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ARTICLE INFO ABSTRACT
Keywords: Droplets provide a well-known transmission media in the COVID-19 epidemic, and the particle size is closely
Respiratory tract infection related to the classification of the transmission route. However, the term “aerosol” covers most particle sizes of

Transmission route
Droplet size
Evaporation
Infection risk

suspended particulates because of information asymmetry in different disciplines, which may lead to mis-
understandings in the selection of epidemic prevention and control strategies for the public. In this review, the
time when these droplets are exhaled by a patient was taken as the initial time. Then, all available viral loads and
numerical distribution of the exhaled droplets was analyzed, and the evaporation model of droplets in the air was
combined with the deposition model of droplet nuclei in the respiratory tract. Lastly, the perspective that
physical spread affects the transmission risk of different size droplets at different times was summarized for the
first time. The results showed that although the distribution of exhaled droplets was dominated by small droplets,
droplet volume was proportional to the third power of particle diameter, meaning that the viral load of a 100 pm
droplet was approximately 10° times that of a 1 pm droplet at the initial time. Furthermore, the exhaled droplets
are affected by heat and mass transfer of evaporation, water fraction, salt concentration, and acid-base balance
(the water fraction > 98%), which lead them to change rapidly, and the viral survival condition also deteriorates
dramatically. The time required for the initial diameter (d,) of a droplet to shrink to the equilibrium diameter
(de, about 30% of d,) is approximately proportional to the second power of the particle diameter, taking only a
few milliseconds for a 1 pm droplet but hundreds of milliseconds for a 10 pm droplet; in other words, the viruses
carried by the large droplets can be preserved as much as possible. Finally, the infectious droplet nuclei maybe
inhaled by the susceptible population through different and random contact routes, and the droplet nuclei with
larger d. decompose more easily into tiny particles on account of the accelerated collision in a complex airway,
which can be deposited in the higher risk alveolar region. During disease transmission, the infectious droplet
particle size varies widely, and the transmission risk varies significantly at different time nodes; therefore, the
fuzzy term “aerosol” is not conducive to analyzing disease exposure risk. Recommendations for epidemic pre-
vention and control strategies are: 1) Large droplets are the main conflict in disease transmission; thus, even if
they are blocked by a homemade mask initially, it significantly contains the epidemic. 2) The early phase of
contact, such as close-contact and short-range transmission, has the highest infection risk; therefore, social
distancing can effectively keep the susceptible population from inhaling active viruses. 3) The risk of the fomite
route depends on the time in contact with infectious viruses; thus, it is important to promote good health habits
(including frequent hand washing, no-eye rubbing, coughing etiquette, normalization of surface cleaning),
although blind and excessive disinfection measures are not advisable. 4) Compared with the large droplets, the
small droplets have larger numbers but carry fewer viruses and are more prone to die through evaporation.

1. Introduction personal hygiene, respiratory infections are still a major threat to human
health. Especially after the outbreak of the COVID-19 epidemic at the
Although significant progress has been achieved in medicine and end of 2019, severe acute respiratory coronavirus infection 2 (SARS-
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CoV-2) has again received widespread attention worldwide [1-4]. Dis-
ease transmission is a complex subject involving many disciplines such
as epidemiology, social management, and microbial survival
environment.

Public awareness of respiratory infections was lacking at the begin-
ning of the epidemic. To popularize the different transmission routes,
guide the behavior of social groups, and formulate public intervention
policies for epidemic prevention, it was necessary for relevant guidelines
to roughly define the transmission routes of the disease. There are
several possible modes for COVID-19 infection: contact and droplet
transmission, fomite transmission, airborne transmission, and other
modes of transmission [5]. The first three routes have been confirmed to
be closely related to disease transmission. The other modes of trans-
mission, like the vertical and fecal-oral routes are inconclusive and are
not discussed in this study.

