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ARTICLE INFO ABSTRACT

Keywords: COVID-19 virus can replicate in the infected individual’s larynx independently, which is different from other
COVID-19 viruses that replicate in lungs only, e.g. SARS. It might contribute to the fast spread of COVID-19. However, there
Virus-containing particles are few scientific reports about quantitative comparison of COVID-19 exposure dose (inhalation dose and
;i?:l‘:t adhesion dose) for the susceptible individual when the viruses were released from the larynx or lungs. In this

paper, a typical numerical model was built based on a breathing human model with real respiratory tract. By
using a computational fluid dynamics (CFD) method, two kinds of virus released sites in the infected individual’s
respiratory tract (larynx, lungs), seven kinds of particle sizes between 1 and 50 pm, three kinds of expiratory flow
rates: calm (10 L/min), moderate (30 L/min) and intense (90 L/min) were used to compare the particle depo-
sition proportion and escape proportion. The inhalation dose and the adhesion dose of the susceptible individual
were quantified. The results showed that COVID-19 virus-containing droplets and aerosols might be released into
the environment at higher proportions (39.1%-44.2%) than viruses that replicate in lungs only (15.3%-37.1%).
The exposure doses (inhalation dose and adhesion dose) of the susceptible individual in different situations were
discussed. The susceptible individual suffered a higher exposure dose when the viruses were released from the
larynx rather than lungs (the difference for 1 pm particles was 1.2-2.2 times). This study provides a possible
explanation for the higher transmission risk of COVID-19 virus compared to other viruses and some control
advice of COVID-19 in typical indoor environments were also discussed.

Exposure dose

about COVID-19 (Jayaweera et al., 2020; Kenarkoohi et al., 2020;
Noorimotlagh et al., 2020; Richard et al., 2020). COVID-19 virus is
around 100 nm in diameter (Zhu et al., 2020), and usually needs to be

1. Introduction

Since December 2019, COVID-19 has spread worldwide. More than

152.5 million people have been infected with COVID-19 and 3.1 million
people have died by May 3, 2021 (WHO, 2021). It is reported that
COVID-19 virus can replicate and shed independently in the larynx of
the infected individual in the early stages of infection (Wolfel et al.,
2020), then enter the environment, which is different from other viruses,
e.g. SARS that usually replicates in lungs only. The reproductive number
RO of COVID-19 was generally regarded to be between 2 and 3, similar
to SARS (D’ Arienzo and Coniglio, 2020; Li et al., 2020). But the number
of people infected with COVID-19 is much higher than that of SARS. For
COVID-19, the long incubation period, the absence of symptoms at the
initial stage of infection (Slifka and Gao, 2020), and the infectivity of
asymptomatic infected individual (Bai et al., 2020) make the prevention
and control difficult.

Numerous studies have provided evidence of airborne transmission

attached to carriers for airborne transmission (Jayaweera et al., 2020;
Maleki et al., 2021). Droplets and aerosols produced by human respi-
ratory activities (breathing, speaking, coughing, sneezing, etc.) are the
typical carriers (Kutter et al., 2018; Liu et al., 2017). They suspend,
evaporate and diffuse in the environment. Some may deposit on objects
or human surfaces, others may be inhaled into human respiratory tract,
creating a potential risk of infection (Kutter et al., 2018). Tens of
thousands of SARS virus-containing particles are exhaled by an infected
individual during a single breath activity (Gupta et al., 2009), and about
hundreds of SARS virus-containing particles inhaled by healthy persons
may lead to infection (Watanabe et al., 2010). With a dividing line as 5
pum, large particles are classified as droplets and small particles as
aerosols (Liu et al., 2017). Droplets have a shorter diffusion distance,
while aerosols can remain suspended in the air for prolonged periods of
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time and cause wide spread. In general, large size droplets are mainly
affected by gravity and have a shorter diffusion distance, while aerosols
may remain suspended for a long time and cause wide spread of the virus
(Feng et al., 2020). COVID-19 could be transmitted via air in inade-
quately ventilated environments, and ozone, high temperature and low
humidity may reduce the activity of the virus (Yao et al., 2020). It is
reported that particles exhaled from lungs are more likely to be depos-
ited in the larynx (Guo et al., 2020) and fine particles (<5 pm) contained
8.8-fold (95% CI 4.1-19) more viral copies than large particles (Milton
et al., 2013).

