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Abstract: Background: Following the popularization of high-yielding rice in China, fast and efficient
mechanized harvesting proved challenging. In addition, the physical characteristics of rice grains and
stems are substantially affected during harvest by the field environment and harvest time. However,
the combine harvester driver is focused on maximizing the outputs and does not consider the adverse
effects of these factors during the rice harvest. Methods: We investigated the effects of the harvest
time, spatial position, and temperature on the static friction coefficient of rice grains and stems
of high-yielding rice using a field experiment. Results: The result difference in the static friction
coefficient between the parallel and perpendicular placements of the rice stem on the steel plate was
9%, indicating that the contact configuration had a significant impact. The region, harvest time, and
temperature significantly affected the static friction characteristics of the rice grains and stems. The
most significant differences were observed in the X-direction. Conclusions: The optimum harvest
time was 10:11 a.m.–3:30 p.m. and the optimum temperature was above 16.5 ◦C. A quantitative
analysis of the effects of the harvest time and temperature on the static friction characteristics of rice
provides reliable data for machine design optimization and standardization of harvests operations.

Keywords: harvest stage; high-yielding rice; field test; friction characteristics

1. Introduction

Rice is the staple food source for almost half of the world’s population. Asia ac-
counts for 90% of the world’s rice production and consumption [1–4]. As the world’s first
country to cultivate rice, China has the largest rice yield and unit yield. Rice accounts
for approximately 65% of China’s food consumption, meeting the basic survival needs
of its population [5,6]. However, due to population growth, social development, and
climate change, improving the unit yield of rice has become a key focus of rice produc-
tion research [7–9]. China has always adhered to the strategy of grain storage and the
adoption of new agricultural technology to ensure national food security [10–13]. High-
yielding rice was first planted in 1996 and has become increasingly popular. For example,
the yield per ha of the “Liangyou 293” and “Nanjing Jinggu” rice varieties has reached
12,636.6 kg [14] and 13,013.8 kg [15], respectively. Furthermore, the unit yield of rice has in-
creased substantially. For example, high-yielding rice cultivation areas covered 2.55 million
ha and 8.65 million ha in 2005 and 2013, respectively. They increased to 0.098 billion ha by
the end of 2018 due to China’s promotion of high-yielding rice [16,17].

The characteristics of high-yielding rice and ordinary rice are very distinct. For
example, the former has a higher unit yield, larger panicles, more grains, denser growth,
greener stems, lusher leaves, higher water content, and stronger disease resistance than the
latter [18–22]. These characteristics of high-yielding rice significantly impact key processes
of traditional rice combine harvesting, including threshing separation, cleaning, and grain
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transportation. For example, the combine harvester cannot efficiently separate the grains
of high-yielding rice during threshing, with difficulties in separating and cleaning high-
yielding rice with green stems, lush leaves, and high-water content [23–25]. Moreover,
static friction is a key physical property of high-yielding rice. Particle motion occurs
during the threshing separation, cleaning, and grain transportation [26,27], resulting in
complex friction. The characteristics of the material’s static friction are closely related to
particle motion. Therefore, research on the static friction characteristics of high-yielding
rice is necessary for choosing appropriate harvesting techniques, technical parameters, and
optimizing the design of combine harvesters [28].

Friction is a highly complex characteristic and depends on the friction location, surface
micromorphology, contact state, material, environment, time, and other factors. The
material is the most important factor affecting friction [29,30]. Compared to pure industrial
materials, the frictional characteristics of biomaterials are strongly affected by time and
space; they are highly variable. Rice grains and stems are biomaterials; the static friction
between these components and the surface of the harvester’s steel plate are substantially
affected by the field environment and the harvest time [31]. However, the operators of
combine harvesters often ignore the adverse effects of the field environment and harvest
time to maximize outputs, resulting in blockages of the combine harvester and increases in
losses and the crushing rate. These problems have adverse effects on machine usage and
reduce the quality of the rice harvest.

