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Abstract: Fungal spores that cause infectious fungal diseases in rice are mainly transmitted through
air. The existing fixed, portable or vehicle-mounted fungal spore collection devices used for rice
infectious diseases have several disadvantages, such as low efficiency, large volume, low precision
and incomplete information. In this study, a mobile fungal spore collection device is designed,
consisting of six filters called “Capture-A”, which can collect spores and other airborne particles
onto a filter located on a rotating disc of six filters that can be rotated to a position allowing for the
capture of six individual samples. They are captured one at a time and designed and validated by
capturing spores above the rice field, and the parameters of the key components of the collector are
optimized through fluid simulation and verification experiments. The parameter combination of the
“Capturer-A” in the best working state is as follows: sampling vessel filter screen with aperture size
of 0.150 mm, bent air duct with inner diameter of 20 mm, negative pressure fan with 1500 Pa and
spore sampling of cylindrical shape. In the field test, the self-developed “Capturer-A” was compared
with the existing “YFBZ3” (mobile spore collection device made by Yunfei Co., Ltd., Zhengzhou,
China). The two devices were experimented on at 15 sampling points in three diseased rice fields,
and the samples were examined and counted under a microscope in the laboratory. It was found that
the spores of rice blast disease and rice flax spot disease of rice were contained in the samples; the
number of samples collected by a single sampling vessel of “Capturer-A” was about twice that of the
device “YFBZ3”in the test.

Keywords: diseases of rice; fungal spores; sampling; UAV

1. Introduction

More than 50 kinds of rice fungal diseases, 6 kinds of bacterial diseases, 11 kinds of
viral and mycoplasmosis, and 4 kinds of nematode diseases have been found in China [1–3].
The common diseases mainly include rice blast, sheath blight, white leaf blight, flax spot,
rice stalk, rice grain smut and bad seedling [4–6]. The infection of rice by airborne spores is
an important factor causing rice infection [5,7–9]. The determination of spores in the air is
an indispensable part in the analysis of the degree of disease occurrence, early warning
and prevention [10–13]. To monitor the process of airborne sporogenesis, it is necessary
to have an effective collection device to monitor the temporal and spatial dynamics of
pathogens [11,12,14,15].
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The collection technology of rice fungal spores is the basis of pathogen identification
and monitoring, as well as the premise of disease control [16,17]. The traditional devices
for acquiring microorganisms such as rice infectious fungal spores are large and heavy, as
shown in Table 1 [18,19]. The efficiency of the existing mobile spore collection device is low,
and only one sample can be collected at a time, which cannot meet the requirements of
efficient and intelligent modern agriculture [20,21]. In view of the problems of the existing
spore capture instruments, the work efficiency and application range of the spore capture
instrument need to be improved [22,23].

Table 1. Specifications of existing spore collection devices used in China.

Brand/Country Model Mode of Use Sample Carrier L × W × H (mm) Weight
(kg)

Yunfei/China YFBZ3 Portable Slide 250 × 250 × 300 8
Yunfei/China YFBZ2 Vehicular Slide 300 × 200 × 300 12
Yunfei/China YFBZ1 Stationary Slide 760 × 760 × 1850 35
Tianhe/China TH-BZ01 Stationary Slide 650 × 650 × 1500 30
Oukeqi/China OK-BZ1 Portable Slide 450 × 280 × 100 --
Oukeqi/China OK-BZ2 Vehicular Slide 250 × 300 × 760 --
Oukeqi/China OK-BZ10 Stationary Slide 450 × 280 × 1000 --

Wanxiang/China WX-BZ3 Stationary Slide 420 × 308 × 787 --
Bangyou/China BY-BZ3 Portable Slide 280 × 280 × 450 --

Aiwo/China AW-BZ2 Vehicular Slide 250 × 300 × 760 --
Aiwo/China AW-BZ1 Portable Slide 240 × 240 × 360 --

Burkard/England HIRST Portable Transparent plastic (mylar) 600 × 700 × 800 16
Burkard/England Spore watch Bracket type Transparent plastic (mylar) 240 × 100 × 550 3.5
Burkard/England B-350 Bracket type Liquid or Eppendorf bottle 1250 × 870 × 770 24
Burkard/England SRVST Bracket type Container 570 × 650 × 650 --

There are several potential aspects that can be considered:

(1) Lighter weight and smaller sizes need to be adopted to make the spore collection
device smaller and more lightweight [24–27].

(2) The existing fixed spore capture equipment can obtain spores in glass slides, Eisenhoff
bottles, scotch tape or bottle containers (as shown in Table 1), and the design of sample
carriers also has room for research [28,29].

(3) We improve the work efficiency of mobile spore collection device by enhancing the
ability of a single device that supports multiple sample collection tasks [21,30].

(4) Integrating with contemporary UAV technology, the development of versatile mobile
spore collection devices broadens the utility of spore capture devices [31–33].

In order to improve the collection effectiveness of rice infectious fungal spores, and
explore a rice infectious fungal spores collection device suitable to be mounted on UAV, this
study proposes a design scheme of a mobile rice infectious fungal spore collection device
named “Capturer-A”, which uses air flow to collect biological particles, such as spores,
onto filters. In this study, the features of key components of the developed device were
simulated, and the key parameters affected were analyzed and optimized.

2. Working Principle and Structure Design of Spore Collection Device

To collect the rice fungal spores more efficiently, a UAV-borne mobile collecting de-
vice named “Capturer-A” was designed according to the characteristics of spores [19].
“Capturer-A” is mainly composed of air intake, sample collection vessel cover, sample
collection vessel shell, fan and turntable shell, motor and microprocessor shell, sample
collection filter vessel, spore sample filter vessel-positioning turntable, angle-positioning
motor, bent air duct, negative-pressure fan, air outlet, microprocessor, motor and battery,
etc., as shown in Figure 1.
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The negative-pressure fan rotates to form negative pressure in the capture bin, and 
the air containing spores outside is inhaled by the air intake, through the air duct and the 
filter vessel, and the spores and other microbial particles will be attached to the filter of 

Figure 1. Structure diagram of the fungal spore collection device. Note: 1. air intake; 2. sample
collection cover; 3. sample collection shell; 4. fan and turntable shell; 5. motor and microprocessor
shell; 6. spore collection; 7. spore sample filter-positioning turntable; 8. angle-positioning motor;
9. bent air duct; 10. negative-pressure fan; 11. air outlet; 12. microprocessor; 13. motor; 14. battery;
15. lifting handle; 16. screen-fixing cover; 17. sample screen; 18. truncated cone sampling; 19. cylindri-
cal sampling; 20. hemisphere-shaped sampling; 21. aluminum alloy beam; 22. electric telescopic rod;
23. electric turntable; 24. waterproof frame; 25. aluminum alloy bracket.

