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Abstract: Pollination success is essential for hybrid oilseed rape (OSR, Brassica napus) seed produc-
tion, but traditional pollination methods are not efficient. The unmanned agricultural aerial system 
(UAAS) has developed rapidly and has been widely used in China. When flying, the wind field 
generated by the rotors overcomes the UAAS gravity, and it blows and disturbs the crops below, 
which helps the pollen spread. In order to investigate the distribution law of the three-dimensional 
(direction x, y, z) airflow field, experiments involving three levels of flight speed (FS) at 4.0, 5.0, and 
6.0 m/s, and three levels of flight height (FH) at 1.5, 2.0, and 2.5 m were conducted in the OSR field 
by using an electric four-rotor UAAS P20. The effects of FS and FH on airflow velocities (𝑣௫, 𝑣௬, 𝑣௭) 
were analyzed. High-speed dynamic camera (HSDC) technology was used to capture the swings of 
OSR plants under airflow field disturbance. OSR pollen samples were collected during the experi-
ments. The results showed that the airflow field in the direction x was mainly concentrated on the 
center of the flight path (S3), and the maximum wind velocity of direction x was 8.01 m/s (T1, S3). 
The direction x airflow field width was distributed almost symmetrically, but the center position 
shifted easily, due to crosswind. The airflow field in the direction y was distributed on both sides of 
the center flight path, and the velocity was generally larger, with the maximum at 7.91 m/s (T1, S2). 
The airflow field in the direction z was distributed irregularly, and the velocity was small. The FH 
had highly significant impacts on 𝑣௫ (p < 0.01), and the interaction of FS and FH had significant 
impacts on 𝑣௫ (0.01 < p < 0.05), while the FS had no significant impact on 𝑣௫ (p = 0.70804 > 0.05). The 
FS, FH, and interaction of FS and FH all had highly significant impacts on 𝑣௬ (p < 0.01). The swings 
of the OSR plant captured by the HSDC proved that the UAAS airflow field could effectively blow 
the OSR plant. The swing amplitude changes showed a positive correlation with airflow velocities 
(𝑣௫) in general. Although the observed OSR plant swung forward and backward repeatedly, there 
was a law of first forward, and then backward, and forward again at the beginning of each swing. 
The pollen collected on the sampler verified that the UAAS airflow field could help with pollen 
spread. The research results provide technical support for UAAS application on supplementary 
pollination for hybrid OSR seed production. 

Keywords: hybrid rapeseed oil; seed production; airborne pollination; unmanned agricultural aer-
ial system; airflow field; distribution law; parameter optimization 
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1. Introduction 
The oilseed rape (OSR, Brassica napus) is the third most important oil crop in the 

world [1], not only because of its high quality oil that meets the criteria of the most de-
manding nutritionists, but also because of its usage as a feed pellet for livestock species 
and resources for certain industrial products [2–5]. Its planting areas are expanding fast 
in regions with moderate climatic conditions, especially hybrid OSR [6]; thereby, hybrid 
OSR seed production is a guarantee for large-scale planting. During hybrid OSR seed pro-
duction, the pollen from the male OSR plant needs to transfer onto the female OSR plant 
pistil to ensure the formation of siliques [7,8]. Traditional pollination methods include 
wind, manual, and insect pollinations. Natural wind pollination is highly uncertain be-
cause the velocity and the direction of the natural ambient wind are not controlled. Man-
ual pollination is inefficient and is not suitable for large-scale field OSR seed production. 
Insect pollination has been identified as an ecosystem service [9–11] and is vital for high 
yields of OSR [12,13]. Honeybees (Apis mellifera) have been considered as the most im-
portant insect pollinator [14,15]. However, insect pollinators including honeybees are in 
decline because of the destruction of semi-natural habitats [16], increased insecticide use 
[17,18], pollution [19], climate change, invasive species and pathogens [20], and the de-
crease in floral resource availability linked to agricultural intensification [21,22], seriously 
threatening the crop yield, biodiversity, and food security [23]. Evidence is mounting that 
a range of insect-pollinated crops are experiencing pollination deficits [24,25]. Therefore, 
there is a necessity to find a new pollination method. 