Knowledge of the static friction characteristics is crucial for harvesting and machine
design optimization. Several studies have attempted to determine the static friction and
related parameters of rice to provide information for the design of rice production ma-
chinery [32–34]. Bhattacharya investigated the physical characteristics of rice, revealing
that the friction coefficient of rice increased with an increase in humidity [35]. Yuan et al.
observed that the harvest season and rice varieties affected the physical characteristics of
rice, including friction [36]. Yu measured the friction characteristics and other parameters
of Indica rice with different water contents and concluded that the static friction (and
other parameters) of this rice variety was related to changes in the moisture content [37].
Zhang et al. studied the friction of rice and other crops on a galvanized surface and pro-
posed an empirical model of friction and relative displacement based on experimental
data [38]. Kayode et al. tested the friction and other characteristics of rice and other crops
with different moisture contents [39]. Kumar et al. analyzed the changes in friction and
other characteristics of the rice variety “Gurjari” and its processed products during tablet
pressing [40]. Previous studies have determined the static friction and other characteristic
parameters of rice in the laboratory and investigated the effects of different factors on the
friction characteristics of rice. This information is crucial for rice harvesting and processing.
However, most studies that measured friction and other characteristics did not focus on
high-yielding rice and did not compare laboratory data with field measurements during the
rice harvest. Laboratory data may contain errors and lags in measuring friction and other
parameters. In addition, combine harvester designers and operators are more concerned
with friction characteristics in the field because this information provides reliable references
for the design and optimization of rice production machinery. Field research on static
friction and other characteristics of high-yielding rice varieties is limited, although it is
required for the optimal design of combine harvesters and the development of standards
in agricultural operations.

Therefore, we conduct an experimental study on the static friction characteristics of
grains and stems of high-yielding rice during the harvest. We statistically analyze the effect
and significance of the spatial location, harvest time, and external temperature on the static
friction characteristics of rice grains and stems. The results provide a basis for parameter
selection, design optimization of high-yielding rice combine harvesters, and quantitative
data to standardized combine harvesting. Our work provides new insights in combine
harvesting operations of high-yielding rice for researchers, designers, and farmworkers.
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2. Materials and Methods
2.1. Test Location and Materials

The high-yielding rice variety “Nanjing Jinggu” developed by the Suzhou crop va-
riety test base (an experimental station that conducts safety tests of new rice and wheat
varieties) in Jiangsu, China, was investigated in this study. It has an approximate yield
of 10,690.6 kg/ha (Figure 1). The experimental field was located on the left side of the
cultivated area. Canals containing water were located on the left, top, and bottom of the
field (Figure 1a). A photo of the field in Figure 1b,c shows the water in the canals and the
rice field. As shown in Figure 1a, the rice planted on the right side of the experimental site
was farther away from the water source; thus, less water was absorbed by the plants. The
rice on the south side of the field received sunlight first and experienced a longer sunshine
duration than the rice on the north side. Both sides of the experimental field were well
ventilated, which is required for growing rice. Sunny conditions and temperatures between
16 ◦C and 23 ◦C were dominant during testing.

Figure 1. The experimental field: (a) Aerial view; the red lines denote the canals, and the points
intersected by the green dotted lines represent the sampling points; (b) detailed view of the field; the
area within green lines is the test field; (c) detailed view, showing the water in the canal and field.

The experimental field was well-maintained and differed from the surrounding en-
vironment. Chessboard sampling was used to measure the water content and other pa-
rameters of rice (Figure 1a). According to the distance to the water source and ventilation
characteristics, the field was divided into three equidistant columns, marked as x1, x2, and
x3 from left to right. According to the received sunlight, the field was equally divided into
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six rows from north to south, marked as y1, y2, y3, y4, y5, and y6. There were 18 sampling
points at the intersections between the row and column lines. The differences between the
surrounding environments and the experimental field can affect the harvest time, static
friction characteristics, and other parameters of the sampling point. We selected three
harvesting times (8:20 a.m.–12:00 p.m., 1:00 p.m.–4:00 p.m. and 5:00 p.m.–6:30 p.m.) for
sampling and measurements to determine the differences in the static friction characteristics
of the rice grains and stems for different locations and harvest times.