The negative-pressure fan rotates to form negative pressure in the capture bin, and
the air containing spores outside is inhaled by the air intake, through the air duct and the
filter vessel, and the spores and other microbial particles will be attached to the filter of the
filter vessel, so as to complete the capture of spores. After completing the sample collection,
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the filter vessel is rinsed with pure water in the laboratory; then, the fungal spores can be
further observed and analyzed.

The workflow of the field experiment of the UAV-borne mobile rice fungal spore
collection device is as follows:

(1) The rice fungal spore collection device starts to work at a fixed position in the field.
The device uses suction to sample airborne particles such as spores in the air into the first
filter vessel through a negative-pressure fan.

(2) When the fungal spore collection device is transferred to the second collection point,
the filter flow vessels changed to the second air filter for the collection of fungal spores.

(3) When the working process needs to enter the next collection point, it is necessary to
switch the sample collection filter through the remote control or timer for sample collection.

3. Design and Simulation of Key Components of the Fungal Spore Collection Device

Since the sample collection efficiency may be affected by several main factors, this
study analyzed different simulation results of the “Capturer-A”, assessing the following
effects: inner diameter of bent air duct, wind pressure, sample filter vessel shape and
aperture size of sampling vessel filter screen. Microbial particles in paddy fields include
inorganic particles, organic particles and a small number of mixed particles, which usually
exist in the form of dust in the crown of rice, with a diameter of about 0.001 µm to 10 µm.
The simulation process is described below.

3.1. Simulation of Inner Diameter of Bent Air Duct

Since the key step of collecting spores in the “Capturer-A” is that the air containing
spores is sucked by negative-pressure wind into the sampling vessels with filter nets
through the bent air duct, the diameter of the bent air duct has a certain influence on the
collection efficiency of “Capturer-A”. Due to the limited overall size of “Capturer-A”, the
space to accommodate the bent air duct is limited, and the shape of the bent air duct will
change slightly due to the size change, which has a certain impact on its spore-catching
ability. ANSYS 23 (ANSYS Inc., Canonsburg, PA, USA) was used to simulate the inner
diameter of the bent air duct in “Capturer-A”. By establishing a simplified model to
compare and simulate the bent air duct with different diameters, the flow field changes of
“Capturer-A” during operation were analyzed, and the optimal inner diameter of the bent
air duct was determined.

The velocity cloud of the flow simulation situation with the inner diameter of the
bent air duct of 15 mm is shown in Figure 2a. It can be found that the maximum velocity
is mainly concentrated at the waist of the bend and the exit, and the velocity begins to
increase from the waist. Changes in the mass flow at the outlet monitored during the
simulation calculation are shown in Figure 3. It can be seen that the minimum flow at the
outlet is 4.633 L/min. This value is maintained when the calculation conditions are stable.

A simulation of the flow field with an inner diameter of 20 mm of the bent air duct
is shown in Figure 2b. It can be seen from the cloud image that the flow field pressure
increases from the entrance, and the flow speed is mainly concentrated at the exit. When
other conditions remain unchanged, it can be found that the maximum velocity is the
smallest compared with that of 15 mm, but through the outlet flow ratio, it is found that the
outlet mass flow of 20 mm with an inner diameter is about 13.693 L/min, and the outlet
mass result of the bent air duct with an inner diameter of 20 mm is greater.

A simulation of the flow field with the bent air duct with an inner diameter of 25 mm
is shown in Figure 2c. It can be seen from the cloud image that the flow field pressure
increases from the entrance, and the flow speed is mainly concentrated at the exit. If other
conditions remain constant, compared with bent air ducts with an inner diameter of 25 mm
and 20 mm, it can be found that the corresponding bent air duct with an inner diameter of
25 mm whose maximum velocity is less than 20 mm has the same velocity as a diameter of
20 mm. However, through the outlet flow ratio, it is found that the outlet mass flow of the
bent air duct with an inner diameter of 25 mm is about 13.216 L/min, and the result of the
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bent air duct with an inner diameter of 25 mm is very close to the outlet mass of the bent
air duct with an inner diameter of 20 mm.
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In order to compare the air flow state under different diameters more accurately, other
variables can be kept consistent through numerical simulation, as shown in Figure 3. Only
the influence of diameter variables on the air flow rate was simulated and studied, while
other variables remained unchanged. Three kinds of bent air ducts with different inner
diameters were designed, and the influence of diameter on air flow was analyzed through
the mass ratio of the outlet.

From Figure 3, it can be seen that the suction mass flow of the bent air duct with an
inner diameter of 20 mm and 25 mm is much higher than that of 15 mm, and the outlet
mass flow of the bent air duct with an inner diameter of 20 mm and 25 mm is very similar;
the outlet mass flow of the bent air duct with an inner diameter of 20 mm is slightly higher
than the outlet mass flow of the bent air duct with an inner diameter of 25 mm, so an inner
diameter of 20 mm was selected as the optimal diameter.

3.2. Simulation Analysis of the Wind Speed of Fungal Spore Collection Device

In order to verify the influence of the parameters of the negative-pressure fan on the
spore sample collection effect of the equipment, the sampling effect of the negative-pressure
fan working under different wind pressures was simulated and analyzed in this study.
ANSYS 23 (ANSYS Inc., Canonsburg, Pennsylvania, America) was used to simulate the air
flow during the negative fan of the “Capturer-A” operation, pressure distribution cloud
diagram and the velocity distribution cloud diagram (Figure 3). Since the above simulation
results show that the bent air duct with a diameter of 20 mm is the most efficient, in order
to ensure the compatibility of “Capturer-A”, the interior diameter of the sampling vessel is
consistent with the diversion duct with an inner diameter of 20 mm.

In order to simulate accurately and conveniently, a simplified model of the “Capturer-A”
was built in Workbench in advance. The simplified model only retains important com-
ponents, such as negative-pressure fan, air duct and sample collection filter vessel. The
performance of the whole device can be evaluated through simulation analysis of the
simplified model.

