adjusted to —10 °C. After the temperature was stable, the
experimental materials were taken out. Since the ambient temperature differed greatly from the test
temperature, the tests needed to be performed quickly and accurately. The test method at other
temperatures was the same. After the end of the tests, the fractures of the same part of the blades at
different temperatures were compared and analyzed.

3. Results and Discussion

3.1. Rice Grain Separation Force

Based on the individual rice grain separation tests, the damage was observed and photographed.
The states of the grain after being pulled off were shown in Figure 7a. At the same time, the real-time
data collected in the software is exported and processed, and the obtained grain separation test tensile
force variation curves were shown in Figure 7b.
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Figure 7. Rice grain break state and separation force curves.

As shown in Figure 7, the tensile strength of a single grain at room temperature was about 1.5 N,
and the variance was 0.11. It can be seen that the force required for the separation of the grain at room
temperature was very small, so that it is very easy to separate the individual grains, but it is not an
ideal stress state due to the protection of the stems and the leaves around them. Tang et al., (2014)
conducted a separation test on fresh and overripe rice heads at different moisture contents. The results
showed that the separation force of freshly mature rice seeds ranged from 1.48 N to 2.29 N at different
moisture contents [30,31]. The effect of temperature on the separation force of single grain is not
obvious, although the rate of change of the separation force of the grain is relatively large during the
temperature change. Since the force required for grain separation is very small, the overall variation is
only within 1.5 N, negligible from the point of view of the design of the threshing force of the threshing
device. However, in order to reduce the completeness of the grain on the basis of reducing the impurity
content of the broken leaves during the grain threshing process, and according to the test results, it was
finally determined that the seed separation force is in the range of 1.2 to 2.2 N at different temperatures.

3.2. Tensile Tests Results of Rice Leaves

3.2.1. Two-Point Tensile Under Different Moisture Contents and Temperature

Eight groups of test materials were obtained after drying at different lengths in the microwave
oven, which corresponded to rice leaf samples after 1 min, 2 min, ..., 8 min drying. A sample from
each group of tests was taken; then, a weighing test was carried out after drying, to obtain the quality
of the rice leaf samples after drying. The specific measurement results were shown in the Table 2.
The moisture content of each sample after drying was calculated based on the mass and moisture
content data of the rice leaf samples before drying.

Table 2. Effect of microwave oven heating on rice leaves on moisture content.

Microwave Mass before Microwave Mass after Microwave Lost Moisture Moisture
Heating Time/min Heating/g Heating/g Content/% Content%

1 2.24 1.97 12.05 60.71

2 2.68 1.84 31.34 49.68

3 1.86 1.26 32.26 49.00

4 2.63 1.62 38.40 4391

5 3.31 2.01 39.27 43.10

6 3.10 1.72 44.52 37.73

7 2.64 1.31 50.38 28.36

8 1.96 0.92 53.06 26.39




Agronomy 2020, 10, 628 8 of 19

From the Table 2, the change curve and trend of the moisture content can be drawn in the whole
process. The result is shown in the Figure 8a. After the two-point tensile tests were performed on rice
samples with different drying durations, the fractured rice leaves were broken as shown in Figure 8b.
The test results were analyzed to obtain the tensile change curves of various parts of rice leaves under
different moisture contents. Taking the test results of the tensile force of the roots of the leaves when
dried for 8 min as an example, the tensile change curves when the two points were stretched were
shown in Figure 8c.
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(a) Moisture content along time (b) Broken rice leaf (c) Tensile after 8 min of drying

Figure 8. Effect of microwave drying time on moisture content.

From Table 2 and Figure 8, it can be seen that when it was heated for 8 min, the moisture loss
rate was 53.06%, and the moisture content was only 26.39%. The original moisture content of the rice
sample was 65.45%. When it was dried for 1 min, it decreased by about 5%, and after heating for 2 min,
it decreased by nearly 15%. When it was heated for 3 min and 4 min, the decrease was less. As the
drying time increases, the moisture loss increases and the moisture content decreased.

The tensile performance data of rice leaves after the unreasonable drying time was analyzed and
summarized to obtain the tensile performance data of rice leaves under different moisture content.
The test data of the roots of the leaves are shown in Table 3.