2.2. Test Methods
2.2.1. Measurement of Static Friction Coefficient

We measured the static friction coefficient of the rice grains and stems between 8:20 a.m.
and 6:30 p.m. on 12 November 2020 (Table 1).

Table 1. Schedule for the friction coefficient measurements.

Measurement Period Measuring Time/h Sampling Point

Morning
8:20 a.m.–9:35 a.m. x3 (y1→y6)

9:42 a.m.–10:32 a.m. x1 (y1→ y6)
11:00 a.m.–12:00 p.m. x2 (y1→ y6)

Afternoon
1:20 p.m.–2:23 p.m. x1 (y1→ y6)
2:37 p.m.–3:19 p.m. x3 (y1→ y6)
3:24 p.m.–4:05 p.m. x2 (y1→ y6)

Evening
5:00 p.m.–5:27 p.m. x1 (y1→ y6)
5:32 p.m.–5:57 p.m. x2 (y1→ y6)
6:00 p.m.–6:30 p.m. x3 (y1→ y6)

As the contact point between the rice and the working parts of the combine changes
during harvesting, the sampling of the rice grains and stems was performed using two ap-
proaches (Figure 2). As shown in Figure 2a,b, the stem was placed parallel or perpendicular
to the movement direction. The cut rice stems had a length and diameter of 60 mm and
4 mm, respectively. As shown in Figure 2c,d, four rice grains (with a length and thickness of
7.2 mm and 2.5 mm, respectively) were randomly selected and placed in different positions
inside the square box (Figure 2c,d). The awn of the rice grains pointed away from or into
the movement direction.

Figure 3 presents the measurement process of the static friction coefficients of the rice
grains and stems. The measuring device (Figure 3a) was placed horizontally on the canal
(Figure 3c) and the electronic level meter with a digital display (magnetic suction type) was
placed on the surface of the stainless-steel plate at horizontal coordinates relative to the
plate. The square box with grains or stems was placed on the right side of the plate surface
and the angle adjusting device was slowly rotated to tilt the stainless-steel plate. When the
square box (with grains or stems) started to rotate, the rotation angle was recorded [41,42].
The static friction coefficients of the rice grains and stems with different configurations
were measured once. Figure 3b shows the principle of the stress analysis between the rice
grains/stems and the stainless-steel plate surface. According to the parallelogram law of
forces, the component of the gravity on the x-axis was balanced with the friction resistance.
The static friction coefficient between the rice grains/stem and the steel plate surface can
be calculated using Equations (1) and (2):{

Fs= f •Fn
Fs• cos θ=Fn• sin θ (1)

which can be simplified to:
f = tan θ (2)

where G is the gravity of the square box and the rice (N); Fn is the supporting force of the
square box and the rice (N); Fs is the friction between the rice and the steel plate (N); f is



Agriculture 2022, 12, 327 5 of 16

the static friction coefficient; and θ is the angle between the stainless-steel plate and the
ground (deg). Figure 3c depicts the static friction coefficient measurements of rice in the
field. Note that the experimental site was located north of the test field, close to the canal.
At this location, the rice grain and leaf surfaces are typically wetter in the evening. Thus,
the square box and rice grains/stems exhibited a downward movement on the surface
of the 304 steel plate only when the steel plate was tilted at larger angles (approximately
19◦–22◦).

Figure 2. Sampling procedure for measuring the friction coefficient: (a) the stem is placed parallel to
the movement direction; (b) the stem is placed perpendicular to the movement direction; (c) the awn
points away from the movement direction; (d) the awn points in the movement direction.

Figure 3. Cont.



Agriculture 2022, 12, 327 6 of 16

Figure 3. Measurement process of the friction coefficient: (a) angle measuring device; (b) measuring
principle; (c) measurement site.

2.2.2. Measurement Data Statistics

We analyzed the static friction coefficients of the rice grains and stems obtained at
different spatial positions, harvest times, and temperatures. We use the data of column X1
in the morning, column X2 in the afternoon, and column X3 in the evening as examples
due to space constraints (Table 2). The static friction coefficient is the average value of
two measurements.