In this simulation, a turbulent model was adopted for simulation. In this model, the
turbulent kinetic energy k and turbulent dissipation rate ε are defined as:

k =
U′

i U
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2
(1)

ε =
u
ρ

(
∂u′

l
∂χk

)(
∂u′

l
∂xk

)
(2)

The turbulent viscosity can be expressed as a function of k and ε, namely:
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ε
(3)

Cµ is the empirical constant, where the transport equation for k and ε is:
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where C1ε = 1.44, C2ε = 1.92, Cµ = 0.09, δk = 1.0, δε = 1.3.
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The standard model is a complete turbulence model, which is mainly used to solve
the turbulence core region. For the solution of the region near the wall where turbulence is
not fully developed, the wall function method needs to be adopted:
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τw/ρ
=
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k0.25
u k0.5

ρ
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The change in wind pressure, temperature and humidity will affect the density of
air. When the temperature is 20 ◦C, the absolute pressure is 760 mmHg, and this state
is generally 1.293 kg. In this study, due to the high humidity of the air collected in the
rice field and the possibility of a small amount of dust in the rice cluster, the air density
ρ = 1.295 kg/m3. If the wind pressure of the negative-pressure fan is represented by N,
the wind speed of the negative-pressure fan is represented by V, the rotation speed of the
negative-pressure fan is represented by Y and the fan blade length is represented by J; then,
the wind speed is converted to wind pressure by the following formula:

N =
1
2

pkV2 (10)

The formula of rotation speed of the negative-pressure fan is:

Y =
60V
π J

(11)

By fitting the relationship data between velocity and pressure difference, the fitting
graph shown in Figure 4 is obtained. Because the microbial particles suspended in the
air move in a Boolean manner in a small area in the absence of wind, when the negative-
pressure fan of the device does not work, there is also a small air flow inside the device
in the absence of wind. When the negative-pressure fan of the equipment is working,
the microbial particles suspended in the air will move in a large range when there is
wind action.

Through the setting of boundary conditions, the simulation results of the model were
analyzed when the negative fan was not working, as shown in Figure 5. According to
the cloud image analysis obtained through the simulation results in the figure, when the
negative-pressure fan of the spore collection device does not rotate, the flow rate in the
suction movement channel can pass through the bent air channel, and the maximum flow
rate appears near the lower exit. The entire static suction motion obstructs the fluid in
the device channel, causing it to flow around the phenomenon, and the velocity behind
the movement is very small. In the case that the front negative-pressure fan does not
rotate, the fluid can only pass through one inlet, and the device cannot complete the spore
collection work.

The analysis of model simulation results during fan rotation is shown in Figure 5. As
can be seen from the pressure cloud map, the maximum pressure is mainly concentrated in
the front of the moving negative-pressure fan, and there is no large pressure on the back.
Combining the flow velocity cloud image and the pressure cloud image, it can be seen that
this is mainly due to the lack of rotation in the front disk, so this non-uniformity appears.
Through the above simulation of the non-rotating negative-pressure fan, it is found that
the flow field before and after the fan is not uniform. Now, the fixed disc of the six filter
slots in front of the movement rotates, and the negative-pressure fan rotates at a speed
of 5000 revolutions per minute; that is, when the wind speed is 2.62 m/s, cloud image
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data can be obtained. There is no large speed distribution phenomenon at the top of the
movement of the spore collection device, only a small part of local movement. There is no
obvious large jet phenomenon in the bent duct, and the speed becomes smaller. At the same
time, in order to obtain the data change diagram, a straight line is drawn at the movement
position of the negative-pressure fan, and the simple model of “Capturer-A” is observed by
the speed and pressure changes on the straight line. Through the data monitoring chart, it
can be found that the maximum peak speed appears at both ends of the fixed turntable of
the filter vessel. In the cloud image, the flow rate corresponds to the maximum position,
and there is symmetry.
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From the results, when the negative-pressure fan works, the internal pressure of the
device is negative, and the bent air duct of the on-site spore-trapping device will produce
negative pressure, so that the outside air is forced into the bent air duct, and the surrounding
air is absorbed into the bent air duct, so as to achieve the effect of inhaling spores. From
the cloud image, it can be seen that the speed and pressure are relatively high only at a
short distance in front of the tube outlet, indicating that if the tube outlet of the device is far
from the spores, it may not be able to create air flow delivering spores or guide the spores
into the tube. In order to solve this problem, the speed of the fan can be increased, and the
attraction range of the outlet of the bent air duct can be expanded.

It can be seen from the results that when the negative-pressure fan of the spore
collection device rotates, the bent air duct of the rice fungus spore-sampling device will
produce negative pressure, so that the outside air will be forced into the bent air duct, so as
to achieve the effect of inhaling spores. From the velocity cloud map, it can be seen that the
gas pressure in the bent air duct line reaches 450–1500 Pa, which is enough to adsorb spores
in the bent air duct line. However, it can be seen from the cloud image that the speed and
pressure of the bent air duct entrance are relatively high only at a short distance in front of
the bent air duct entrance, which indicates that if the bent air duct entrance of the device is
far from the spores, it may not be possible to guide the spores into it. In order to solve this
problem, the speed of the fan can be increased, and the attraction range of the bent air duct
hole can be expanded.
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Figure 5. Pressure and velocity distribution cloud diagram: (a) velocity cloud image inside the
“Capturer-A” before the negative-pressure fan starts; (b) pressure image inside the “Capturer-A”
when the negative-pressure fan starts; (c) velocity vector image inside the “Capturer-A” when the
negative-pressure fan starts; (d) velocity cloud image inside the “Capturer-A” when the negative-
pressure fan starts; (e) velocity cloud image inside the “Capturer-A” after the negative-pressure
fan starts; (f) vector velocity image inside the “Capturer-A” after the negative-pressure fan starts;
(g) pressure cloud image; (h) cross-section pressure image inside the “Capturer-A” after the negative-
pressure fan starts.
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3.3. Simulation of Sample Filter Vessel Shape

In order to verify the influence of the shapes of the sampling vessels on the spore
sample collection effect of “Capturer-A”, this study simulated the working state and
working effect of different shapes of sampling vessels. According to the actual filter model
settings, the geometric model is established by Workbench (ANSYS Inc., Canonsburg, PA,
USA). Since the above simulation results show that the bent air duct with a diameter of
20 mm is the most efficient, in order to ensure the compatibility of “Capturer-A”, the
interior diameter of the sampling vessel is consistent with the diversion duct with an inner
diameter of 20 mm. The exterior diameter of the sampling vessel cylinder is 22 mm, and
the interior diameter sampling vessel cylinder is 20 mm. The truncated cone sampling
collection vessels with filter nets were installed in an inverted way; the top exterior diameter
was 22 mm, the top interior diameter was 20 mm, the bottom exterior diameter was 18 mm
and the bottom interior diameter was 16 mm. The model consists of three parts: inlet fluid
region, porous media region and outlet fluid region.