Scholars from different disciplines have conducted considerable
research regarding the transmission routes of respiratory diseases. As
environmental engineering scholars, Manuel [6] applied aerodynamic
theory to analyze the different movement trajectories of droplets, due to
the unbalanced force in the air, then explored different modes of disease
transmission. Lei and Li et al. [7] also classified the different spatial
patterns of secondary infection cases according to droplet size. While the
term of “aerosol” was mostly preferred by scholars in the medical field
for the transmission route of respiratory diseases [8-10], there are
convincing reasons that the term “aerosol” in environmental engineer-
ing and medical science is inconsistent. Quoting from the Encyclopedia
Britannica, true aerosol particles range in diameter from a few milli-
microns to approximately 1 pm (equal to 10~ cm) [11]; nevertheless,
the term is commonly used, especially in the case of fog or cloud
droplets, which can have diameters of over 100 pm [12,13]. The defi-
nition of “Aerosol” in Baidu is more ambiguous, covering the range of
0.001 pm-1000 pm [14]. The spray, droplets, and sputum of different
sizes, exhaled by the patient are obscured by the vague term of “aero-
sol”, which may cause the results from the medical field, including those
for COVID-19 disease, to be misread in other interdisciplinary fields.
“Aerosol transmission” might be misunderstood as air-conditioning
system transmission, or air transmission, erroneously magnifying the
risk of transmission, and causing unnecessary panic and misunder-
standing in the public [15-17].

It is the essence of disease transmission that infectious viruses are
carried by droplets. After being exhaled from the host, the droplets will
conduct heat, participate in mass transfer, and undergo an evaporation
exchange with the environment. The viral survival condition, such as
saltwater, nutrient, salt, pH, temperature, and humidity balance, are
significantly influenced by various environmental factors [18,19]. The
viruses can only enter the host “luckily” and cause infection when the
concentration is sufficient and the virus is still alive, which is unfortu-
nate for the susceptible population. Thus, the different risk of when and
how to contact the infectious viruses is the most important question that
should be answered, to provide a reference for early isolation and the
mask dispute.

Therefore, this article refines the physical spreading process of res-
piratory tract infection diseases: from the initial time when the droplets
are exhaled from the patient’s mouth, the determination of the corre-
sponding transmission route given the droplet size, and terminates when
the droplets are directly finally inhaled by the susceptible population.
The droplet diameter is not constant due to the effect of evaporation
during transmission. Nicas et al. [20] found that the exhaled droplets
were composed of 98.2% water and 1.8% non-volatile solid compounds.
The evaporation regularity of the droplets is consistent with the D? law
(the total evaporation time is approximately proportional to the square
of the particle diameter). Droplets of 10 pm and 100 pm evaporate to
dryness in approximately 1 s or 10 s, respectively, under normal tem-
perature conditions [21,22]. Large droplets can carry more viruses, and
their longer evaporation times can also provide better survival condi-
tions for the viruses [21,23]. The larger droplet nuclei are more easily
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decomposed into tiny particles due to accelerated collision in the com-
plex airway, and could be deposited in the alveolar region (ALV);
therefore, the exposure risk of the susceptible population is increased
significantly [24].

In brief, the influence of evaporation on particle size, viral survival,
and personnel exposure risk at different times cannot be ignored, either
from the perspective of physical spreading or disease transmission. In
this review, the term of “aerosol” that is likely to be misinterpreted by
scholars in different fields was diluted, and the main transmission risk
caused by encounters with different size droplets at varying time and
distance were analyzed (Fig. 1). The upper part of Fig. 1 shows the d. of
the droplets with different sizes after evaporation, and the correspond-
ing movement trajectories caused by unbalanced forces. The lower part
of Fig. 1 shows the different routes for virus contact in social activities.
Infection risk is closely related to the time that people are exposed to the
viruses.

This review focuses on analyzing the risk of suspended droplets
(<100 pm) carrying infectious viruses and aims to advance more
appropriate recommendations for epidemic prevention and control.
After the droplets leave an infected patient, the viral survival condition
balance is broken due to the heat and mass transfer with the environ-
ment. How do these complex physical processes affect the transmission
risk with infectious droplets? The main conflict should be grasped with
the aim of accurately communicating the risk of droplet transmission to
interdisciplinary scholars and focus on providing reliable prevention
and control suggestions for the public.