Table 2. Static friction coefficients of the rice grains and stems at different sampling points, harvest
times, and air temperatures.

Harvest
Time

Air
Temperature/

◦C

Spatial
Position X

Spatial
Position Y

Static
Friction

Coefficient
of Rice
Grain

Static
Friction

Coefficient
of Rice Stem

1 15 1 1 0.37 0.39
1 15 1 2 0.37 0.37
1 16 1 3 0.34 0.37
1 16 1 4 0.32 0.36
1 16 1 5 0.30 0.38
1 16 1 6 0.30 0.34

2 21 2 1 0.23 0.34
2 21 2 2 0.23 0.32
2 21 2 3 0.23 0.32
2 21 2 4 0.22 0.32
2 21 2 5 0.22 0.33
2 21 2 6 0.23 0.33

3 18 3 1 0.36 0.37
3 18 3 2 0.37 0.37
3 18 3 3 0.33 0.39
3 17 3 4 0.38 0.38
3 17 3 5 0.33 0.38
3 17 3 6 0.35 0.38

The harvest time is referred to as morning, afternoon, and evening (1, 2, and 3), the air temperature is an integer,
x1–x3 is referred to as 1–3, and y1–y6 is referred to as 1–6.
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The static friction coefficients of the rice grains and stems are determined for different
contact configurations. We display 12 groups of data as an example in Table 3. The static
friction coefficient is the average value of two measurements.

Table 3. Static friction coefficients of the rice grains and stems at all sampling points for different
contact configurations.

Rice Grain Contact
Posture

Static Friction
Coefficient of Rice

Grain

Rice Stem Contact
Posture

Static Friction
Coefficient of Rice

Stem

1 0.39 1 0.42
1 0.40 1 0.37
1 0.35 1 0.37
1 0.33 1 0.38
1 0.31 1 0.39
1 0.30 1 0.34

2 0.35 2 0.36
2 0.34 2 0.36
2 0.33 2 0.36
2 0.31 2 0.35
2 0.29 2 0.37
2 0.29 2 0.33

The awn pointing away from or in the movement direction is represented by 1 and 2, respectively. The rice stem
placed parallel or perpendicular to the moving direction is represented by 1 and 2, respectively.

The data were statistically analyzed using SPSS 26.0 to determine the influence of the
variables (harvest time, temperature, spatial position, and contact configuration), on the
static friction coefficient of the rice grains and stems. We performed a variance homogeneity
test, ANOVA test, analysis of variance (ANOVA), post hoc tests, and other operations to
ascertain the significance levels.

The flowchart of the analysis process is shown in Figure 4.

3. Results
3.1. Effects of Spatial Location on Static Friction Coefficient of Rice

The average static friction coefficients of the rice grains and stems in the three measure-
ment periods are shown in Figure 5. The average static friction coefficient of the rice grains
is the highest (0.37) and the lowest (0.21) in the morning, the highest (0.25) and the lowest
(0.21) in the afternoon, and the highest (0.42) and the lowest (0.30) in the evening. The
average static friction coefficient of the rice stems is the highest (0.39) and the lowest (0.31)
in the morning, the highest (0.35) and the lowest (0.31) in the afternoon, and the highest
(0.39) and the lowest (0.32) in the evening. These results show that the average static friction
coefficients of the rice grains and stems differ for different measurement periods.
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Figure 4. Flow-chart of determining the static friction coefficients of the field high-yielding rice.

Due to the field distribution test under different periods being too cumbersome, it
is not conducive to statistical analysis. The average static friction coefficients of the rice
grains/stems averaged over the three measurement periods are shown in Figure 6. The
average static friction coefficient of the rice grains is the highest (0.32) and the lowest (0.25)
in Figure 6a. The average static friction coefficient of the rice stems is the highest (0.37) and
the lowest (0.33) in Figure 6b.
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Figure 5. Average static friction coefficients of rice grains and stems in different measurement periods:
(a1) and (b1) morning; (a2) and (b2) afternoon; (a3) and (b3) evening.
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Figure 6. Average static friction coefficients of rice grains and stems averaged over the three measure-
ment periods: (a) rice grain; (b) rice stem.