For meshing of the above model, Fluent meshing is used as the meshing tool, and the
mesh is a polyhedral mesh. In practice, the problem of porous media is often encountered,
such as filter containers, filters, soil, air, etc., which is characterized by a large number of
geometric pores. This problem is usually simplified in fluid simulation calculation, and
the porous region is simplified to the fluid region with increased resistance source, thus
avoiding the trouble of establishing porous geometry. The air sample in this study also
belongs to porous media, and the simplified method usually provides a velocity-dependent
momentum source in the porous region, which is expressed as:

Si = −
(

∑3
j Dijuvj · Σ3

j = jCij
1
2

p|v|vj

)
(12)

Si is the source term of the momentum equation in the i (x, y, z) direction; V is the
speed value; D and C are the specified matrices. In the formula, the first term on the right
is the viscosity loss term, and the second term is the inertia loss term.

For uniform porous media, it can be rewritten as:

si = −
(

u
α

vi + c2
1
2
|v|vi

)
(13)

α is permeability; C2 is the inertial drag coefficient. The matrix D is 1/α. The momentum
acts on the fluid to create a pressure gradient,

∆ρ = Si (14)

∆n is the thickness of the porous media domain. If the above two formulas are
connected, they can be uniformly expressed as the following formula:

∆p = av2 + b · v (15)

From the flow field velocity cloud in Figure 6, it can be seen that because the sample
filter vessel of the circular table is inverted on the rotary table, the inlet is large, and the
outlet radius is small, so it can be seen that in the sample filter vessel of the circular table
shape, the existence of porous media will cause the velocity distribution in this hierarchical
gradient, and there is a velocity difference. From the flow rate area product flow formula, it
can be seen that the outlet diameter becomes smaller and the velocity increases, so even if
there is a porous medium obstruction, the air in the roundtable shape of the filter net still
has the maximum speed at the outlet. Figure 6a is a velocity distribution cloud map of the
porous media model on different sections corresponding to the circular platform, and it
can be seen that the maximum velocity reaches 300 m/s.
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Figure 6. Pressure cloud diagram and cloud image of upstream field and velocity at different sections
of the truncated cone sampling vessel with filter net: (a) pressure cloud image of truncated cone
sampling vessel with a filter net; (b) velocity cloud image of truncated cone sampling vessel with a
filter net; (c) velocity cloud image of flow field on different sections of truncated cone sampling with
a filter net; (d) pressure distribution on the symmetric line of truncated cone sampling vessel with a
filter net; (e) velocity distribution on the symmetric line of truncated cone sampling vessel with a
filter net.

According to the pressure distribution cloud map in the circular platform porous media
model, the existence of porous areas makes the pressure drop obvious. The maximum
pressure at the entrance is 400,000 Pa, the pressure in the middle is 240,000 Pa and the
pressure drop is 160,000 Pa. As can be seen from the velocity and pressure distribution
diagram on the symmetric line in Figure 6b, the velocity on the symmetric line gradually
increases with the position change, but the pressure decreases along the symmetric line.
To sum up, it can be seen that because of the shape of the filter net, the outlet flow rate
is large, and the influence of the porous area on it is not very large. Compared with the
cylindrical shape, the porous area is not dominant, and the cylindrical shape of the filter
net is dominant.

The following is the simulation analysis of the cylindrical filter net. Because the
section size and radius of the entrance and exit of the cylinder are the same, the pressure
distribution cloud map shows that the existence of porous areas makes the pressure drop
obvious. The maximum pressure at the entrance is 30,000 Pa, and the pressure drop at the
middle is 18,000 Pa. However, due to the existence of porous regions, the pressure drop of
the flow is larger than that of the flow without porous media, and there is a well-defined
pressure change, as shown in Figure 7a below. Compared with the circular shape, it can
be seen that the pressure drop generated by the porous region of the cylindrical-shape
filter is smaller than that of the circular-shape filter under the same boundary conditions.
As shown in Figure 7b, the velocity and pressure distribution diagram on the symmetric
line shows that the velocity on the symmetric line gradually decreases with the change in
position, which is mainly due to the existence of the porous region in the middle, which
obstructs the flow and makes the velocity smaller. The pressure on the symmetric line is in
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the form of a piece wise function, and the outlet pressure increases due to the obstruction
of the porous region.
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(a) pressure cloud diagram and velocity cloud image of upstream field velocity at different sections
of cylinder sampling vessel with filter net; (b) pressure and velocity distribution on the symmetry
line of the diagram of cylindrical sampling vessel with filter net.

The following is the simulation analysis of the hemispherical sampling vessel with
a filter net. It can be seen from the pressure distribution cloud map that the existence of
porous regions makes the pressure drop obvious. However, due to the presence of porous
regions, the flow has a greater pressure drop than the flow of a medium without pores, and
there is a significant pressure change, as shown in Figure 8a below. Compared with the
hemisphere-shaped sampling vessel with a filter net, it can be seen that under the same
boundary conditions, the pressure drop generated by the porous region of the cylindrical
filter is smaller than that of the hemisphere-shaped sampling vessel with a filter net.

In order to accurately reflect the changes in the flow field in the hemisphere, we make
a symmetrical line and observe the changes in velocity and pressure on the line. Figure 8b
below shows the velocity pressure distribution on a symmetric line. It can be seen that the
velocity on the symmetric line gradually decreases with the change in position, mainly due
to the existence of porous regions in the middle, which hinders the flow and makes the
velocity smaller. The pressure on the symmetric line is in the form of a piecewise function,
and the outlet pressure is reduced due to the obstruction of the porous area, which was
found to be different from the cylindrical-shaped sampling vessel with filter net.
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Figure 8. Pressure cloud diagram and cloud image of upstream field velocity at different sections
and velocity and pressure distribution diagram of symmetry line of section of hemisphere-shaped
sampling vessel with filter net: (a) pressure cloud diagram of hemisphere-shaped sampling vessel
with filter net; (b) cloud image of upstream field velocity at different sections of hemisphere-shaped
sampling vessel with filter net; (c) velocity and pressure distribution diagram of symmetry line of
section of hemisphere-shaped sampling vessel with filter net.