2. Methods and data

Combined with the artificial screening of the subject and the content
of this study, SpringerLink, ScienceDirect, and Web of Science (SCI)
were used to identify and review the literature published before May
2020. We used the search keywords: “COVID-19”, “Respiratory tract
infection”, “Disease transmission”, “Droplets”, “Viral load”, “Evapora-
tion”, and “Deposition”. A total of 52 articles were selected from two
main categories, virus transmission (28) and droplet evaporation (24),
including 20 reference literature sources published in 2020.

The first subset involves the distribution and viral load of droplets
exhaled by patients through different respiratory activities, and the
deposition fraction of droplets in the respiratory tract after being inhaled
by the susceptible population. Then, the cumulative volume of droplets
was calculated, representing the ability of droplets to carry viruses. The
deposition fraction in human airways were combined to indicate the
initial transmission capacity of droplets of different sizes.

The second subset refers to the particle size variation of the sus-
pended droplets evaporated in the air, which are affected by heat and
mass transfer under different environmental conditions. The evapora-
tion particle size variation data were screened, and the evolution and
progress of the particle evaporation model were analyzed. The data were
selected to show how environmental parameters like temperature and
relative humidity, can be related to the evaporation rate.

Third, we combined the initial disease transmission capacity of
droplets and the variable diameter of suspended droplets in the air,
illustrated the main conflicts at different times, and answered how these
complex physical and physiological changes affected the infection risk of
infectious droplet sizes.

3. Results

The process of occurrence, transmission, and termination of infec-
tious diseases in the population is also known as the transmission pro-
cess of infectious diseases, and its realization must have three basic
links: infection source, transmission process, and susceptible population
[25].



N. Mao et al.

D<10pm 10pm <D <100pm

100pm < D < 2000pum

Building and Environment 185 (2020) 107307

After Evaporation

\
\ [
[ |
[ [
| | 0em
ry | :
Fe | | -
I‘ : 2.62 pm
| | [
| | |
| | .
! \ [
ol | : : -
. [ [ Fg [ .
Tlme | | | d;’=26.2 um
Risk

Fomite route

Airborne route

S

N
Y
|
1,

\,
N,
\,
\
N\

\,

\

1
1
1
|
1
\

Fig. 1. Transmission risk of droplets with different sizes at different times. Upper part: Typical trajectories of particles in the air (based from Ref. [6]). Lower part:
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3.1. Infection source — the characteristics of exhaled droplets

To study the risk of transmission of infectious droplets, the first step
is to fully understand the characteristics of exhaled droplets at the
infection source, including the viral load, diameter range, and distri-
bution exhaled by infected patients through different respiratory activ-
ities. RT-PCR viral nucleic acid detection is widely used for diagnosing
respiratory infections. The throat swab of patient is usually collected as a
test sample [26].

Since the outbreak of the epidemic, there have been many reports of
SARS-CoV-2 patients’ viral load data. We collected several clinical
studies on the infection of pharyngeal swab by multiple scholars (see
Fig. 2) [27-29]. Zou et al. [27] conducted viral load concentrations on
throat swab specimens for six early stage patients, and found that the
individual differences among the patients were notable, and the differ-
ences were obvious on different dates after admission. Pan et al. [28]
conducted a specimen study on two cases in Beijing and found that
throat swab samples with viral load peaked 5-6 days after the onset of
symptoms, approximately 10*-107 copies/ml. Cao et al. [29] targeted
199 SARS-CoV-2 patients who participated in drug therapy and standard
therapy to conduct daily throat swab sampling, and found significant
individual differences in virus load on different dates.