ANOVA was conducted on the data shown in Figure 6, using a significance level of
0.05. The data were normally distributed. The ANVOA results are listed in Table 4.

Table 4. ANOVA results of the static friction coefficients of rice grains and stems.

Position Category Square
Sum

Free
Degree

Mean
Square F p

X
Static friction coefficient of rice grain 0.006 2 0.003 14.101 0.000
Static friction coefficient of rice stem 0.002 2 0.001 25.173 0.000

Y
Static friction coefficient of rice grain 0.001 5 0.000 0.367 0.861
Static friction coefficient of rice stem 0.000 5 0.000 0.204 0.955

The p-value of the average static friction coefficient of the rice grains and stems for
factor X is 0.000 (Table 5), indicating that X has a significant effect on the static friction
coefficient of the rice grains and stems. The p-values are 0.861 and 0.955 for factor Y (Table 5),
indicating that Y has a negligible effect on the static friction coefficient of the rice grains
and stems. As shown in Table 5, the influence of X on the average static friction coefficient
of rice grains is calculated, and the difference in the coefficient is obtained between X1 and
X3 and X2 and X3. According to Figure 6, the average static friction coefficients of the rice
grains in X1, X2, and X3 are 0.26, 0.27, and 0.30, respectively. The difference between X1 and
X3, X2, and X3 is 15% and 11%, respectively. The influence of X on the average static friction
coefficient of the rice stems is calculated, and the difference in the coefficient is obtained
between X1 and X2, X1 and X3, and X2 and X3. The average static friction coefficients of
the rice stems in X1, X2, and X3 are 0.33, 0.34, and 0.36, respectively. The ANOVA results
indicate that the spatial position has a significant impact on the static friction coefficients of
the rice grains and stems. This effect is more pronounced in the X- direction, indicating
that the distance from the water source significantly affects the static friction coefficients of
the rice grains and stems.
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Table 5. Results of post hoc tests of the static friction coefficients of rice grains and stems.

Source Project Xi Xj Difference in Mean
(Xi–Xj)

Standard
Error

p 95% Confidence Interval
Lower Limit Upper Limit

Bonferroni

Rice grain

X1
X2 −0.01440 0.0081 0.540 −0.0332 0.0104
X3 −0.04156 0.0081 0.000 −0.0635 −0.0198

X2
X1 0.01140 0.0081 0.540 −0.0104 0.0332
X3 −0.03025 0.0081 0.006 −0.0521 −0.0084

X3
X1 −0.04166 0.0081 0.000 0.0198 0.0635
X2 −0.03025 0.0081 0.006 0.0084 0.0521

Rice stem

X1
X2 −0.01152 0.00352 0.015 −0.0210 −0.0020
X3 −0.02496 0.00352 0.000 −0.0344 −0.0155

X2
X1 0.01152 0.00352 0.015 0.0020 0.0210
X3 −0.01343 0.00352 0.005 −0.0299 −0.0039

X3
X1 0.02496 0.00352 0.000 0.0155 0.0344
X2 0.01343 0.00352 0.005 0.0039 0.0229

3.2. Effect of Rice Grain and Stem Placement on the Static Friction Coefficient

When the combine harvester harvests the rice, particle movement occurs during the
separation, cleaning, and transportation, accompanied by complex friction. The contact
configuration of the material and the component affect the macro friction characteristics of
the material. The static friction coefficient of the rice grains and stems is shown in Figure 7.
As shown in Figure 7, the static friction coefficient of the rice grains whose awn points
away from the moving direction is higher than that of the rice grain whose awn points
into the moving direction in different measurement periods. Although the static friction
coefficient of rice grain suddenly surged at X3 (Y1→ Y6) in the morning, this is due to
the measurement at X3 (Y1→ Y6) is the earliest in the morning, and the water content
on the grain surface is high, the friction resistance of the grain is large. The static friction
coefficient is higher for the rice stems placed parallel to the moving direction than the rice
stems placed perpendicular to the moving direction in all measurement periods. As shown
in Figure 7, the static friction coefficients are similar for the different placements. The static
friction coefficients have large differences for different placements of the rice stems. Further
statistical analysis is required to verify whether the placement of the rice grains and stems
affects the static friction coefficient.