These findings reveal a possibility that COVID-19 viruses released
from larynx might have a higher proportion exhaled into the environ-
ment and cause a higher exposure dose than other viruses that replicate
in lungs only. A recent study indicated that the probability of airborne
transmission due to respiratory aerosol in outdoor conditions might be
much lower than that in indoor environments (Belosi et al., 2020). The
ventilation rate had an obvious effect on in the indoor air environment
(Jiang et al., 2009; Sundell et al., 2011; Mousavi and Grosskopf, 2015).
Propagation distance may be different in windy and windless conditions:
under windless conditions, droplets deposited fast and the propagation
distance was regarded as within 2 m; under windy conditions, droplet
propagation can be as far as 6 m (Dbouk and Drikakis, 2020). But this
conclusion is also controversial, for another study showed that the
droplets released by a sneeze can spread 8 m even in windless situations
(Lok, 2016). A recent study showed that the large droplet route might
only dominate when the subjects are within 0.2 m during talking (Chen
et al., 2020). Artificial ventilation or personalised ventilation systems
may be effective to improve air quality (Harbizadeh et al., 2019).

It’s meaningful to study the whole process from the exhalation of
viral particles by an infected individual to the inhalation or adhesion by
a susceptible individual. However, there are few scientific reports about
quantitative comparison of indoor COVID-19 exposure dose when the
viruses were released from the infected individual’s larynx or lungs. To
date, some studies focused on the effects of respiratory patterns on the
inhalation of viruses or other particulate matter in indoor environments
have been done (Li et al., 2013; Shang and Inthavong, 2019; Xu et al.,
2020a). They provided validations of the numerical simulation method
by using manikin or respiratory tract model in human inhalation
exposure, and suggested that it was necessary for the comprehensive
analysis of the particle inhalation within the realistic scenarios. There is
an urgent need to better understand the indoor transmission of
COVID-19 virus particles released from larynx and quantify the exposure
dose and infection risk of the susceptible individual in the environment.
This is critical to apply appropriate infection control measures and slow
its spread.
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2. Methods

Here we used a breathing human model with real respiratory tract to
build a typical windy indoor environment. By using the computational
fluid dynamics (CFD) method, the regional deposition in the infected
individual’s respiratory tract and the escape fraction during exhalation
were investigated. Then we quantified the inhalation dose and adhesion
dose of the susceptible individual in different situations. The impact of
virus release site, expiratory speed, particle size on the exposure dose
and risk of susceptible individual in the environment were discussed.

2.1. Computational geometry

The breathing human model with real respiratory tract structure was
obtained through CT scanning, which could simulate oral and nasal
respiration, the detail of generation process can refer to (Xu et al.,
2020a). The respiratory tract model included mouth, oral cavity, nasal
cavity, oropharynx, pharynx, larynx, trachea and bronchi (G1-5), from
top to the bottom, as shown in Fig. 1. ANSYS ICEM v18.0 was used to
construct the indoor environment scenes, with a dimension of 6m x 6 m
x 3m (L x W x H). The area of air inlet was 0.04 mz, with a typical air
exchange rate of 5 ACH, the velocity of inlet air was set as 0.375 m/s and
the air temperature was set as 26 °C. The distance between two
breathing humans was 0.5 m. Tetrahedral unstructured meshes filled the
airway passages and room, and eight prism layers were applied to the
boundary walls. High quality cell meshes were produced. The total
meshes number was 11.85 million.

2.2. Boundary conditions and numerical methods

ANSYS FLUENT v18.0 was used for simulation. The flow field in the
respiratory tract of the infected individual was an important prerequisite
for determining the accuracy of particle deposition results. It was found
that Shear Stress Transfer (SST) k-o turbulence model was in good
agreement with the PIV experimental results in the respiratory tract
during the exhalation (Xu et al., 2020b) and it predicted the turbulent
kinetic energy k more accurately (Guo et al., 2020). So we took the SST
k-w turbulence model for calculation. The SIMPLE algorithm was used to
decouple the pressure and velocity, and the convective and diffusive
convective terms in the second order upwind scheme were adopted. The
infected individual was put in the steady-state of exhalation and the
susceptible individual was in the steady-state of inspiration. For
boundary conditions, G5 bronchi inlet was selected as velocity inlet
boundary for the steady-state expiration (the infected individual) and
inspiration (the susceptible individual), respectively. Other inner sur-
face of respiratory tract, room walls, and human body surfaces were set
as no-slip wall boundary.