Table 3. Tensile properties of blade root at two points under different moisture contents.

Moisture Drying Tensile Strength Tensile Strength Tensile Strength Average/N  Variance

Content/% Time/min (Sample NO. 1)/N  (Sample NO. 2)/N (Sample NO. 3)/N
60.71 1 min 32.0 33.3 326 32.63 0.28
49.68 2 min 317 322 30.9 31.60 0.29
49.00 3 min 315 31.3 30.8 31.20 0.09
4391 4 min 30.6 312 295 30.43 0.50
43.10 5 min 30.3 30.9 293 30.17 0.44
37.73 6 min 28.7 27.8 275 28.00 0.26
28.36 7 min 28.2 27.7 273 27.40 0.25
26.39 8 min 26.6 27.3 25.7 26.53 0.43

Abbreviations: N is Newton, 1 N = 1 kg-m/s?.

The data of tensile properties of rice roots under different drying time were analyzed and processed.
The change curves with drying time and moisture content were obtained, and the results are shown in
Figure 9a,b.

As can be seen in Figure 9, the corresponding data that the moisture content and tensile properties
of rice leaves decreased with an increasing drying time. There was a certain linear relationship between
tensile properties and drying time within a certain time, but it was not completely linear, and there
was no obvious linear relationship between drying time and moisture content. With the decrease of
moisture content, the tensile resistance of rice leaves gradually decreased, and the change rate showed
a trend of increasing first and then decreasing. That is, the influence of the change in unit moisture



Agronomy 2020, 10, 628 90f19

content on its tensile properties increased first and then decreased. On the whole, it could be seen that
the change in moisture content had a great impact on the tensile properties of rice. During the whole

test, the moisture content of rice leaves decreased by about 40%, which resulted in a reduction of the
tensile properties of rice leaves by about 25%.
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Figure 9. Curve of leaf tensile performance with different drying time and moisture content.

The blades portion broken states of the middle fractures of the blades, the top fractures of the
blades and the leaf sheath at the root of the blades were as shown in Figure 10a—c.

50 1 = Sample NO.1
401 A ~Sample NO 2
z
S —Sample NO3
2
20
2
S 10 !
04
0 2 4 6 8
Stretching time(s)
(a) Middle (b) Top fractures of  (c) Leaf sheath at (d) Tensile force at normal
fractures of blades blades blades root temperature

Figure 10. Tensile fracture modes and tensile force curves of stretching blades.

It could be seen from the fracture state of the leaves that the leaves were similar to the rice
stems and belong to the fiber structure. The physical properties of each location were different,
thus, the location of the fracture was random. Besides the shapes of the fracture was not a straight line,
but a line with uneven distribution. The test data was exported, and the tensile mechanical properties
of each position at 20 °C were obtained. Taking the middle of the blades as an example, the two-point
stretching results at room temperature were shown in Figure 10d.

The stretching test data of rice leaves were processed and statistically analyzed. The main data of
each part of the leaves are shown in Table 4.

Table 4. Main data of two-point stretching of blades at room temperature.

Main Indicat The Root of The The Middle of The Top of The The Sheath of The
am Inducators Blades The Blades Blades Blades
Average/N 32.34 43.33 7.36 82.52

Variance 1.56 3.85 4.22 4.23
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From the data of Figure 10 and Table 4, the root of the blade can withstand a tensile force of about
32 N, and the test sample had a variance of 1.56. The tension in the middle of the blade can be about
43 N, and the variance was 3.85. This was closely related to the shape and physical properties of the
blade itself. It could be seen from Figure 2 that the thickness of the blade at different positions was
not the same. The thickness at the root was thicker than the top of the blade, and the width tended
to become wider and then narrow. Considering the differences in moisture during the growth of the
leaves and the fact that the upper ends of the leaves were in the sun, there was a large difference in
the moisture content of the same leaves at different locations. Therefore, from all aspects, the tensile
strength of the top of rice leaves should be very small compared with the tensile properties of the roots.
From the root to the middle of the blades to the top tensile properties, it could be seen that the tensile
strength of the blades from the root to the top was much reduced. The top could withstand a tensile
force of about 7 N, and the root and middle tensile properties were approximately four to five times
that of the top. After removing the sheath, the root of the blade was not the best tensile strength of its
entire structure. The moisture content and thickness of the root of the blade were incomparable at
other locations, but the middle part of the blade was the widest and the moisture content of the part
was not much different from the root. Besides the effect of the thickness on its tensile properties was
not as great as the effect of the width, so that the tensile properties in the middle of the blades were the
best. Of course, not all blades are like this. Some blades may have little difference between the root and
the middle in the width direction; however, the maximum tensile strength might still be in the root.