As a new type of agricultural machinery, the unmanned agricultural aerial system 
(UAAS) has rapidly developed in China [26–28]. Due to carrying different airborne mis-
sion equipment, the UAAS can execute remote sensing [29,30], aerial spraying [31–33], 
particle fertilizing [34], aerial seeding [35], etc. Some researchers have conducted studies 
on UAAS airflow in the field (with crop leaf effect), and correspondingly, the results of 
supplementary pollination show that the airflow field, which is downward generated by 
the rotors of UAAS, can improve crop pollination because the airflow causes canopy dis-
turbance [36,37]. Liu et al. [38] used a single-rotor UAAS for supplementary pollination 
on hybrid rice seed production, the results showed that the seed setting rate and yields of 
the supplementary pollination by single-rotor UAAS could reach higher than those of 
manual pollination under airflow assistance. In order to reduce the adverse effects of high 
temperature and drought on maize pollination, Kong et al. [39] explored the assisting pol-
lination method on maize with an eight-rotor UAAS, their test results were that the maize 
yield increased 880.05 and 1456.50 kg/ha with once and twice UAAS aerial pollination, 
respectively. Li et al. [40] collected, analyzed and processed the experimental data from 
the UAAS pollinators in the field. It was found that an important “steep wall” effect was 
observed when the wind velocity under the UAAS rotor reached its maximum value, and 
the increased rate of forward wind velocity was significantly higher than that of backward 
reduction. The whole airflow field “steep wall” was symmetrical along the UAAS flight 
direction. Wang et al. [41] used a wireless wind speed sensor network (WWSSN) meas-
urement system to measure a single-rotor UAAS Z-3 airflow field in the rice field for sup-
plementary pollination parameter optimizations. The experimental results showed that 
the wind parallel to the flight direction was more useful to the supplementary pollination, 
and the flight parameters were suggested as 7.0 m height, 3.0 m/s in a downwind direction 
to obtain a high efficiency. Through the machine vision technologies, Tian et al. [42] stud-
ied the influences of airflow on the wheat canopy during the UAAS hovering and flight 
(forward and reverse) states. During the hovering state, the disturbance canopy region 
was annular, and the area was larger for the single-rotor UAAS, while the region was 
circular, and the area was smaller for the four-rotor one. During the flight state, the dis-
turbance canopy region was irregular, and the area was smaller when forward flying, 
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while the region showed a U-shape, and the area was larger for the single-rotor UAAS. 
The disturbance canopy region shape and the area were basically the same due to the 
symmetry of the fuselage for the four-rotor UAAS during both states. Meanwhile, the 
study results showed that the FS had a significant impact on the disturbance canopy re-
gion characteristics. The region was concentrated and approximately showed an elliptical 
distribution; the plants in the region swung violently when the FS was low. The region 
was distributed in a long strip, and the plants in the region swung slightly when the FS 
was high. In addition to the outdoor field environment, some scholars have also carried 
out research on the UAAS airflow in a closed environment [43], which also provided ref-
erences for the scientific use of UAAS airflow in practical applications. 

In summary, the above research conclusions indicate that the UAAS airflow field can 
cause crop canopy disturbance, thus contributing to the pollination of hybrid rice and 
maize. There is still a lack of research on the characteristics of the UAAS airflow field on 
the OSR crop canopy. Therefore, this study aims to investigate the UAAS airflow distri-
bution laws on the OSR crop canopy and the effects of FS and FH on airflow velocity and 
pollination. It is assumed that the wind field can also contribute to the pollination of hy-
brid OSR, which will provide some theoretical and data support for UAAS application on 
supplementary pollination of hybrid OSR seed production. 

2. Materials and Methods 
2.1. Experimental Site, OSR Characters and Weather Conditions 

The experiment site was located at the hybrid OSR seed production agricultural base 
(38.4692° N, 100.8674° E) in Zhangye City, Gansu Province, China. The trials were con-
ducted from July 3 to July 9, which are the local seasons for OSR pollination. The produced 
seed variety was Yangguang 131 (Registration Number: GPD Rape (2017) 420119, Minis-
try of Agriculture and Rural Affairs of the People’s Republic of China) [44], which is a 
three-line hybrid combination of Polyma cytoplasmic male sterile line 5A (male OSR 
plant) and restorer line C18 (female OSR plant) [45]. The OSR plant was sown in the field 
by manual transplanting. The main characters of the OSR plant and the weather condi-
tions are shown in Table 1. 