. air outlet

infected individual susceptible individual

3m

air inlet

Z
*ém S - X

(b)

Fig. 1. The computational model. (a) Respiratory tract model and the schematic diagram of transmission of COVID-19 virus-containing particles (b)A typical indoor
environment with a dimension of 6 m*6 m*3 m (L*W*H), and there are two breathing humans with a distance of 0.5 m, face to face.
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The main influence of temperature was reflected in the human
body’s thermal plume and the buoyancy of particles (Zhu et al., 2020;
Naseri et al., 2017; Licina et al., 2014). They were also taken into ac-
count. The temperature of human skin was set as 35 °C, the environment
temperature was set as 26 °C, and the heat transfer coefficient h was
simplified as 4-10 W/(m?K), according to breathing flow rates (Yang
etal., 2018). As for relative humidity (RH), a high RH of 99.5% may lead
to higher deposition fractions on human bodies, while a low RH of 40%
may lead to a longer suspended time of droplets (Feng et al., 2020). But
the impact was more obvious in long-distance transmission (>1.5 m).
Therefore, we chose a medium RH of 60% in this study. Three different
flow rates for the infected individual with oral exhalation were
designed: calm (10 L/min), moderate (30 L/min) and intense (90
L/min). The area of G5 Bronchi inlet was 189 mmz, the velocity for
different flow rates and other parameters were shown in Table 1.

2.3. Virus-containing particles setting

Since the volume concentration of virus-containing droplets and
aerosols in air was much lower than 10%, their influence on the flow
field can be negligible. The Discrete Phase Model (DPM) was selected to
simulate virus-containing particles. People infected with COVID-19 have
mild symptoms in the early stages of infection, and release virus parti-
cles mainly through the act of exhalation (Wolfel et al., 2020). Surface
Injection in DPM was selected to release particles, in which the larynx
and G5 bronchi (represented lungs) were chosen to be the release sur-
faces, respectively. Steady-state flow field was calculated first, and
virus-containing particles were added after the flow field converged. The
particle trajectory was tracked by Lagrange model. Near-wall modifi-
cation was also taken into account (Xu et al., 2017). To simplify the
calculation, the particle diameter and volume were regarded as con-
stant, and the shape was considered to be ideal spherical. Previous
studies have shown that the sizes of particles released during human
exhalation are mostly concentrated between 1-50 pm (Guo et al., 2020;
Han et al., 2014). Therefore, 7 kinds of virus-containing particles with
typical diameters of 1 pm, 2 pm, 3 pm, 5 pm, 10 pm, 20 pm and 50 pm
were selected. The particle density was similar to liquid water, with a
value of 1000 kg/m®. The air density was set as 1.2 kg/m°>. The trajec-
tory of each droplet or aerosol was calculated by solving the droplet
movement equation whose theory is Newton’s second law:

du; 1
—= Fim—Fgi+Fai+ Fsit+ Fy; 1
5= cFeitFait FutF, m
where u; is particle velocity, Fy; is gravity, Fq; is drag force, F; is
Saffman lift force and F;,; is Brownian diffusion force, C. is the Cun-
ningham correction factor, respectively. The details of the parameters in

Table 1
Boundary and parameters of CFD simulation in casel-6.

NO. Case Variable Fixed parameters
parameters
1 Q=10L/ Vinlet = 0.8818 Oral cavity, nasal cavity, oropharynx,
min, larynx m/s pharynx, larynx, trachea, bronchi:
2 Q=10L/ Voutlet = Standard wall function, no slip wall, 37 °C
min, lungs —0.8818 m/s Human body surfaces: Standard wall
h=4W/(m?K) function, no slip wall, 35 °C
3 Q=30L/ Vinlet = 2.6455 Room walls: Standard wall function, no

min, larynx m/s slip wall, 26 °C

4 Q=30L/ Voutlet = Mouths: Interior
min, lungs —2.6455 m/s Room-inlet: velocity-inlet, 0.375 m/s,
h=6W/(m’K) 26°C
5 Q=90L/ Vinlet = 7.9365 Room-outlet: Outflow
min, larynx m/s
6 Q=90L/ Voutlet =
min, lungs —7.9365 m/s
h=10W/
(m*K)
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this equation can be referred to (Xu et al., 2020a).
2.4. Exposure dose of inhalation and adhesion