As can be seen from Table 4, the tensile properties of the various portions of the blade were not
the same and varied greatly. The sheath had the strongest tensile strength and could withstand a
tensile force of about 82 N. This part was equivalent to the outermost protective skin of the stalk,
thus, the mechanical properties of this position were the best. Therefore, it could protect the stem
itself from being subjected to external force to a certain extent without serious damage, which was
compatible with the self-protection of the plant itself and the natural law. It could be seen that when
the force of the blades during the threshing process was two-point stretching, the threshing force
exceeded the tensile limit, and thus most of the fracture occurred after threshing.

3.2.2. Three-Point Stretching of the Blades at Normal Temperature

Tensile fracture states of the blades root, the middle, the top fracture and the leaf sheath partial
fracture of the blades root were as shown in Figure 11a—d.

| ——SampleNO.1
| ——Sample NO2
| emmSample NO3

Pulling force(N)
w

0 3 6 9 12 15
Stretching time(s)

(a) Root of (b) Middle (c) Top of (d) Leaf of (e) Tensile force of blades at normal
blades of blades blades sheath root temperature

Figure 11. Tensile fracture states and tensile force curve of three-point stretching blades.

As can be seen in Figure 11a—d, the fracture position of the blades basically occurred at the
tensioned position, and the shapes of the port had a large randomness. Since the blades were not only
subjected to the pulling force of the three-point stretching but also subjected to a certain range of torque,
the force states were relatively complicated to stretch at two points, resulting in a certain distortion of
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the port position unevenness. When the moisture content of the blade itself was high, its toughness was
strong. Especially in the root and middle of the blades, it may break several times during the tensile
fracture process. It belonged to the fiber structure, and the arrangement was exactly perpendicular
to the direction of the force. As a result, it caused breakage at different positions; the port was not a
straight line but rather saw toothed or even further positions, because rice leaves are longitudinal fiber
structures. The tests data was exported and processed to obtain the tensile mechanical properties of
each position at 20 °C, which was shown in Figure 11e.

The stretching test data of rice leaves were processed and statistically analyzed. The main data of
each part of the leaves were shown in Table 5.

Table 5. Main data of three-point stretching of the blades at normal temperature.

Main Indicat The Root of The The Middle of The Top of The The Sheath of The
ain Indicators Blades The Blades Blades Blades
Average/N 17.27 11.32 7.32 38.62
Variance 2.25 3.54 2.33 4.23

From the data of Figure 11 and Table 5, the ultimate tensile forces corresponding to the three-point
stretching of the blade root and the blade top were 17.3 N and 7.3 N, respectively, and the corresponding
variances were 2.25 and 2.33, respectively. The force of three-point stretching was more common in the
process of threshing. In most cases, the force of the blades was three-point stretching. It could be seen
that the tension of the blades during threshing had completely exceeded its tensile limit, thus, it was
all fragments and there were no complete blades after threshing. The test results showed that the
tensile properties of the blades at the three-point stretching were significantly reduced compared to the
two-point stretching at the same position of the blades. The tensile limit of the blades at the top of the
two forces was not much different. The reason for this result may be that the blades were strongly
squeezed in the middle part of the three-point stretching to cause the tissue to break. The two-point
stretching was performed on a flat surface. Therefore, it was easier to pull off when stretching at three
points relative to two-point stretching. For the top of the blades, considering that its own width was
narrow and the structure was relatively fragile, the force required for breaking was small. Even if there
was a deviation, it was not obvious. Due to the difference in physical properties between different test
materials, the difference in strength between the two stress cases was small. In general, the blades
were more likely to break when three-point stretching was applied.