It can be concluded that: 1) the viruses could exist in the human body
for up to 2-3 weeks or more, and the viral load in body fluids decreased
over time; the initial stage of infection was the highest risk period of
contact, so early isolation measures were crucial. 2) The viral load of
SARS-CoV-2 in patients’ body fluids generally peaked approximately
4-6 days after onset, up to 10® copies/ml. This was unlike SARS, whose
patients usually reached their peak around 10 days after onset. 3) There
was a strong individual difference between COVID-19 patients, high-risk
patients, whose viral load was approximately 108 copies/ml higher than
the mean data over the same period, and those who might become super
spreaders during disease transmission.
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Many scholars have conducted relevant analysis and research on the
distribution of droplets exhaled by human respiratory activity. Most
studies are based on the measurement of the human body exhaled
droplets through a similar tiny droplet capture system [30]. In the early
period, Duguid [31], a bacteriologist, conducted a series of measured
studies on the diameter and particle number distribution of exhaled
droplets. Later Lindsley and Morawska [32,33] compared the differ-
ences in droplets exhaled by different respiratory activities such as
breathing, speaking, and coughing, and found that coughing released
more droplets than breathing, then found that the type A detection rate
of live influenza viruses bacteria in cough droplets were higher than that
of breath droplets. Other studies [21,34,35] applied high-speed cameras
and theoretical models of the exhaled airflow to simulate droplet dis-
tribution characteristics. Bourouiba et al. [34] visually tested severe
respiratory events with high-speed cameras, to predict the range of
droplet pollution for different particle sizes. Scholars at the University of
Hong Kong [21,34] employed mathematical methods that assumed the
cough physics as a turbulent jet, and analyzed the dispersion of partic-
ulate matter to estimate the relationship between the droplet diameter
on the local spatial pollution range.

Due to the viral load from different patient samples, the values vary
significantly at different times; therefore, it is not appropriate to deter-
mine a uniform representative value [27-29]. However, for a specific
infected person, the concentration of the viruses in the oral, nose, and
throat fluids can be considered as evenly distributed, and the viral load
of the droplet is positively related to the droplet volume. Thus, the cu-
mulative volume of droplets of different sizes may represent the number
of viruses carried and the risk of disease transmission.

Fig. 3 summarizes the representative distribution data of exhaled
droplets, and the calculated cumulative volume of droplets with
different particle sizes. It can be seen that: 1) Generally, there are a large
number of small droplets with little cumulative volume exhaled with
respiratory activity, unlike large droplets. The more intense the
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Fig. 3. Number distribution of exhaled droplets from different respiratory activities and the cumulative volume. The volume of a single droplet is multiplied by the
total number data, obtaining the cumulative total volume of droplets with the specific diameter, and the average value will be employed if there are multi-group data.
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respiratory activity, the higher the proportion of large droplets. Due to
the randomness and complexity of the exhaled droplets, and the
different methods and equipment employed by scholars, there was some
difference observed among data sources. 2) Although the number of
small droplets might be thousands of times larger than that of large
droplets, the droplet volume was proportional to the third power of its
particle size; thus, the volume of a 100 pm particle was at least three
orders of magnitude larger than the volume of a 1 pm particle; therefore,
the disease transmission ability of large droplets was much higher than
that of small droplets.

3.2. Transmission process — evaporation model of suspended droplets

After the infectious droplets have been exhaled by the host through
breathing, speaking, coughing, or sneezing, the small suspended drop-
lets (<100 pm) form long-term suspended droplets or short-duration
clusters of droplets in the air, and those droplets with large particle
sizes (>100 pm) can land on the ground or on nearby objects [1,36].
Nevertheless, the droplet surface experiences intense heat and mass
exchange with the environment. For droplets ejected from the patient’s
mouth at high speed, the moisture, nutrients, and balance of trace salts
and acid-base in the droplets were altered during marked droplet
shrinkage, which rapidly deteriorated the virus survival conditions. The
evaporation process of suspended droplets is particularly important in
analyzing the transmission risk of infectious droplets.

The evaporation process is a combination of heat and mass transfer
between the droplet and the environment, and is strongly affected by the
droplet diameter and the environmental conditions (including air tem-
perature, humidity, and turbulence). To explore the mechanism of the
droplet evaporation process, Kukkonen et al. [37] proposed an evapo-
ration and dispersion model for pure water droplets, driven by the
partial pressure difference between the droplet surface vapor and the
ambient air. Currently, many evaporation studies are still based on this
single component droplet model [38-43].