Some researchers have discussed COVID-19 risk assessment methods
(Meng et al., 2020; Romero et al., 2020; Zhang and Wang, 2020), but
there is still no unified standard. According to the Dose-Response model
(Sze To and Chao, 2010), the infection risk of the susceptible individual
R(d) can be dominated by the exposure dose and median infection dose.
Here we only considered two main kinds of exposure doses: the inha-
lation dose (the proportion directly inhaled by the susceptible individ-
ual) and the adhesion dose (the proportion deposited on the susceptible
individual’s body surface). The inhalation part of virus-containing par-
ticles has a high probability of directly interacting with the mucosa and
causing infection (Zhu et al, 2020). The adhesion part of
virus-containing particles may be picked up by touching clothes or skin
(Zhang et al., 2020) and lead to infection when touching mucous
membranes. The time span of this study is for minutes, thus ignoring the
impact of virus inactivation factors, for COVID-19 viruses typically
survive for hours to days in the environment (Marques and Domingo,
2020; Ortiz-Prado et al., 2020; Noorimotlagh et al., 2021). In section
3.4, the inhalation dose and adhesion dose of different sizes particles
released from the infected individual’s larynx and lungs will be
discussed.

3. Results and discussion
3.1. Airflow in the infected individual’s respiratory tract

Virus in the infected individual is released into the environment
through flow in the human respiratory system, and the flow fields are
important for transmission. Fig. 2 shows the streamline for different
expiratory flow rates: calm (10 L/min), moderate (30 L/min) and
intense (90 L/min), and it seems that there is not much difference in the
streamline shape. We found a high speed area in the larynx, and the
airflow direction will change at oropharynx, which may cause the high
deposition proportions of virus particles in oropharynx or larynx and
below areas. In addition, there is an angle of ~30° between the exhaled
air flow and the horizontal direction, which might give the exhaled
particles an initial velocity component toward the ground. As for the
effectiveness of flow filed, we have used PIV equipment to measure the
flow field inside the respiratory tract in previous study (Xu et al.,
2020b), and the results were in good agreement with this numerical
simulation.

3.2. Deposition and escape proportions during exhalation

Fig. 3 shows the deposition proportion and escape proportion of
virus-containing particles released from larynx and lungs at different
breathing intensities, respectively. Here “deposition” means that the
particles were deposited in infected individual’s respiratory tract and
not released into the environment. The “escape” means the opposite.
Totally, COVID-19 virus-containing particles released from larynx were
more likely to escape into the environment (39.1%-44.2%) than those
released from lungs (15.3%-37.1%), especially for small particles. It
indicated that the release site had a significant influence on the pro-
portion of deposition and escape. For example, the escape proportions of
1 pm virus-containing aerosols in case (Q = 30 L/min, larynx) and case
(Q =90 L/min, larynx) were 56.8% (Figs. 3b) and 71.2% (Fig. 3c), while
the escape proportions in case (Q = 30 L/min, lungs) and case (Q =90 L/
min, lungs) were 50.3% (Figs. 3e) and 39.3% (Fig. 3f), respectively.

Particle size also influenced the escape and deposition proportion.
The escape proportions of virus-containing aerosols (<5 pm) were
higher than virus-containing droplets (>5 pm) at the same expiratory
flow. When comparing the 1 pm and 10 pm virus-containing particles,
the difference of escape proportion ranged from 1.3-fold to 55.3-fold in
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Fig. 2. Velocity streamlines in the infected individual’s respiratory tract. (a) Q = 10 L/min; (b) Q = 30 L/min; (c) Q = 90 L/min.
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Fig. 3. The deposition and escape proportions of particles released from larynx and lungs at different expiratory intensities: (a)larynx,10 L/min; (b) larynx, 30 L/min;
(c) larynx, 90 L/min; (d) lungs, 10 L/min; (e) lungs, 30 L/min; (f) lungs, 90 L/min. These histograms show the deposition fraction (orange bar) and the escape
fraction (green bar) of particles, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

different cases. The results indicated that COVID-19 virus released from
larynx might be more likely to be exhaled into the environment at a
higher proportion compared with those viruses released from lungs such
as SARS.