3.2.3. Tensile Mechanical Properties of Blades Transverse Tear

Transverse fracture states of the blade states with partial rice leaves and complete rice leaves were
as shown in Figure 12a,c. Based on the blade transverse tear test, the analysis and processing resulted
in tensile force change curve when the blades were laterally pulled. Stretching force curve of blades
transverse tear with partial rice leaves and complete rice leaves were as shown in Figure 12b,d.

As can be seen in Figure 12a,c, when the blades were laterally pulled, the shape of the fracture
was relatively regular. The leaf veins are fibrous structures with a distinct texture in the longitudinal
direction, so that when a certain position was torn, the filamentous structure along the blade continued
to crack. The main reason for this phenomenon is that the mechanical properties between adjacent
filamentous textures are weak. This test only showed the damage law of the blades being torn when
the blades were subjected to the transverse tension alone. When it was subjected to both lateral and
longitudinal stretching, the shape of the fracture may be offset. It differed from the shape of the fracture
when subjected to lateral tension alone, but its general tear direction would break along the grain
direction of the weak position of the blade.

As can be seen in Figure 12b,d, when the blades were laterally pulled, the maximum tensile force
that could be withstood in the middle of the blades were about 1-3 N. The transverse tensile properties
of the whole leaf were stronger than those of the partial leaves. However, the tensile limit differed
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greatly from the threshing force of the threshing cylinder on the blades, thus, the blades were prone
to lateral tearing during the threshing process. It could be seen from Figure 1 that the leaves after
threshing were mostly incompletely broken. The broken leaves had different degrees of tearing in the
lateral direction, which was consistent with the results obtained by the tests.
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Figure 12. Transverse fracture states and stretching force curve of blades transverse tear.

3.3. Tensile Performance of Blades at Different Temperatures

3.3.1. Two-Point Stretching of Blades

Due to the physical properties of the blade itself, even if the similarly selected blades were
manually selected, the differences between the individuals still existed, which affected the mechanical
properties of the blades at some time. The tensile properties of the blade roots at the lowest temperature
and the highest temperature were shown in Table 6.

Table 6. Tensile properties of the blade root at the highest and lowest temperatures.

o Tensile Strength Tensile Strength Tensile Strength .
Temperature/’C g mple NO. 1)/N (Sample NO. 2)/N (Sample NO.3yN  Average/N  Variance
-10 28.68 27.52 28.30 28.23 0.25
65 29.30 29.67 29.13 29.37 0.39

As can be seen in Table 6, the tensile limit of the blade root at about —10 °C was about 28 N,
and the variance was 0.25. At 65 °C, the blade root could withstand a tensile limit of about 29 N and
a variance of 0.39. The tensile properties of the blades from the lowest and highest temperatures
could not be seen to be different obviously, because the experimental materials themselves had certain
physical properties. It was necessary to analyze the trend of the whole. Taking the root of the stalks as
an example, the corresponding force at different temperatures can be matched with the temperature to
obtain the curve. Two-point tensile ultimate force-temperature curve was shown in Figure 13.
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Figure 13. Two-point tensile ultimate force temperature curve.
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The specific data of two-point tensile test tensile strength of the blades at each temperature was
shown in Table 7.

Table 7. Two-point tensile test tensile strength of the blades at each temperature.

Average Tensile Average Tensile

Temperature/°C Variance = Temperature/°C Variance

Limit/N Limit /N
-10 28.23 0.25 -5 20.89 0.36
0 22.21 0.46 5 34.56 0.52
10 17.53 1.48 15 42.83 1.44
20 32.34 1.56 25 33.16 2.13
30 41.00 1.33 35 29.32 0.65
40 25.00 0.72 45 37.18 1.23
50 40.81 1.35 55 35.43 1.72
60 42.23 2.33 65 29.37 0.39