3.4. Simulation of Aperture Size of Sampling Filter Screen

In order to verify the effect of the aperture size of the sampling filter screen on spore
sample collection of “Capturer-A”, the working state and working effect of filter nets with
different aperture sizes of sampling filter screens installed in the sampling vessels were
simulated and analyzed.

Since the above simulation results show that the bent air duct with a diameter of
20 mm is the most efficient, in order to ensure the compatibility of “Capturer-A”, the
interior diameter of the sampling vessel is consistent with the diversion duct with an inner
diameter of 20 mm. According to the model setting of the actual filter net, a geometric
model was established in Workbench (ANSYS Inc., Canonsburg, PA, USA), as shown in
Figure 9. The cylinder has an outer diameter of 22 mm and an inner diameter of 20 mm.
The circular table is installed in a reverse way, and the top is the same as the cylindrical
sampling vessel with an outer diameter of 22 mm and an inner diameter of 20 mm. The
bottom has an 18 mm outside diameter and 16 mm inside diameter. The model consists of
three parts: inlet fluid region, porous media region and outlet fluid region.

The monitoring data of microparticle mass flow at the outlet of the truncated cone
sampling collection vessel with a filter net in the simulation process are shown in Figure 9b.
The three groups of working conditions when the aperture sizes of the sampling filter
screen of filter nets are 0.180 mm, 0.150 mm or 0.0750 mm are installed in the sampling
vessels. It can be seen from the monitoring chart that the mass flow at the outlet fluctuates
mainly due to the existence of porous media and finally reaches stability. It was found that
the fluctuation in the sampling vessel when installing the filter net with an aperture size of
0.180 mm was gentle, and the obstruction was relatively large.

Three different aperture sizes of sampling filter screens in the cylindrical sampling
vessel with a filter net were simulated and compared, and it can be seen from the monitoring
chart that the mass flow at the outlet between them fluctuates mainly due to the existence
of porous media and finally reaches stability, as shown in Figure 9c. Compared with the
three different aperture sizes of sampling filter screens, it is found that the fluctuation is
still flat, and the fluctuation in the sampling vessel when installing the filter net with an
aperture size of 0.150 mm was gentle and the obstruction was relatively large.

For the comparative monitoring of the three aperture sizes of sampling filter screens in
the hemisphere-shaped sampling vessel with a filter net, it can be seen from the monitoring
chart that the mass flow at the outlet between them fluctuates mainly due to the existence of
porous media and finally reaches stability, as shown in Figure 9d. Compared with the three
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different aperture sizes of sampling filter screens, it is found that the fluctuation was flat,
and the fluctuation in the collection vessel when installing the filter net with an aperture
size of 0.0750 mm was gentle and the obstruction was relatively large.
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Figure 9. Model of three different shapes of sample collection vessels with filter net and analysis
of microparticle mass flow: (a) model of truncated cone, cylindrical, hemisphere-shaped sampling
collection vessel with filter net; (b) analysis of microparticle mass flow of truncated cone-, cylindrical-,
hemisphere-shaped sampling filter screen with aperture size of 0.180 mm; (c) analysis of microparticle
mass flow of truncated cone-, cylindrical-, hemisphere-shaped sampling filter screen with aperture
size of 0.150 mm; (d) analysis of microparticle mass flow of truncated cone-, cylindrical-, hemisphere-
shaped sampling filter screen with aperture size of 0.0750 mm.

This simulation mainly compares the sample collection capability of filter nets with dif-
ferent aperture sizes, so it is mainly through the porous media of the filter net to distinguish
and simulate the filtration capacity of filter nets with different aperture sizes. Through the
pressure distribution of the model of truncated cone-, cylindrical- and hemisphere-shaped
sampling vessels with filter screens in the simulation of porous media, it can be found that
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the pressure distribution under the cylindrical filter is the largest, which is distributed in a
step to the outlet.

3.5. Summary Findings of the Simulations

According to the above simulation results, if “Capturer-A” is equipped with an aper-
ture sampling vessel filter screen of 0.150 mm, bent air duct with an inner diameter of
20 mm, negative-pressure fan of 1500 Pa and cylindrical spore-sampling vessel, “Capturer-
A” can complete the spore sample collection more efficiently.

4. Verification Test of Prototype

In order to verify the effectiveness of “Capturer-A” in collecting spores, a prototype
was designed and field test conducted with reference to the model parameters and simula-
tion results above (as shown in Figure 10). The size and weight parameters of the prototype
are shown in Table 2. The prototype test was used to verify the effect of several important
parameters on the collection of microbial particles such as spores, and the validity of the
parameters of simulation analysis was verified.
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Figure 10. Verification test of prototype. Note: 1. pre-flight status of the drone carrying Capturer-A;
2. status of Capturer-A when it is installed on an aluminum alloy bracket; 3. portable prototype;
4. sample collection filter; 5. microscope; 6. sample diluent.

Table 2. Size and weight parameters of “Capturer-A”.

Parameters Length (mm) Width (mm) Height (mm) Weight (kg)

Values 90 90 150 0.47

4.1. Test Method
4.1.1. Test Methods for Prototype

The rice fungus spore collection device “Capture-A” was used to sample the suspected
diseased paddy field. First of all, the collection points were planned, so that “Capture-A”
could operate at several collection points within a certain distance from the rice crown
cluster for a certain period of time. “Capture-A” has six sampling vessels with filter nets,
each sampling vessel works for a certain period of time and the collected samples are
tested and counted under a microscope to analyze the microbial information contained in
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the samples. During the validation test of the equipment, diseased rice fields of different
growth stages were selected for the experiment.

4.1.2. Counting of Rice Disease Spore Information in Laboratory

(1) Put the sample into water, shake it in a conical bottle to disperse the conidia, then
filter and rinse with multi-layer gauze, making sure that the filter residue does not contain
spores, and dilute to 100 mL [16,34–36].

(2) Take one drop of dilute liquid, drop it on the calculation grid of the blood cell
counting board, then gently press the cap from side to side, so that the cap is completely close
to the counting board, and there are no bubbles in the liquid; use filter paper to absorb the
excess suspended spore liquid, and let it sit for a few minutes until the spores settle [12,37].