There may be several possible explanations. First, the distance from
larynx to mouth is shorter than that from lungs to mouth, so that the
transport distance for virus-containing particles released into the envi-
ronment is shorter. Second, the structure of the lower respiratory tract
(especially bronchi) is complex and has many bifurcations, and the
virus-containing particles are more likely to deposit on the inner surface
of the respiratory tract during transport. For small particles, they have
good tracking characteristics to the flow field, so that they are more

likely to be exhaled with the flow field than to settle on the inner surface
of the respiratory tract.

It is worth noting that the majority of particles larger than 10 pm
deposited in the respiratory tract and cannot be exhaled out. However,
some previous measurements of the exhaled droplets showed that there
were some large droplets (50-100 pm) in the exhaled air (Xie et al.,
2009). One possible explanation is that the large droplets exhaled by
people might be generated above the larynx, e.g. oral cavity. On the
other hand, this result may also explain the high concentration of
COVID-19 virus in throat swabs and the low concentration of COVID-19
virus in oral swabs. In addition, virus-containing particles were assumed
to be captured and deposited once they contacted the inner surface of
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the respiratory tract. Sometimes the virus-containing particles may fall
off again in the breath, or do not deposit and be released into the
environment. This assumption may result in a lower escape proportion
for virus-containing particles than they actually did.

3.3. Regional deposition in the respiratory tract of the infected individual

Fig. 4 shows the regional deposition proportion in the infected in-
dividual’s respiratory tract during different intensity expiratory, for the
virus-containing particles released from larynx and lungs respectively. It
indicated that the release site of virus-containing particles can also in-
fluence the regional deposition in the infected individual’s respiratory
tract during exhalation. When virus-containing particles were released
from the infected individual’s larynx, oropharynx was the region with
the highest deposition proportion with proportions of 7.0% (1 pm) and
29.5% (10 pm) when Q = 30 L/min (Fig. 4b). When released from the
infected individual’s lungs, a large proportion of virus-containing par-
ticles will be deposited in the larynx and below areas, with proportions
of 33.8% (1 pm) and 64.5% (10 pm) at Q = 30 L/min (Fig. 4e). It might
explain why the escape proportion of virus-containing particles released
from larynx is higher than those released from lungs (in section 3.2).

Flow rates also influenced regional particle deposition. For example,
for 1 pm virus-containing aerosols, when they were released from the
infected individual’s larynx, the deposition proportion of oropharynx
increased from 4.3% (Q = 10 L/min) to 10.6% (Q = 90 L/min) with the
increase of flow rate. When they were released from the infected in-
dividual’s lungs, the deposition proportion of larynx and below areas
increased from 27.0% (Q = 10 L/min) to 46.0% (Q = 90 L/min) with the
increase of flow rate.

Comparisons for the regional deposition in the human airway be-
tween CFD simulation and in vitro experiment methods also showed
good agreement (Carrigy et al., 2014; Koullapis et al., 2018). Therefore,
the numerical simulation was considered to be valid in this study.

Environmental Research 199 (2021) 111361

3.4. Indoor viral particles trajectory and the exposure dose of the
susceptible individual

As shown in Fig. 5, the thermal effects caused changes in the tem-
perature of the air around the human bodies, leading to thermal plume.
The direction of the thermal plume was upward and the peak velocity
was ~0.20 m/s, consistent with the results in (Licina et al., 2014). In
indoor conditions, the respiratory flow rates are usually not too high. 10
L/min and 30 L/min were selected as typical respiration rates for dis-
cussion. The diffusion of viral particles was shown in Fig. 6. Many large
droplets might deposit within 0.5 m after being released. It indicated
that keeping a social distance is an effective measure to reduce the
exposure of large-droplets dose. Ventilation had an effect on the upward
and distant movement of particles. Affected by factors such as buoyancy,
some particles had obvious upward trends with the indoor airflow,
entering the respiratory area of the susceptible individual, finally
causing the inhalation dose. There were also many particles that deposit
on the body surface of the susceptible individual, and this part of the
virus-containing particles contributed to the adhesion dose.