As can be seen in Table 7, the blades had different tensile properties at different temperatures.
The tensile properties of the blades from —10 to 65 °C showed a tendency to increase and then weaken,
and the blades had the weakest tensile performance at around 13 °C. When the temperature was low,
the blades had weak tensile properties, and its tensile properties were improved after the temperature
increased. Due to the certain differences in the structure of the blade itself, there may be some deviation
in the data. The general trend was that the tensile properties were poor when the temperature was
low, and the tensile properties were improved within a certain range when the temperature was
high. As the temperature increased, the physical properties of the blade itself may change due to the
moisture content, which may result in weaker tensile properties. From the trend line obtained from
the data, it could be seen that the tensile strength of the two-point stretching of the blades at high
temperature was better than that at low temperature. Its tensile performance was best at around 35 °C.
The reason why the specific factors changed the tensile properties with temperature changes remained
to be further explored.

3.3.2. Three-Point Stretching of Blades

Due to the large number of test data, the tensile performance at the top of the blades at the lowest
temperature and the highest temperature was Table 8.

Table 8. Tensile properties of the blade top at the highest and lowest temperatures.

Tensile Strength Tensile Strength Tensile Strength

Temperature/”C (Sample NO.1)/N  (Sample NO. 2)/N  (Sample NO. 3)/N Average/N Variance
-10 3.19 3.43 3.64 3.42 0.34
65 6.13 6.23 6.90 6.42 0.12

As can be seen in Table §, the tensile limit at the lowest temperature of —10 °C at the top of the blade
was about 3.4 N and the variance was 0.34. The maximum tensile force at a maximum temperature of
65 °C was about 6.4 N with a variance of 0.12. Although the results were different, the total number
was small. Therefore, the tensile properties of various parts of the blades at different temperatures
need to be analyzed. The tensile properties of the top of the blades at different temperatures were
shown in Figure 14. Three-point tensile test blades tensile limit at different temperature was Table 9.
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Figure 14. Three-point tensile ultimate force temperature curve.

Table 9. Three-point tensile test blades tensile limit at each temperature.

Average Tensile Average Tensile

Temperature/°C Limit/N Variance Temperature/°C Limit/N Variance
-10 342 0.34 -7 2.65 0.23
-4 3.93 0.28 -1 2.94 0.26
2 6.56 0.33 5 5.89 0.13
8 7.54 0.29 11 7.35 0.36
14 4.79 0.56 16 7.76 0.22
19 8.49 0.39 22 6.22 0.45
25 7.46 0.32 28 9.62 0.66
31 4.94 0.36 34 8.94 0.22
37 9.26 0.23 40 8.47 0.17
43 6.86 0.11 46 5.96 0.26
49 5.57 0.26 52 8.45 0.29
55 6.18 0.57 58 2.66 0.36
62 541 0.29 65 6.42 0.12

As can be seen in Figure 14 and Table 9, it could be seen that the overall trend of the tensile
properties of the blades was that as the temperature increased, its tensile properties became stronger
first and then weaker. The tensile properties of the blades were weak at low temperature and high
temperature, and the tensile properties were better at normal temperature. The trend analysis obtained
from the experimental data showed that the blades had the best tensile performance at around 28 °C.
However, as the temperature gradually increased, the physical properties of the blades became worse
and worse. It may be that the moisture was lost due to the increase in temperature, and the performance
of each part of the structure was weakened, resulting in a decrease in tensile properties. When the
temperature of the blades was low, the mechanical properties were weak and the internal structure
was brittle, thus, they were more likely to be broken when pulled. This test only gave a general trend.
The tensile limit of rice leaves at different temperatures was also different due to the difference between
different varieties and the characteristics of the objects. Considering that the three-point stretching
was in the state of artificially simulated blade tension, the fixture also had a certain artificial deviation
during installation, and the system also had a certain deviation during the experiment. Even if the same
blade had a certain difference in tensile properties during tension, the quantitative data obtained from
this part of the test was only a reference for the force-temperature relationship. Specific mathematical
models and relationships need to be further explored, for which this experiment provided an important
value reference.