(3) Observe the sample with a microscope. Since the spores in the dilution are in
different spatial positions on the hemocytometer and can only be seen at different focal
lengths, the micro-spiral must be mobilized one by one when counting, so as not to miss it.
Spores are usually located on the lines of a large grid and should be counted on both sides
and discarded on the other side to reduce errors. Each sample is observed and counted no
less than two times, and its average value is taken [22,35].

4.2. Analysis of Experimental Results
4.2.1. Influence of Negative-Pressure Fan Power of the “Capture-A” on Sample
Collection Effect

In order to ensure the reliability of the test data, under the same other conditions,
“Capturer-A” equipped with negative-pressure fans of different wind pressures (450 Pa,
800 Pa, 1500 Pa) was used to sample the four sampling points of eight different rice fields
affected by rice blast, and the sampling time was 5 min (as shown in Figure 10). Collected
samples were counted under a laboratory microscope to obtain the number of disease
spores in each sample. It can be seen from the figure that the fan power is positively
correlated with the number of spores collected (as shown in Figure 11).

4.2.2. Comparative Test of Equipment Installation of Different Parameter Components

In order to optimize the fungal spore collection device parameters, a comparative test
of equipment installation of different parameter component orthogonal experiments are
carried out in this study. The test scheme and test results are as follows:

Four factors (aperture size of filter net, size of sampling vessel, shape of sampling
vessel and air pressure of negative-pressure fan) that have an impact on the results were
selected, and three levels were determined for each factor. The L9 (34) orthogonal test
was used to determine the optimal formulation process based on the results as an index.
Orthogonal test factors and level design are shown in Table 3.

The self-developed rice fungal spore collection device named “Capturer-A” was used to
assemble different components in a rice field with suspected disease. In the same area of the
paddy field, the device maintain a certain distance from the rice crown cluster and runs for
the same period of time through a negative-pressure fan against each spore sample collection
filter vessel at the inlet of the device. The rice fungus spore collection device is equipped with
sample collection vessels of different sizes, sample collection vessels of different shapes, filter
nets of different aperture sizes and different wind pressure brought by different negative fans
with different pressures. The collected samples are monitored and counted in the laboratory
and then analyzed using orthogonal tests. Several parameters affecting the device are set as
factors and levels in the orthogonal test. Specific test factors and levels are shown in Table 3.

According to the range analysis of the orthogonal test, the most suitable combination
is A3B2C1D3. The device can meet the requirements of rice disease information collection
when the pressure of the negative-pressure fan is 450 Pa to 1500 Pa. If the aperture size of
the sampling filter screen is 0.150 mm, sampling vessel size is 20 mm, sampling vessel shape
is cylindrical and the pressure of the negative-pressure fan is 1500 Pa, the sampling effect is
the best.



Agronomy 2024, 14, 716 17 of 25
Agronomy 2024, 14, x FOR PEER REVIEW 19 of 28 
 

 

 

Figure 11. Comparison of numbers of samples collected by negative-pressure fans with different 

wind pressures in the prototype test: (a) number of spores collected by “Capturer-A” at 4 sampling 

sites in the first blast rice field; (b) number of spores collected by “Capturer-A” at 4 sampling sites 

in the second blast rice field; (c) number of spores collected by “Capturer-A” at 4 sampling sites in 

Figure 11. Comparison of numbers of samples collected by negative-pressure fans with different
wind pressures in the prototype test: (a) number of spores collected by “Capturer-A” at 4 sampling
sites in the first blast rice field; (b) number of spores collected by “Capturer-A” at 4 sampling sites
in the second blast rice field; (c) number of spores collected by “Capturer-A” at 4 sampling sites in
the third blast rice field; (d) number of spores collected by “Capturer-A” at 4 sampling sites in the
fourth blast rice field; (e) number of spores collected by “Capturer-A” at 4 sampling sites in the fifth
blast rice field; (f) number of spores collected by “Capturer-A” at 4 sampling sites in the sixth blast
rice field; (g) number of spores collected by “Capturer-A” at 4 sampling sites in the seventh blast rice
field; (h) number of spores collected by “Capturer-A” at 4 sampling sites in the eighth blast rice field.
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Table 3. Orthogonal experimental factors and levels.

Factor Name/Serial Number
Aperture Size of
Filter Net (mm)

A

Diameter of Bent
Air Duct (mm)

B

Shape of Sampling Vessel
C

Wind Pressure (Pa)
D

1 0.180 15 Cylinder 450
2 0.150 20 Circular 800
3 0.0750 25 Platform 1500

In orthogonal test analysis, ki is the sum of the i level test index values in the cor-
responding factors, ki represents the mean value of the i level test index values in the
corresponding factors and the r value represents the difference between the maximum
and minimum values of ki in the fixed factors. The larger the r value is, the greater the
influence of different levels of the factor settings on the evaluation indicators. Therefore, it
shows that the greater the influence of this factor on the evaluation index, and vice versa,
the smaller the influence of this factor on the experimental results. Through orthogonal
analysis of the results, the results of four columns of tests A, B, C and D in Table 4 show
that the change in test results caused by the change in parameters of A is the largest, and
the change in test results caused by the change in parameters of B is followed by C and
then D. It can be seen from the range (r-value) analysis in Table 4 that the influence degree
of the four factors on the results is successively A > B > C > D (the aperture size of the
sampling vessel filter net > an inner diameter of bent air duct > the shape of the sampling
vessel > the wind pressure of the negative-pressure fan), with the maximum result as the
optimization objective. From the size analysis of k1, k2 and k3, the optimal condition of the
result is A3B2C1D3. The experiment was carried out according to the L9 (34) orthogonal
design table, and the results are shown in Table 4.

Table 4. Orthogonal experimental results.

Serial Number of
Experiments A B C D Results (×107)

1 1 1 1 1 1.26
2 1 2 2 2 9.2
3 1 3 3 3 16
4 2 1 2 3 30.4
5 2 2 3 1 39.2
6 2 3 1 2 48
7 3 1 3 2 812
8 3 2 1 3 1000
9 3 3 2 1 906

K1 26.46 843.66 1049.26 946.46
K2 117.60 1048.40 945.60 869.20
K3 2718.00 970.00 867.20 1046.40
k1 8.82 281.22 349.75 315.49
k2 39.20 349.47 315.20 289.73
k3 906.00 323.33 289.07 348.80
r 897.18 68.25 60.69 59.07

Primary and secondary
order of factors A > B > C > D

Optimal combination A3B2C1D3

The data were processed by the R language data processing program (Lucent Tech-
nologies Co., LTD., Hangzhou, China). The results of ANOVA for a single factor showed
that factor A had a significant impact on the results (p < 0.01), while factors B, C and D had
no statistically significant impacts on the results (p > 0.05).