The inhalation dose and the adhesion dose of the susceptible indi-
vidual was shown in Fig. 7. When virus-containing particles were
released from the larynx, the dose of the susceptible individual was
higher than the situations when particles were released from the lungs at
the same flow rate. For example, when Q = 30 L/min, the inhalation
dose of 1 pm virus-containing particles released from larynx was about
1.4 times that of particles released from the lungs.

In such short-distance contact, many virus-containing particles may
deposit on the skin or clothing surfaces of the susceptible individual
besides those being inhaled directly. This may be also another important
factor leading to COVID-19 transmission risk in the environment. For
individuals, a frequent way to contact their own mucous membranes is
through hand touch, so regular hand-washing would also be a valuable
suggestion.

The results show that the exposure dose (both the adhesion dose and
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Fig. 4. The regional deposition proportions in the infected individual’s respiratory tract when virus-containing particles were released from larynx or lungs at
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shapes represent different areas of the respiratory tract. The total (black), oral (green), nasopharynx (blue), nasal airway (red triangle), oropharynx (red square),
larynx and below areas (purple). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. The temperature distribution (a) and the velocity distribution including thermal plume (b) around the human bodies at Q = 30 L/min.
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Fig. 6. The virus-containing particles’ trajectories when released from larynx: (a) Q = 10 L/min; (b) Q = 30 L/min.

the inhalation dose) was higher when virus-containing particles were
released from the larynx than from lungs, which can also be supported
by the escape proportion in section 3.2. The results also show that small
particles might dominate the inhalation exposure dose, even at a close
range of 0.5 m between the two people. When taking respiratory pro-
tective measures, more attention should be paid to the filtration effi-
ciency of small particles.

The release of the virus-containing particles is a continuing process,
and the infection risk is not the simple sum for exposure dose. It is widely
recognized that whether the susceptible individual eventually becomes
infected is also related to some other factors such as individual immu-
nity, which may be related to genders and ages (Davies et al., 2020; Yu
et al., 2020), protective measures and associated factors such as

exposure time. Consider the uncertainty of these parameters, only
exposure dose was quantified in this paper, the infection risk was not
calculated.

In general, the results showed that there were significant differences
in different release sites (larynx or lungs) of virus-containing particles,
both in the proportion of virus-containing particles escaping into the
environment and in the exposure dose of the susceptible individuals. We
have reason to believe that this is sufficient to verify the conjecture
originally proposed in this paper that COVID-19 virus released from
larynx might cause a higher exposure dose in indoor environment.
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Fig. 7. The adhesion dose and inhalation dose of the susceptible individual. (a) Adhesion dose, Q = 10 L/min; (b) Inhalation dose, Q = 10 L/min; (c) Adhesion dose,

Q = 30 L/min; (d) Inhalation dose, Q = 30 L/min.
4. Conclusions

In our study, the spatial and temporal characteristics of COVID-19
virus released from larynx were revealed, and the exposure dose
(inhalation dose and adhesion dose) of the susceptible individual in the
indoor environment were calculated. A coherent study from the pro-
duction to the inhalation or adhesion of the viral particles was provided.
The results provide evidence that the characteristic of independent
replication and release in the larynx of COVID-19 virus might increase
the exposure dose of the susceptible individual and might cause wide
dissemination of COVID-19. COVID-19 virus released from larynx can
escape into the surrounding environment at a higher proportion
(39.1%-44.2%) compared with viruses that replicate in the lungs only
(15.3%-37.1%), e.g. SARS. Small particles (<5 pm) might dominate the
inhalation exposure dose even at a close range of 0.5 m. More attention
should be paid to the filtration efficiency of small particles.

Based on these findings, the following suggestions are proposed for
the control and research of COVID-19 epidemic. The characteristics of
virus particles shed from the larynx can be studied in order to take more
targeted control measures. Previous studies usually set the COVID-19
particle source in the mouth or nose outlet, ignoring the process of
virus-containing particles being exhaled in the respiratory tract of the
infected individual, which may lead to biased results. For the exposure
dose analysis of susceptible individuals in the environment, variables
such as ventilation should be taken into account based on the design of

actual indoor scenes, so as to reduce the risk of indoor environment to an
acceptable range (balance economy and safety) as far as possible. These
results are also expected to be combined with biological experimental
data in the future to verify the validity of the results. We will also try to
use the segmented respiratory tract model to conduct experiments of
particle deposition during respiration, so as to further verify the results.
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