The measurement results were averaged for the whole day. The p-value of the variance
homogeneity test is greater than 0.05, and the data are normally distributed. The ANOVA
results are listed in Table 6. The p-value of the rice grains is 0.122, indicating that the contact
configuration of the rice grains does not significantly affect the static friction coefficient.
The p-value of the rice stems is 0.000, demonstrating that the contact configuration of the
rice stems has a significant effect on the static friction coefficient. The average static friction
coefficients of the rice stem for the parallel and perpendicular placements are 0.36 and 0.33,
respectively, with a difference of 9%.

Table 6. ANOVA results for testing the effects of different configurations of the rice grains and stems
on the static friction coefficient.

Category Square Sum Free Degree Mean
Square F p

Rice grain 0.009 1 0.009 2.435 0.122
Rice stem 0.018 1 0.018 31.540 0.000
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Figure 7. The static friction coefficient of the rice grains and stems for different contact configurations
and in different measurement periods: (a) the awn points away from/in the movement direction;
(b) the stem is placed parallel/perpendicular to the movement direction. MR, MF, AR, AF, ER, and EF;
MP, MV, AP, AV, EP, and EV represent the combination of different periods (morning (M),/afternoon
(A)/, and evening (E) and the awn directions regarding the movement directions (forward (F) and
reverse (R) or the stem placement parallel (P) and perpendicular (V)).

3.3. Effects of the Harvest Time and Temperature on the Static Friction Coefficients of Rice Grains
and Stems

The ANOVA results of the effects of harvest time and temperature on the average
static friction coefficients of rice grains and stems are shown in Table 7. The p-values of the
harvest time and temperature are 0.00, indicating that these two factors significantly affect
the average static friction coefficients of rice grains and stems. The Tamhane and Bonferroni
post hoc tests indicate significant differences in the static friction coefficients of rice grains
between the morning and evening and between the afternoon and evening. There are also
significant differences in the static friction coefficient of rice stems between the morning
and afternoon and between afternoon and evening. There are significant differences in the
average static friction coefficients of rice grains between 19 ◦C and 21 ◦C, between 15 ◦C
and 21 ◦C, and between 18 ◦C and 21 ◦C. There are significant differences in the average



Agriculture 2022, 12, 327 13 of 16

static friction coefficients of rice stems between 15 ◦C and 20 ◦C, between 15 ◦C and 21 ◦C,
between 16 ◦C and 21 ◦C, between 17 ◦C and 21 ◦C, between 18 ◦C and 20 ◦C, between
18 ◦C and 21 ◦C, and between 19 ◦C and 21 ◦C.

Table 7. ANOVA results of the effects of harvest time and temperature on the average static friction
coefficients of rice grains and stems.

Factor Dependent Variable Square Sum Free Degree Mean Square F p

Harvest time
Grain static friction coefficient 0.129 2 0.065 44.235 0.000
Stem static friction coefficient 0.012 2 0.006 23.264 0.000

Temperature Grain static friction coefficient 0.087 6 0.015 5.937 0.000
Stem static friction coefficient 0.014 6 0.002 9.613 0.000

As shown in Figure 8, the average static friction coefficient of the rice grains and
stems initially decreases, then fluctuates in a small range, followed by a sharp increase
from morning to evening. The average static friction coefficient of the rice grains and
stems shows a downward trend with the temperature. However, there are two static
friction coefficients with different values at the same temperature, which is caused by
differences in the solar light intensity and air moisture content at different harvest times.
Therefore, it is necessary to consider the effects of the harvester characteristics on the static
friction coefficient of rice. The combine harvester works continuously for a long time to
maximize the output, and the adverse effects of the field environment and harvest time
are rarely considered. Areas with small and stable changes in the static friction coefficient
for different harvesting times and temperatures are selected. The red grid in Figure 8
(10:11 a.m.–3:30 p.m., 16.5–21 ◦C) represents the optimum harvesting conditions. At this
time, the static friction coefficients of the rice grains and stems range from 0.23 to 0.24 and
from 0.33 to 0.34, respectively.