The composition of infectious droplets from the mouth, nose, and
throat fluids is very complicated. In addition to water, there are various
nutrients, trace amounts of salt, and microbial bacteria in the droplets.
Various respiratory activities are differently affected by the local
airflow, air turbulence, temperature, humidity, and other environmental
factors, and their evaporation progress is more specific. Therefore, it is
difficult to establish a fully comprehensive evaporation model of human
exhaled infectious droplets, and there remains a certain research gap.
The development of a model, from simple to complex, also reflects the
actual situation on the physical process of droplet evaporation.

Table 1
Comparison and development of the droplet evaporation models.
Country Object Factors Model Investigator
Israel Pure water Heat and Multi-shells Pariente
mass transfer droplet et al. [46]
China Pure water Air Single droplet Wei et al.
turbulence [21]
China Pure water Air thermal Single droplet Liu et al.
stratification [471
Australia  Pure water Heat and Single droplet Morawska
mass transfer et al. [48]
China NaCl Breathe Single droplet Xie et al.
speed [44]
China NaCl Air Single droplet Liu et al.
turbulence [35]
Australia NaCl Non-uniform Mathematical Lietal. [22]
humidity model of droplet
field evaporation in
cough
USA NacCl, Chemical An improved Redrow
carbohydrates, composition multi- et al. [23]
lipids, and component
proteins droplet
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Table 1 shows the comparison of representative evaporation models
for different influence factors. It can be seen from Table 1 that most
scholars took sodium chloride solution to represent body fluids. Based
on the pure water model, a human exhalation droplet evaporation model
was established, and the concentrations of non-volatile solutes in the
evaporation process and the final formed d. of the droplet nuclei were
simulated [35,44]. In addition to the composition, it is also significant to
consider the influence of factors such as exhaled airflow and air turbu-
lence generated by human respiratory activity. Xie et al. [44] considered
the influence of different respiratory activities on the exhaled jet, and
found that different initial droplet velocities would affect the evapora-
tion rate. Wei et al. [21] further found that the jet turbulence caused by
the airflow would distribute the exhaled droplets more widely, and
evaporation had the most significant effect on medium size droplets
(approximately 50 pm). When the droplets evaporated into a saturated
concentration, other solid components (bacteria, viruses, and salt crys-
tals) would also be precipitated besides the sodium chloride (NaCl).
Thus, Redrow et al. [23] based on Pruppacher’s research [45], simulated
the actual characteristics of exhaled sputum, and for the first time,
established a droplet evaporation model, including sodium chloride,
carbohydrate, lipid, and protein components.

The water in the droplets gradually evaporates completely, and d. of
the droplet nuclei is closely related to the initial do, and directly affects
its deposition fraction in the respiratory tract [35]. Furthermore, it has
been found by many scholars that the environmental parameters, such
as temperature and humidity, also have a substantial influence on de,
and are key factors to whether the survival condition balance of viruses
carried in droplets could be guaranteed [49,50]. In conclusion, for
susceptible populations, the exposure risk to disease in the local space
are both determined by the d. of the droplets after evaporation, and the
amount of residual active viral load of the droplets.

Wang et al. [51] conducted a series of studies on the effects of
ambient temperature, humidity, and initial particle size on evaporation,
and their results showed that the impact of these three factors on the
evaporation characteristics of droplet was not independent; therefore
the influence of any factor on droplet evaporation cannot be discussed
without the other factors. Additionally, Li et al. and Yan et al. [22,52]
established an evaporation model of cough droplets under non-uniform
humidity conditions, simulating the propagation distance and distribu-
tion characteristics of different size droplets. Liu [47] further considered
the indoor thermal stratification factor to study droplets, and found that
thermal stratification could significantly reduce evaporation. Xie [44]
and Wei [21] both found in their respective studies that the larger the
initial particle size, the longer the evaporation time required under the
same environmental conditions. Yang et al. [53] believed that droplets
with the same initial particle size would evaporate for a longer time
under high humidity because air with higher relative humidity has less
potential to absorb water vapor. Another scholar [54] found that the
relative humidity not only affects the speed of evaporation, but also
affects the diameter of the final droplet nuclei due to the Kelvin effect;
the final normalized diameter d./d, of small droplets is smaller than that
of large droplets.