3.4. Moisture Content Law at Different Temperature

During the test, the temperature was changed from —10 °C to 60 °C, and each time changed by
5 °C, with a total of 16 samples. The changed mass of each sample was compared with the mass before
the sample was put in so as to obtain its relative water loss. The moisture content of each sample
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at different temperatures was obtained through calculation. The specific experimental results were
shown in Table 10.

Table 10. Effect of incubator controlling rice leaves and grains on moisture content.

Temperature/°C Mass before Temperature  Mass after Temperature ~ Reduction in Moisture Moisture
Adjustment/g Adjustment/g Content/% Content/%
65 2.96 2.81 5.07 63.61
60 3.38 3.25 3.85 64.01
55 2.26 2.13 5.75 63.34
50 1.98 1.87 5.56 63.41
45 2.38 2.32 252 64.56
40 1.28 1.25 2.34 64.62
35 2.23 2.17 2.69 64.96
30 1.15 1.10 4.35 63.88
25 2.56 249 2.73 64.48
20 1.92 1.87 2.60 64.53
15 2.56 249 2.73 64.48
10 0.99 0.93 6.06 63.22
5 3.64 3.6 1.10 65.07
0 2.00 1.96 2.00 64.74
-5 1.46 1.42 2.74 64.48
-10 0.45 0.43 4.44 63.84

As can be seen in Table 10, the moisture content of rice leaves decreased to some extent as the
temperature changed. With the increase of temperature, the moisture content itself tended to decrease,
but the relative moisture content did not decrease by more than 6%. According to the results of the
moisture content of rice (65.45%) before the test and the moisture content of rice leaves after each
temperature effect, it could be seen that the temperature change had a certain effect on the moisture
content of the rice itself. However, the overall impact was small, the relative reduction was not more
than 6% and the maximum moisture content was not more than 3%. Based the data of the tensile
change test of two-point stretching of rice leaf with the change of moisture content, it could be known
that when it was reduced from 60.71% (dried for 1 min) to 26.39% (dried for 8 min), the change of
moisture content was 34.32%. The tensile limit after drying for 1 min was about 32.63 N, and the tensile
performance after drying for 8 min was reduced to 26.53 N, which was equivalent to 0.178 N of the
amount of influence of 1% moisture content on its tensile performance. During the entire temperature
change process, the moisture content had been reduced by up to about 3%, so that the change in the
tensile performance of the blade during the temperature change process was about 0.534 N. Therefore,
the main reason why the temperature changed the tensile properties of the blade was not that the
temperature changed the moisture content of the blade itself. The main factor affecting the change of
the tensile properties of the blades was the temperature itself.

3.5. Relationship between the Grain and the Blade Crushing Force

According to the results of the tensile properties of rice leaves at different temperatures, the tensile
properties of rice leaves were weaker at lower temperatures and higher temperatures. The tensile
properties of the leaves were best at 30-35 °C. The overall change trend of the tensile properties of
the blades at different temperatures was first to become stronger and then weaker. For comparison,
the tensile properties of the blades at room temperature and 33 °C were compared under two-point
stretching and three-point stretching. The leaf sheath portion and the blade root data were integrated
and are shown in Figure 15.
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Figure 15. Comparison of tensile properties of root, middle and top of rice leaves.

As can be seen in Figure 15, the overall tensile strength of the blade at the three-point stretching was
weaker than that at the two-point stretching and the overall appearance tended to gradually decrease
from the root to the top. When it comes to the middle part of the blades, the tensile properties were
not much different, and under the two-point tension, the fluctuation of the tensile force is more likely
to occur; however, the variation range of the tensile limit is smaller. The overall tensile performance
of the blade at 33 °C was different from that at normal temperature. The mechanical properties of
the blade are higher than normal at the root, middle or top of the blade and the overall mechanical
performance improvement rate was 8-12%. Considering the situation of rice in the threshing process,
if the rice is heated before threshing, the mechanical properties of the leaves will be improved, and the
breaking rate of the leaves can be reduced to a certain extent, thereby reducing the debris in the rice
threshing process. Considering the grain threshing, its mechanical properties will also increase with the
temperature. According to the test results, the tensile properties of individual grains under different
moisture content ranged from 1.2 N to 2.2 N. The force range of different parts of the blade, including
the root of the blades (integrated with the sheath portion), the middle part, the top part and the tip
part of the blades, were combined and analyzed.