The analysis of variance is used to test the actual situation of the influence of various
factors on the results. The larger the sum of squares of deviation for the factor, the greater
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the difference between the test results and the greater the influence of the factor on the test
results. p < 0.01 indicates a very significant effect, and p < 0.05 indicates a significant effect
(as shown in Table 5).

Table 5. Variance analysis of situation of the influence of various factors on the results.

Source of
Variation

Sum of
Squares

Degree of
Freedom

Mean
Square Value of F Value of p Significance

A 1,557,197.137 2 778,598.568 295.939 0.003 **
B 7114.091 2 3557.046 1.352 0.425
C 5559.755 2 2779.878 1.057 0.486
D 5261.883 2 2630.942 1.000 0.500

Error e 5261.883 2 2630.942
Note: ** indicates very significant (p < 0.01) effect.

The sum of squares of deviation for each factor and error is calculated, and then the
degree of freedom, mean square and F-value are obtained; the F-test is then carried out.
The specific calculation process is as follows:
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SST refers to the sum of squares of the total deviation, which is used to reflect the
total difference change in data during the test. The sum of squares of deviation reflects the
degree of influence of various factors on the experimental results. The larger the sum of
squares of deviation is, the greater the influence of selected factors on the test results.

The sum of squares of deviation of each factor reflects the degree of influence of each
factor on the test results. The larger the sum of squares of deviation of the factor, the greater
the difference between the test results when the factor is taken to different levels, and the
greater the influence of the factor on the test results. The sum of squares of deviations for
each factor is calculated as follows:

T =
n

∑
i=1

yi (21)

SSB, SSC and SSD were processed in the same way. The variance results of each factor
on the results are shown in Table 6. It can be seen from Table 6 that the aperture size of
the spore sampling filter net has a very significant impact on the results (p < 0.01), while
the shape of the sampling vessel, the air pressure of the negative-pressure fan and the
size of the sampling vessel have no significant impacts on the results (p > 0.05). The order
of influence of the four factors is as follows: number of filter meshes > size of sampling
vessel > shape of sampling vessel > air pressure of negative-pressure fan. Considering
the influence of the four factors on the results, the optimal combination is A3B2C1D3;
that is, when the aperture size of the filter net is 0.150 mm, the diameter of the sampling
vessel is 20 mm, the shape of the sampling vessel is cylindrical and the air pressure of the
negative-pressure fan is 1500 Pa, the maximum result is obtained.
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Table 6. Validation test of orthogonal test result.

Process
Condition Test 1 Test 2 Test 3 Mean Value Standard

Error
Relative Standard

Deviation/%

A3B2C1D3 909 900 892 900.33 8.5 0.85

In order to verify the reliability of the L9 (34) orthogonal test results, three parallel tests
were carried out under the conditions of the aperture size with a filter net of 0.0750 mm,
sampling vessel with diameter of 20 mm, the shape of the sampling vessel of cylinder
and air pressure of negative-pressure fan of 1500 Pa. The verification results are shown
in Table 6, and the obtained results are 900.33 ± 8.5. The results were higher than those
of the single factor test and orthogonal test group, indicating that the optimal condition
(A3B2C1D3) obtained the by L9 (34) orthogonal test was stable and reasonable.

4.3. Comparison Test between Self-Developed Device and Existing Market Device

In order to verify the sampling effect of “Capturer-A”, the sampling effect of “Capturer-
A” and “YFBZ3” are compared and tested. The two devices were placed at the same
sampling point in the same plot, at the same time. In order to avoid mutual influence, the
two devices were 2 m apart. The “Capturer-A” (aperture sizes of filter net of sampling
with 0.150 mm, bent air duct with an inner diameter of 20 mm, negative-pressure fan with
1500 Pa, sampling of cylindrical shape) and the mobile spore collection device of “YFBZ3”
(YunFei Co., Ltd., Zhengzhou, China) were used to carry out five-point sampling on rice
fields suspected of diseases. The two devices were simultaneously placed on the ridge of
the same sampling point in the same plot, and the distance between the two devices and
the rice was 250 mm. Analyzing the microbial information contained in the sample, a test
process field diagram and results are shown in Figure 12.

According to the test data, there was a certain difference in the number of spore
samples collected by A and B at the same sampling point in the same period of time. The
two devices were operated at fifteen points for 1 min, 3 min, 5 min and 10 min, respectively.

Through paired T-test analysis in the R language data processing program (Lucent
Technologies Co., LTD., Hangzhou, China), it was found that there were significant differ-
ences between “Capturer-A” and “YFBZ3” in 1 min, 3 min, 5 min and 10 min collection at
field A (p < 0.05), and the value collected by “Capturer-A” was significantly higher than
that by “YFBZ3” (as shown in Table 7).

Table 7. Paired t test analysis table of “Capturer-A” and “YFBZ3”.

Serial of
Sampling Field

Sampling Time
(Min)

Mean Value ± SD
of the “Capturer-A”

Mean Value ± SD
of the “YFBZ3” Value of T Value of p Significance

A 1 1871 ± 742.2 749.6 ± 279 5.100 0.007 **
A 3 5142 ± 2271 1922 ± 647.4 4.122 0.015 *
A 5 8431.6 ± 3280.4 3378 ± 1297.9 4.848 0.008 **
A 10 17,600 ± 7542.9 6784 ± 2474.3 4.506 0.011 *

B 1 1537.4 ± 493.3 780 ± 252.3 5.598 0.005 **
B 3 3948 ± 1190.7 3384 ± 1672.9 0.979 0.383
B 5 6944 ± 2230.3 3190 ± 779.7 5.067 0.007 **
B 10 14,120 ± 4326.9 6748 ± 1633.9 5.621 0.005 **

C 1 1608 ± 343.6 930 ± 364.1 5.279 0.006 **
C 3 4316 ± 963.3 2682 ± 1186.1 4.850 0.008 **
C 5 6544 ± 2114.4 3130 ± 1378 5.059 0.007 **
C 10 11,774 ± 2847.4 7534 ± 3120.8 5.552 0.005 **