Under normal temperature conditions (5 °C-25 °C), and different
relative humilities (0-90%), the evaporation time and final d. of drop-
lets with different sizes from the representative literature are summa-
rized in Table 2. The larger the initial droplet diameter, the longer it
takes for the water to completely evaporate, which could create a more
favorable survival condition for the viruses in large droplets, thus
maintaining the transmission risk of disease. There were some differ-
ences in the final normalized diameter d./d, by different scholars;
however, d. was roughly between 30% and 40% of d,. While the
moisture content of exhaled droplets is approximately 98%, the theo-
retical d. should be approximately 26.2% of d, [20]. Besides
non-volatile salts, the existence of microorganisms and bacteria might
be the reason the measured d. is larger than the theoretical d. If these
loose droplet nuclei are “luckily” inhaled into the small and tortuous
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Table 2
Evaporation time and final d. of the droplets under different environmental conditions.
Initial diameter Environment Adjustment for evaporation Evaporation final References
(pm) N T diameter (pm)
T (°C) RH (%) (ms)
1 25 0 equation 3 1 0.325 Wei et al. [21]
1 90 10 0.325
10 21 20 equation 10 250 3.5 Redrow et al. [23]
10 50 300 3.5
10 80 550 3.5
12 25 0 equation 14 300 3.25 Lietal. [22]
12 50 500 3.25
12 90 3100 3.25
12 5 50 1440 3.25
12 15 850 3.25
12 25 550 3.25
12 35 420 3.25
100 25 0 - 7900 0 Morawska et al. [48]
100 20 11,000 0
100 60 22,000 0
100 80 48,000 0

airway, the large droplet nuclei might decompose into smaller particles
due to acceleration and collision, causing a greater infection risk than
the original particle.

3.3. Susceptible population - droplets deposition in the respiratory tract

As mentioned above, as the infectious droplets exhaled by a patient
drift in the air, the particle size changes drastically with time due to
evaporation and concentration, and the infection risk depends on the
inhalation time of the susceptible population. It is generally believed
that the closer the droplet deposition site is to the lungs, or the greater
the amount of viruses deposited, the greater the risk of disease infection
[55]. The high-risk pathogenicity of the virus after it penetrates the
lungs can be explained from the following two aspects.

Considering physiological characteristics, the upper respiratory tract
is protective; for example, the cilia of endothelium in the trachea can
adhere to the droplets, and cause cough reflexes to promote the expul-
sion of pathogens. The lower respiratory tract, such as the alveoli, is less
protected and prone to infection. Considering pathogenicity, the alve-
olar is the smallest unit in the human body that communicates with the
outside world. The S protein of the coronavirus directly contacts and
binds with the ACE2 receptor of the alveolar cells, which may directly
cause alveolar ventilation disorders. Even worse, with time, the viruses
will penetrate the alveoli and enter the blood vessels, thereby entering
various parts of body through the blood circulation along with the ox-
ygen delivery path, and causing graver systemic infections.

lead Airways
Region
(1A)

Iracheo-Bronchial Region
(TB)

Alveolar
Region
(ALV)

a)

The respiratory tract and alveolar region of human body are shown
in Fig. 4a) and b), respectively. The human respiratory tract can be
divided into the head airway (HA), tracheo-bronchial region (TB), and
ALV, of which the nose pharynx, oropharynx, and laryngopharynx
belong to the upper respiratory tract [26,56]; the trachea, bronchus, and
ALV are also called the lower respiratory tract [57]. As shown in
Fig. 4b), the schematic of the ALV is a bifurcated tree bionic model
spanning ten generations, combined with multiple sub-spine models
[58].