Table 1. The OSR characteristics and weather conditions. 

Test Time Growth Period OSR Plant Mean Height 
(cm) 

Width of OSR Plant 
Line (m) 

Row Proportion 
of Male to Fe-

male  

Mean Wind 
Speed (m/s) 

Mean Tem-
perature (°C) 

Mean Relative 
Humidity (%) 

3–9 July 2019 
Early stage of 

blooming 
160 ± 10 (male) 

150 ± 10 (female) 
0.25 (male) 

2.45 (female) 2:10 0.78 ± 0.20  25.85 ± 0.30 35.1 ± 1.55  

2.2. UAAS and Experimental Materials 
The tested UAAS of P20 (Guangzhou XAG Co., Ltd., Guangzhou, China, as shown 

in Figure 1) is a four-rotor UAAS with real-time kinematic global positioning system 
(RTK-GPS). It is fully autonomous with the help of SUPERX2 flight control system 
(Guangzhou XAG Co., Ltd., Guangzhou, China), flying along the routes planned by the 
mobile app. The FS and FH can be set in the mobile app. The main technical parameters 
are shown in Table 2. 

Table 2. The main technical parameters of P20. 

Items Parameters 
UAAS size  1262 mm × 1250 mm × 490 mm 

Rotor diameter 36 cm 
Battery capacity 18000 mAh × 2 
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FS 3–7 m/s 
FH 0.5–3 m 

Note: UAAS, unmanned agricultural aerial system; FS, flight speed; FH, flight height. 

 
Figure 1. The UAAS P20 flying in the test field. 

The WWSSN [40,41] system was used to measure airflow. A high-speed dynamic 
camera (HSDC) MotionPro X-4 (Integrated Design Tools Inc., Tallahassee, Florida, USA) 
was installed in a suitable position in the field to capture the swings of the OSR plant. The 
slides coated with vaseline oil were fixed on the sampling rod for pollen collecting. 

2.3. Experimental Treatments 
2.3.1. Experiment Design 

The whole experimental area was divided into flight acceleration area, sampling area 
and flight stopping area. The GPS coordinates of two location points on the male OSR 
plant centerline were collected in the flight acceleration area and flight stopping area. The 
two location points were as the starting point and end point of the planned route after 
being transmitted to the flight control system, ensuring the UAAS centerline following 
the flight. During the tests, the FS was set to three levels at 4.0, 5.0, and 6.0 m/s. FH was 
set to three levels at 1.5, 2.0, and 2.5 m. The P20 flew from the acceleration area to the 
stopping area along the centerline of the sampling area above the male OSR plant line 
using autonomous mode [32]. A total of nine treatments are shown in Table 3, with treat-
ment parameters. 

Table 3. The experiment treatment designs. 

Treatments FS FH 
T1 4.0 m/s 1.5 m 
T2 4.0 m/s 2.0 m 
T3 4.0 m/s 2.5 m 
T4 5.0 m/s 1.5 m 
T5 5.0 m/s 2.0 m 
T6 5.0 m/s 2.5 m 
T7 6.0 m/s 1.5 m 
T8 6.0 m/s 2.0 m 
T9 6.0 m/s 2.5 m 
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2.3.2. Sampling Point Arrangements 
The flight acceleration area and the flight stopping area were both 20 m long in order 

to ensure the CPUAS could accelerate to a predetermined speed and timely stop. The 
sampling points were arranged along the vertical direction of the UAAS flight route sym-
metrically with a 1.0 m interval. Five points were arranged symmetrically on both sides 
of the flight route. The sampling points were labeled S1 to S5 from left to right, the sensors 
of WWSSN system were placed on each sampling point. The X axis was set along the flight 
direction, the Y axis was 90 degrees counterclockwise of the X axis, perpendicular to the 
flight direction, and the Z axis was set perpendicular to the ground. The layout of sam-
pling points is shown in Figure 2. Three repetitions for each treatment were conducted to 
ensure the accuracy of the obtained data. 

 
Figure 2. The field sampling layout (top view). 