Note: ** indicates very significant (p < 0.01) effect, * indicates significant (p < 0.05) effect.
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Figure 12. Test comparison of spore catching ability between self-developed device and portable
spore trap (YFBZ3): (a) comparison of the “Capturer-A” and the mobile spore collection (YFBZ3) and
sample diluent from a single test; (b) the number of spores collected by the ”Capturer-A” and mobile
spore collection device (YFBZ3) working in field A for 1 min, 3 min, 5 min, 10 min; (c) the number of
spores collected by the ”Capturer-A” and mobile spore collection device (YFBZ3) working in field B
for 1 min, 3 min, 5 min, 10 min; (d) the number of spores collected by the” Capturer-A” and mobile
spore collection (YFBZ3) working in field C for 1 min, 3 min, 5 min, 10 min.
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At 1 min, 5 min and 10 min collection at field B, there were significant differences
between “Capturer-A” and “YFBZ3” (p < 0.05), and the value of “Capturer-A” was sig-
nificantly higher than that of “YFBZ3”. There was no significant difference between
“Capturer-A” and “YFBZ3” at 3 min (p > 0.05).

It was found that there were significant differences between “Capturer-A” and “YFBZ3”
at 1 min, 3 min, 5 min and 10 min collection at field C (p < 0.05), and the value collected by
“Capturer-A” was significantly higher than that by “YFBZ3”.

The comprehensive analysis shows that no matter on field A, field B or field C, the
acquisition time is 1 min, 3 min, 5 min and 10 min, and the value collected by “Capturer-A”
is higher than that collected by “YFBZ3”.

5. Conclusions and Prospects
5.1. Main Conclusions

This study mainly studied the rapid detection of spores of rice infectious fungal
diseases in scattered, numerous and geographically remote plots, and it solved the short-
comings of the existing spore detection methods, such as high cost, low intelligence and
long detection cycle. After the prototype development and field test, the conclusions were
as follows:

(1) A rice fungal spore collection device is developed, which is suitable for mobile
field operation. The mobile spore collection device is small and easy to carry, and it can
be carried by hand, vehicle or UAV. In operation, the system can complete the collection
of fungal spores from multiple sample collection points at one time, realize the collection
of spores from multiple points in the monitoring plot and comprehensively monitor the
disease situation of the field. The mobile spore collection device has the advantages of
reasonable structure, safety and lightweight, convenient operation, small size, overall mass
less than 2 kg and can be mounted on the UAV.

(2) A rice fungal spore collection device is designed. The microcomputer controls
the stepper motor to rotate the fixed plate of the sampling vessel for collecting spores by
writing a program, so that the sampling vessel on the fixed plate of the sampling vessel
can rotate to the working position within a set time and start collecting spores. After the
collection task of a collection point is completed, the stepper motor can be controlled by a
programmed microcomputer to make the next sampling vessel reach the working position,
and so on, so that the collection task of multiple collection points can be continuous. The
prototype produced in this study was equipped with six sampling vessels to achieve the
efficient collection of fungal disease spores.

(3) After the simulation and test analysis of the components of the mobile rice infectious
fungal disease collection device, it was found that the aperture size of the sampling vessel
filter net, the inner diameter of bent air duct, the shape of the sampling vessel, the wind
pressure of the negative-pressure fan and other parameters were basically selected. The
scheme is as follows: when the device adopts 450 Pa, 800 Pa or 1500 Pa negative-pressure
fans, the sampling filter vessel shape adopts a cylinder, truncated cone or hemisphere form,
and the aperture sizes of the sampling spore filter net are 0.180 mm, 0.150 mm, 0.0750 mm,
bent air duct with an inner diameter of 15 mm, 20 mm and 25 mm, “Capturer-A” can
meet the functional requirements of rice infectious fungal spore collection. The parameter
combination of “Capturer-A” in the best working state is as follows: the aperture size of
the sampling filter net with 0.150 mm, the inner diameter of the bent air duct is 20 mm, the
shape of the sampling vessel of cylinder and the wind pressure of the negative-pressure
fan is 1500 Pa. In the field test, the self-developed “Capturer-A” (inner diameter of bent air
duct of 20 mm, the shape of the sampling vessel of cylinder and the aperture size of the
sampling spore filter is 0.150 mm, the wind pressure of the negative-pressure fan 450 Pa)
was compared with the existing “YFBZ3” (mobile spore collection device made by Yunfei
Co., Ltd., Zhengzhou, China) fungal spore collection device in the market. Samples were
collected from 15 sampling points in three suspected diseased rice fields. The two devices
were operated at fifteen collection points for 1 min, 3 min, 5 min and 10 min. The samples
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were examined and counted under a microscope in the laboratory, and it was found that the
spores of rice blast disease and rice flax spot disease of rice were contained in the samples.
It was found that under the same conditions, “Capturer A” was about twice that of the
existing spore collection device “YFBZ3” (mobile spore collection device made by Yunfei
Co., Ltd., Zhengzhou, China).

(4) The field test of the prototype showed that the device could effectively collect spore
information on rice crown bush disease when working within a certain distance from the
crown bush. If the spore collection work needs to be expanded, the parameters of the
device should be adjusted to meet the functional requirements.

5.2. Prospects

In this study, the rapid collection of rice fungal spores and microorganisms in rice
crown and rapid image collection of rice crop phenotypic information were studied. Some
research achievements and new technical progress were made. Due to the limitation of
personal ability and research time, there are still many problems in this project that need
further research and exploration:

(1) The prototype test in this study only verified the working effect of the prototype
with a certain range of parameters in the rice crown cluster and did not verify the working
effect of the prototype in a larger range. The prototype produced in this study was equipped
with 4–6 sampling vessels; more sampling vessels can be installed in order to achieve the
efficient collection of fungal disease spores. The performance of ”Capturer-A” needs to be
further optimized in future work.

(2) The self-developed rice fungal spore collection device needs to conduct follow-
up monitoring, data statistics and processing of samples through a microscope in the
laboratory after collecting information, and the intelligence level is not high. It is hoped
that an integrated spore information monitoring function can be added in follow-up work.

(3) The hardware structure of “Capturer-A” needs to be further optimized. Since
water resistance needs to be considered in the work of rice crown clusters, it is necessary to
add shells and metal brackets when installing on mobile devices such as drones, and the
volume and weight will further increase. The further research direction of this topic is to
further optimize the structure and make the whole system more convenient.
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