Most of the literature on the deposition of inhaled droplets in the
respiratory tract has been conducted by medical scholars. When inha-
lation pulmonary drug delivery technology was employed to treat res-
piratory diseases, they found that the effect of drug particle size on the
deposition location and fraction in the respiratory tract was critical [20,
59-63]. Thus, the original intent was to enhance the deposition of drug
particles in the lungs. This could be described as different tunes sung
with equal skill with the work devoted to reducing the deposition of
infectious pathogens in the lungs in the respiratory disease prevention
and control work [64].

To obtain the deposition rules of droplets with different particle sizes
in the respiratory tract, Guo et al. [65] employed a new type of breathing
bag experimental device, established a real-life measurement system
specifically for inhaled respiratory tract deposition, and observed a
consistent trend of all participants that the deposition fraction increased
with particle size decrease. However, due to the difficulty of performing
human experiments on respiratory tract deposition, most of the

Sub-acinus generation
123 45 678910

Fig. 4. Schematic diagram of the human respiratory tract and lungs; a) the whole respiratory tract (cited from Ref. [57]); b) alveolar region (cited from Ref. [56]).



N. Mao et al.

literature was conducted based on mathematical models, such as aero-
dynamic, thermal balance, and Lagrangian tracking algorithms, or
software models of the deposition fraction in the respiratory tract, such
as ANSYS or the CFD [66-71]. As early as 1994, the International
Committee for Radiological Protection (ICRP), based on a nasal
breathing and light movement deposition model, gave the total depo-
sition and regional deposition prediction data related to the diameter of
inhaled droplets during quiet breathing [57,72]. Euler simulations of
transport and deposition in the respiratory tract are often used to explain
that droplets have a U-shaped deposition curve [67,68]. Different res-
piratory activities could also cause differences in the deposition fraction
of droplets of different sizes in different locations of the respiratory tract.
Koullapis et al. [S6]combined the deep lung and upper respiratory tract
models to analyze the effects of different breathing strategies (deep
breathing, shallow breathing, breath-holding) on the deposition of
droplet particles, and their results showed that compared with calm
breathing, the deposition in the lung area increased significantly during
deep breathing.

Due to the complex microstructure of various regions involved in the
human respiratory tract, it is difficult to study the deposition fraction,
and only a few literature studies were developed. Fig. 5 shows a com-
parison of different deposition fractions in the respiratory tract obtained
by different scholars. The deposition fraction in the respiratory tract for
normal and deep breathing are also displayed. It can be seen that: 1) The
deposition mechanism of particulate matter was complicated. Large
particles were mainly affected by gravity or impact deposition while
small particles were mainly deposited through molecular diffusion; thus,
the fraction of medium particle size droplet deposition was the lowest. In
general, there were double peaks at 0.01 pm and 10 pm with the increase
in particle size of the deposition fraction in the respiratory tract different
areas; 2) Large droplets with particle sizes above 10 pm were mainly
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deposited in the upper respiratory tract (HA), and small droplets pene-
trated the human body and were deposited in the lower respiratory tract,
including the TB and ALV; 3) Deep breathing could increase the depo-
sition fraction of particulate matter in the ALV while reducing its
deposition in the upper respiratory tract (HA/TB) area to increase the
risk of disease infection. Although it is generally believed that as the
particle size increases, the ALV deposition fraction will increasingly
decline, it can be seen from Fig. 5 that the ALV also has a very high
deposition fraction in the larger particle size range of 1 pm-10 pm. In
other words, the large droplets carrying substantial virus load would
develop into high-risk small droplet nuclei after evaporation and con-
centration in the air. Moreover, the dry, loose droplet nuclei are easily
decomposed by the acceleration impacts in human airways; therefore, a
large amount of irregular smaller solid particles could be deposited in
alveolar region, which should be intercepted in the HA, thereby signif-
icantly increasing the transmission risk.