An OSR plant was selected as the observation object, and the position reference rod 
with a calibrated ruler was fixed behind it. The HSDC was set up outside the sampling 
area, creating a line with the observed OSR plant and the position reference rod, which 
adjusted the optical parameters ready for capturing. The pollen sampling rods with slides, 
as shown in Figure 3, were arranged on either side of the male OSR plant line, and a five-
point sampling method [46] was selected to collect the OSR pollen. The field adjacent to 
the test area was selected as the control check (CK) area, where the OSR plants would not 
be affected by the UAAS wind field, and the pollen sampling rods were arranged in the 
same way as in the test area. In the CK area, the male OSR plants were disturbed only by 
the weak environmental wind (see Table 1—Mean Wind Speed). OSR pollen collection 
comparisons in the CK area and sampling area were used to qualitatively evaluate pollen 
spreading by the UAAS supplementary pollination. 
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Figure 3. The pollen sampling rods layout. 

2.4. Data Processing 
The airflow wind distributions of three directions were compared and the maximum 

wind velocities were clarified. The average wind velocity value of each treatment during 
the sampling period was used as the effective wind velocity value in order to ensure ac-
curacy. The impacts of FS and FH on the velocity were analyzed by two-way analysis of 
variance (ANOVA) [28,31]. The relationship between the OSR plant swing amplitudes 
and the wind velocities were analyzed from the images captured by the HSDC. The sup-
plementary pollination effect was evaluated based on the OSR pollen collected by the slid-
ers. 

3. Results 
3.1. Airflow Wind Data Statistics and Analysis 

The average wind velocity of each treatment on S1 to S5 is shown in Table 4. 

Table 4. The average wind velocities of the sampling points. 

Treatments Wind Velocity S1 S2 S3 S4 S5 

T1 
𝑉௫ (m/s) 0.82 0.99 2.73 0.94 0.79 𝑉௬ (m/s) 2.91 2.24 0.82 1.04 1.62 𝑉௭ (m/s) 0.97 0.81 1.10 0.78 1.01 

T2 
𝑉௫ (m/s) 0.98 1.22 2.38 1.46 1.02 𝑉௬ (m/s) 1.56 1.48 0.73 1.13 0.49 𝑉௭ (m/s) 0.74 0.63 0.87 0.53 0.66 

T3 
𝑉௫ (m/s) 2.19 2.22 2.38 2.01 1.98 𝑉௬ (m/s) 1.82 1.08 0.81 0.77 1.30 𝑉௭ (m/s) 0.86 0.69 1.17 0.98 0.88 

T4 
𝑉௫ (m/s) 2.24 1.89 0.97 0.31 0.44 𝑉௬ (m/s) 2.52 2.22 1.70 2.74 3.35 𝑉௭ (m/s) 0.57 0.66 1.52 0.30 1.21 

T5 
𝑉௫ (m/s) 1.19 1.22 1.63 0.42 0.50 𝑉௬ (m/s) 2.40 1.06 0.93 1.21 1.72 𝑉௭ (m/s) 1.03 1.56 0.84 0.47 0.50 

T6 
𝑉௫ (m/s) 1.49 1.44 0.60 0.58 0.55 𝑉௬ (m/s) 2.39 0.99 0.58 0.32 0.31 𝑉௭ (m/s) 0.60 0.54 1.62 1.33 0.64 

T7 
𝑉௫ (m/s) 0.70 1.20 1.50 1.00 0.95 𝑉௬ (m/s) 2.98 2.58 0.79 0.33 0.43 
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𝑉௭ (m/s) 1.33 1.06 1.21 0.82 0.66 

T8 
𝑉௫ (m/s) 0.82 1.56 2.59 0.94 0.77 𝑉௬ (m/s) 2.91 2.24 0.82 1.04 1.62 𝑉௭ (m/s) 0.97 1.31 1.10 1.32 1.11 

T9 
𝑉௫ (m/s) 0.89 0.88 0.45 0.35 0.35 𝑉௬ (m/s) 1.42 1.35 1.31 1.22 1.38 𝑉௭ (m/s) 1.31 0.82 1.86 0.37 0.36 

Note: 𝑉௫, 𝑉௬, 𝑉௭ mean the average wind velocity on each sampling point of the direction x, y, z, re-
spectively. 