The separation force of the grain was relatively small to the crushing force of the entire blade.
It was known that the overall tensile strength of the blade was the highest in the range of 30-35 °C of
the temperature, and the separation force of the grain had little effect with temperature. The overall
range was between 1.2 N and 2.2 N. The crushing force of the blades and the separation force of the
grain were mainly in the part from the top of the blade to the tip of the blades, and the tensile properties
were also improved with the change of temperature. The test data of both the blade top at normal
temperature and 33 °C were analyzed and compared with the grain separation force. The results were
shown in Figure 16.
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Figure 16. Comparison of tensile properties at the top of the blades.
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As can be seen in Figure 16, the overall tensile performance of blade top was increased by 8% to
12% with the temperature. Since the top of the blade itself had weak tensile properties, the base number
was small; the improvement of tensile performance is not obvious relative to the root and middle of
the blade. However, compared with the separation force of the grain, the overall performance of the
blade was improved, and the overlap with the separation force of the grain had a certain decrease
with the increase of temperature. It can be seen that if the temperature is properly increased during
rice threshing, it will be beneficial to improve the overall mechanical properties of rice leaves, thereby
reducing the leaf breaking rate to some extent, improving the separation efficiency of grain and leaves,
and reducing the difficulty of subsequent grain separation and clearing.

3.6. Tensile Properties of Multiple Blades at Normal Temperature

Tensile properties of multiple blades at normal temperature were tested. The state of the blades
after stretching was as shown in Figure 17a. The tensile performance curves of the leaves of different
layers, as shown in Figure 17b. The relationship between the number of blade layers and the tensile
limit is shown in Figure 17c.
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Figure 17. Tensile properties of multiple blades at normal temperature.

As can be seen in Figure 17b, the limit of the tensile force that a single-layer blade could withstand
at room temperature was about 7.5 N (variance was 0.33). The limit of the tensile force that could be
withstood by the two-layer blade at normal temperature was about 16 N (Variance was 0.21). The limit
of the tensile force that could be withstood by the three-layer blade at normal temperature was about
23 N (variance was 0.44). The limit of the tensile force that could be withstood by the four-layer
blade at normal temperature was about 34 N (variance was 0.44). The force that the five-layer blade
could withstand was about 42 N (variance was 0.86). The corresponding regression line equations are
different due to the tissue characteristics of the leaves and the influence of rice varieties. It can be seen
that when the multi-layered blades in the threshing cylinder are overlapped, it is beneficial to improve
the overall tensile performance and reduce the breaking rate of the blades. Through the change of
temperature, the degree of improvement of the mechanical properties of the whole multi-layer blade
can be multiplied, so that the overall performance of the blade during threshing can be improved to
reduce the fracture rate.

4. Conclusions

There were significant differences in tensile strength between different parts of the blades.
The tensile properties of the whole blades showed a trend of decreasing first, then rising and then
decreasing from the sheath to the top of the blade. When the blade was laterally stressed, its lateral
tensile limit was very small, so the blade is prone to lateral tear and lateral fracture during threshing.
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Through the tensile test of the blades at different temperatures and moisture, changes in moisture
content had a greater effect on rice leaves performance, but temperature changes had a smaller effect
on moisture content. With the gradual increase of temperature, the tensile performance of the blades
increased first and then decreased. When the temperature changed, the tensile strength of the blade root
changed the most, but the change rate of the overall tensile performance was basically 8~12%. Whether
it was two-point stretching or three-point stretching, the blade had the best tensile performance at
30~35 °C and its tensile properties were weakened with increasing or decreasing temperature.

The tensile limit of the multi-layer blades was linear with the number of blade layers within the
error range. When the multi-layer blades in the threshing cylinder were overlapped, it was beneficial
to improve the overall tensile performance and reduce the breakage of the blades. Through the change
of temperature, the degree of improvement of the mechanical properties of the whole multi-layered
blade can be multiplied, thereby greatly reducing the overall breaking rate of the blade and reducing
the difficulty of grain cleaning.
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