Figure 8. Average static friction coefficients of the rice grains and stems for different measurement
periods (harvest time) and temperatures: (a) rice grain; (b) rice stem.

4. Discussion

The p-values of the static friction coefficients of the grains and stems of the high-
yielding rice variety “Nanjing Jinggu” are smaller than 0.05 in the X-direction and larger
than 0.05 in the Y-direction of the experimental field (Table 4), indicating that there are
significant differences in the coefficients in the X-direction (Table 5) and no significant
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differences in the Y-direction. Multiple canals are located around the test field, and the
distance between the rice plants and the water source is different in the X-direction. Thus,
the distance from the water source affects the static friction characteristics of rice grains
and stems.

The static friction characteristics of rice are crucial for harvesting and machine design
optimization. Particle motion occurs during the separation, cleaning, and transportation
of the grains. The motion and location of the material particles differ in the working
components of the harvester, resulting in complex friction. The p-values of the friction
coefficients between the steel plate and the rice grains and stems were 0.122 and 0.000,
respectively (Table 6). The contact configurations of the rice grains had no significant effect
on the static friction coefficients, whereas those of the rice stems significantly affected the
static friction coefficients. The difference in the static friction coefficient of the rice stems for
different contact configurations was 9%. This result shows that the contact characteristics
between the rice stems and the working parts of the combine significantly influence the
static friction characteristics.

The p-values of the rice grains and stems for different measurement times and tem-
peratures are all 0.000 (Table 7), indicating significant effects of these factors on the static
friction coefficient of rice grains and stems. The combine harvester works continuously for
a long time to maximize economic benefits, while the adverse effects of the harvest time,
temperature, and other factors on the rice harvest are not considered. The static friction
coefficients of rice grains and stems show a negligible impact on the harvesting operation
and do not affect the smooth flow of materials in the combine. The optimum harvesting
period is 10:11 a.m.–3:30 p.m. and the optimum temperature range is 16.5–21 ◦C (Figure 8).
The quantitative results obtained in this study can be utilized to improve the design of
combine harvester and to optimize farm operations.

5. Conclusions

This study analyzed the effects of the spatial configurations of rice grains and stems,
harvest time, and temperature on the static friction characteristics of rice grains and stems
of high-yielding rice. Significant differences were observed in the average static friction
coefficients of rice grains and stems in the X-direction of the experimental field, indicating
that the spatial location affected the static friction characteristics of rice grains and stems
and the harvest quality of high-yielding rice.

The contact configuration between the rice grains and the steel plate surface had
no significant effect on the static friction characteristics. In contrast, the contact configu-
ration between the rice stems and the steel plate significantly affected the static friction
characteristics. Therefore, the flow of materials in the combine is affected.

The harvest time and temperature had significant influences on the static friction
characteristics of rice grains and stems. The static friction coefficient of rice grains and
stems decreased sharply, then stabilized, and sharply increased during the harvest period
(from morning to evening). The coefficient decreased with a decrease in the temperature.
The optimum harvest conditions were 10:11 a.m.–3:30 p.m. with a temperature above
16.5 ◦C. Quantifying the effect of the temperature and harvest time on the static friction
characteristics of rice provides data support to standardize the harvesting operation and
information for the design and optimization of high-yielding rice combine harvesters. The
data can also guide research and be used to train combine harvester and farm operators.

In a future study, we will analyze the effects of various factors on the static friction
characteristics using a larger test site, a larger sample size, and a longer measurement
period. In addition, this study still has some limitations. The high-yielding rice is limited
to a single variety, and the research object is relatively simple. Due to the strong regionality
of rice planting, there are some differences in its physical characteristics, so the research
region is relatively limited.
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