From Table 4, it can be seen that the variations of wind velocity were not continuous, 
while showing interval distributions. The 𝑉௫ threshold ranged from 0.31 to 2.73 m/s, and 
the maximum value was 8.01 m/s (T1, S3) among the obtained data. The 𝑉௬  threshold 
ranged from 0.31 to 3.35 m/s, and the maximum value was 7.91 m/s (T1, S3) among the 
obtained data, while the 𝑉௭ threshold ranged from 0.30 to 1.86 m/s, and the maximum 
value was 4.0 m/s. 

3.1.1. The Airflow Wind Velocity Distributions 
The airflow wind velocity distributions of direction x, y and z are shown in Figure 4. 

The wind velocities of directions x and y mostly exceeded 1.0 m/s, which were relatively 
larger than those of direction z. Taking sample S3 as the center, the wind velocities in 
direction x showed a symmetrical distribution with low winds on both sides and large 
winds in the center, while the velocities for T4, T6 and T9 showed a downward trend from 
left to right (S1 to S5). The center position of the wind field shifted, probably due to the 
influence of crosswinds during the tests. The wind velocities in direction y showed a dis-
tribution pattern of large winds on the left side and low winds on the right side, except 
for T4. There was no obvious regularity of direction z wind velocity distribution. The di-
rection z airflow was affected by the OSR plant canopy, and the airflow rebounded after 
contacting the ground, causing a ground effect [47,48]. In addition, direction z airflow will 
not help will pollination; thus, direction z wind velocity distribution is not discussed in 
this article. 

   
(a) Distribution in direction x. (b) Distribution in direction y. (c) Distribution in direction z. 

Figure 4. Three directions of airflow wind velocity distributions. 

3.1.2. Wind Velocity 
In order to clarify the distribution laws of the airflow more clearly, the effective ve-

locity value of each direction was calculated as follows: 𝑣ௗ ൌ ∑ 𝑉ௗ–ௌ೔ହଵ 5  (1)
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where 𝑣ௗ represents the three directions of wind velocity 𝑣௫, 𝑣௬ and 𝑣௭ in m/s, 𝑆௜ is the 
ith sampling point, and 𝑉ௗ–ௌ೔ is the average wind velocity of the ith sampling point, m/s. 
According to Formula (1), 𝑣௫, 𝑣௬ and 𝑣௭ were calculated, which are shown in Table 5. 

Table 5. The effective velocities of three directions. 

Treatments 𝒗𝒙  𝒗𝒚 𝒗𝒛 
T1 1.25 m/s 1.72 m/s 0.93 m/s 
T2 1.41 m/s 1.08 m/s 0.69 m/s 
T3 2.16 m/s 1.16 m/s 0.92 m/s 
T4 1.17 m/s 2.51 m/s 0.85 m/s 
T5 0.99 m/s 1.46 m/s 0.88 m/s 
T6 0.93 m/s 0.92 m/s 0.95 m/s 
T7 1.07 m/s 1.42 m/s 1.02 m/s 
T8 1.34 m/s 1.72 m/s 1.16 m/s 
T9 0.58 m/s 1.34 m/s 0.94 m/s 

From Table 5, the values of 𝑣௫ ranged from 0.58 (T9) to 2.16 m/s (T3), the values of 𝑣௬ ranged from 0.92 (T6) to 2.51 m/s (T4), and the values of 𝑣௭ ranged from 0.69 (T2) to 
1.16 m/s (T8). 

3.1.3. Effect of FS and FH on Airflow Velocity 
Figures 5 and 6 show the change trends of 𝑣௫ and 𝑣௬ in relation to the changes in 

FH and FS. 𝑣௫ increased as FH increased when FS was 4.0 m/s, and it decreased as FH 
increased when FS was 5.0 m/s. 𝑣௫ first increased and then decreased as FH increased 
when FS was 6.0 m/s. When FH was at 1.5 and 2.5m, 𝑣௫ decreased as FS increased, while 
it first decreased and then increased as FS increased when FH was at 2.0 m. Regarding 𝑣௬, 
it showed a uniform downward trend as FH increased when FS was 5.0 m/s, and a uni-
form upward trend was shown as FS increased when FH was 2.0 m. The change trends 
were not monotonous under other conditions. Therefore, it can be considered that FS and 
FH affected 𝑣௫ and 𝑣௬. 

 
(a) 𝑣௫ changes at different heights. 
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(b) 𝑣௫ changes at different speeds. 

Figure 5. 𝑣௫ change trends. Note: 𝑣௫ସ.଴, 𝑣௫ହ.଴, 𝑣௫଺.଴ represent 𝑣௫ when FS is 4.0, 5.0, and 6.0 m/s; 𝑣௫ଵ.ହ, 𝑣௫ଶ.଴, 𝑣௫ଶ.ହ represent 𝑣௫ when FH is 1.5, 2.0, and 2.5 m, respectively. 

 
(a) 𝑣௬ changes at different heights. 

 
(b) 𝑣௬ changes at different speeds. 

Figure 6. 𝑣௬ change trends. Note: 𝑣௬ସ.଴, 𝑣௬ହ.଴, 𝑣୷଺.଴ represent 𝑣௬ when FS is 4.0, 5.0, and 6.0 m/s; 𝑣௬ଵ.ହ, 𝑣௬ଶ.଴, 𝑣௬ଶ.ହ represent 𝑣௬ when FH is 1.5, 2.0, and 2.5 m, respectively. 

Two-way ANOVA was conducted to verify the significant impact of FS and FH on 𝑣௫ and 𝑣௬ at p value = 0.05 level. The results are shown in Tables 6 and 7. FH had highly 
significant impacts on 𝑣௫ (p < 0.01); the interaction of FS and FH had significant impacts 
on 𝑣௫ (0.01 < p < 0.05), while FS had no significant impact on 𝑣௫ (p = 0.70804 > 0.05). FS, 
FH, and the interaction of FS and FH all had highly significant impacts on 𝑣௬ (p < 0.01). 
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Table 6. Two-way analysis of variance for 𝑣௫. 

Source of Variance df F p Value Significance 
FS 2 0.35 0.70804 NS 
FH 2 29.05 2.31752 × 10−6 ** 

FS × FH 4 6.87 0.00153 * 
Note: p denotes the significance level of the factor affecting the result. p < 0.01 ** denotes that fac-
tors have highly significant impact on test result; p < 0.05 * denotes that factors have significant 
impact on test result; NS denotes that factors have no significant impact on test result. 

Table 7. Two-way analysis of variance for 𝑣௬. 

Source of Variance df F p Value Significance 
FS 2 91.28 3.77829 × 10−10 ** 
FH 2 10.44 0.00098 ** 

FS × FH 4 43.78 4.86608 × 10−9 ** 
Note: p denotes the significance level of the factor affecting the result. p < 0.01 ** denotes that fac-
tors have highly significant impact on test result. 

3.2. The OSR Plant Swing Capture 
The swing amplitude of the observed OSR plant was positively correlated with 𝑣௫ 

based on the amplitude analysis from the captured images. The observed OSR plant 
swung forward (along positive X axis) and backward (along negative X axis) repeatedly, 
but there was a law of first forward, and then backward, and finally forward at the begin-
ning of the swing. Figure 7 shows the observed OSR plant swings under the 4.0 m/s FS 
and 1.5 m FH; the observed OSR plant swung forward from the record time of 0.00 s to 
0.60 s, and then swung backward until 0.98 s, and then swung forward again. The ob-
served OSR plant swung back to the original position for the first time approximately at 
the recorded time of 2.45 s. 
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Figure 7. The observed OSR plant swing images. 

3.3. The OSR Pollen Sampling 
OSR pollen was collected on the sampling sliders in the sampling area, while no pol-

len was collected in the CK area. The pollen appeared in clusters on the sliders as shown 
in Figure 8. The pollen collected on the sampler verified that the UAAS airflow field could 
help the pollen spread. 

  

(a) 50 times magnification (b) 200 times magnification 

Figure 8. Collected OSR pollen images under different magnifications. 

4. Discussion 
Finding a new supplementary pollination method is of great importance for hybrid 

OSR seed production, as there are few studies that exist. In this article, we investigated 
UAAS P20 airflow field distribution on the OSR plant canopy to explore the feasibility of 
mechanical supplementary pollination. The wind field of the flight direction (direction x) 
was perpendicular to the flight direction (direction y) and had effective wind velocities, 
in which the maximum 𝑣௫ exceeded 8.0 m/s and the maximum 𝑣௬ approached 8.0 m/s; 
thus, it is believed that the wind field in these two directions can be applied for supple-
mentary pollination. According to the wind velocities in Table 5, the 𝑣௫ was less than 𝑣௬ 
under most treatments (T1, T5, T7, T8, and T9) and was equivalent under T6, while it was 
larger under T2, T3 and T4. These results are different from Wang et al. [41], who showed 
that wind velocity was 𝑣௫ >  𝑣௬ and that the wind field in direction x was more useful to 
supplementary pollination. These may be caused by the structure differences between 
four-rotor and single-rotor UAASs. The wind in direction x showed a symmetrical distri-
bution; basically, this is similar to the results of Li et al. [40]. Both the wind in direction x 
and y could be useful for supplementary pollination from the perspective of wind veloc-
ity, but 𝑣௫ was more stable and uniform; thus, it is recommended that the UAAS flies 
perpendicular to the male parent OSR lines. The ANOVA results showed that 𝑣௫ was 
highly affected by FH, was affected by the interaction of FS and FH, and that  𝑣௬ was 
affected by FS, FH, and the interaction of FS and FH. T3, with the parameters of 4.0 m/s 
FS and 2.5 m FH, was the optimal parameter combination for supplementary pollination 
by wind field in direction x, and T4, with the parameters of 5.0 m/s FS and 2.5 m FH, was 
the optimal parameter combination for supplementary pollination by wind field in direc-
tion y. The images and the pollen sampling results indicate that the airflow field of the 
UAAS flying over the canopy can disturb the OSR plants and have a positive effect on 
OSR pollen spread. 

5. Future Work 
In this study, we mainly studied UAAS airflow wind distribution on the OSR plant 

canopy and drew conclusions based on the experimental data. It is necessary to combine 
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machinery with the agronomy; thus, there are still further studies needed on UAAS sup-
plementary pollination on hybrid OSR. 

The factors of the daily optimal pollination time period, the frequency of the flight, 
the flight directions (parallel or perpendicular to the male OSR plant lines), etc., may all 
affect pollination and OSR yield. Further studies are needed to clarify the influences of 
the above factors on the effects of OSR seed production for scientific UAAS application on 
supplementary pollination. 

Furthermore, in this study, the UAAS flew along the planned routes during the tests, 
and the routes were all straight from the starting to the end point, which was generated 
by the flight control system on the mobile app. Due to the shape of the farmland and the 
cultivation methods, the row of the OSR plant might not have been straight. Therefore, 
the straight-line planned route for the UAAS flight navigation needs to be improved if it 
requires the UAAS to accurately fly above the male OSR plant row. A research suggestion 
given is to introduce image recognition technology into the UAAS navigation, that is to 
recognize the male OSR plant row in real time; thus, the UAAS realizes meandering flight 
while following the male OSR plant row. 

In addition, the yield of OSR seed production should be an indicator to evaluate dif-
ferent supplementary pollination methods such as manual pollination, insect (honeybees) 
pollination, natural wind pollination, and UAAS pollination, to verify whether the UAAS 
wind field can improve pollination or not on hybrid OSR seed production. 

Finally, there is an extremely important and significant issue that is worth studying 
and cannot be ignored. With the development of agricultural mechanization and the con-
tinuous human pursuits of high efficiency in agricultural production, increasingly intelli-
gent agricultural machinery has been applied, in which the UAAS in this study is repre-
sentative. The use of these high-efficiency agricultural machines helps to achieve more 
yields, but the impacts on the natural biological populations are unknown. Combining 
studies with this article may determine whether UAAS supplementary pollination affects 
living pollinators. Taking the insect pollinator honeybee as an example, UAAS application 
on pollination may cause food reduction, injury, or death, thus leading to declines of 
quantity and population. Continuous and in-depth studies are needed to clarify the im-
pacts of UAAS supplementary pollination on the insect population for maintaining eco-
logical balance in the future. 
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