4. Discussion
4.1. Transmission risk variation of droplets with evaporation

The infectious droplets may not be inhaled by the susceptible pop-
ulation immediately but will linger in the environmental space. Notably,
cough-ejected droplets could move at up to 10 m/s [73], and these
droplets sizes would be significantly affected by evaporation during
transmission. The survival balance of viruses might also change drasti-
cally, causing the large differences in infection risk at different times.

Based on the collected data in the previous studies, Fig. 6 shows the
variations of different particle diameters (1 pm, 10 pm, 12 pm, 100 pm)
for different relative humidities [21-23,48]. The droplets with different
initial sizes could be quickly evaporated in a short time, and the residual
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solid droplet nuclei d. were only approximately 30% of the original
droplet dy. Moreover, the porous nuclei of the droplet nuclei broke easily
in the air turbulence, which made the density of fine suspended droplets
easily inhaled locally increase significantly. Furthermore, small droplets
were more likely to evaporate at low humidity, and the long moisture
presence in large droplets was conducive to maintaining the balance of
the viruses’ survival condition; therefore, the disease infection capacity
of large droplets remained high. In short, the high-risk droplet nuclei are
formed after the large droplets evaporated, which with smaller di-
ameters and a great number of residual active viruses, could penetrate
the alveolar of the human body to cause infection. Therefore, it is
necessary to control the infectious droplets at the early stage of the
transmission process, and the earlier the better.

4.2. Disease transmission ability of droplets with different diameters

To explain the problem more intuitively, first, Fig. 7 shows the
average deposition fraction (line) of different particle sizes, and the
cumulative volume (columns) of exhaled droplets [57,74], to illustrate
the transmission risks of droplets with different particle sizes. Addi-
tionally, it considers the randomness of how the infection source con-
tacts susceptible individuals; infectious droplets might be immediately
inhaled, or linger in the air. Evaporative concentration inevitably oc-
curs, combined with the initial droplet’s disease transmission ability and
the change in droplet size during evaporation; therefore, the disease
transmission risk at different times could be analyzed and judged.

As shown in Fig. 7, at the initial moment, the range of droplet di-
ameters exhaled by patients was mainly distributed between 0.3 pm and
100 pm. The larger the accumulated volume, the more viruses might be
carried. In the initial distribution of the droplets, the HA and ALV had
higher deposition fraction peaks near 10 pm and 2 pm, respectively;
however, the viral load of large droplets was several orders of magnitude
higher than that of small droplets, which was the main conflict of disease
prevention and control. It was assumed that these droplets were inhaled
after evaporation, the final d. distribution ranged from 0.0786 pm to
26.2 pm, and this d. range was enough to include the deposition peak of
the HA and the high-risk deposition peak of the ALV. Thus, it was
evident that the risk of infection would increase dramatically. Therefore,
first, it is necessary to take prevention and control measures at the pa-
tient source, and the sooner the better. Second, under the condition of
the material restriction, the vulnerable groups should use homemade
mask and other tools to prevent the large droplets that are dominant in
disease transmission.

5. Mitigation

The above research results can provide useful hints for the preven-
tion of COVID-19 disease:

1. For the infection source (droplets), although the number of large
droplets is relatively small, the amount of virus that may be carried is
much larger than that by small droplets (several orders of magni-
tude), shown in Fig. 3. The measures to control the large droplets,
such as wearing masks and social distancing, can significantly reduce
the risk of disease transmission.

2. For the transmission process (evaporation), the survival balance of
viruses carried in droplets is rapidly destroyed after evaporation,
shown in Table 2. Environments that are prone to evaporation, such
as high temperature and low humidity, are more conducive to our
epidemic prevention efforts.

3. For the susceptible population (deposition), the virus deposition risk
of small droplets is much smaller than that of large droplets, as
shown in Fig. 7 (note: the right y-axis is logarithmic coordinate).
However, the risk of small droplet nuclei (the original large droplets)
must also be taken seriously, especially in environments where
evaporation is easy.
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6. Conclusions

Based on the different particle sizes, we conducted an in-depth re-
view on the physical processes and transmission risks of viral infections
caused by infectious droplets at different time points. We found that the
viral load of large droplets was several orders of magnitude larger than
that of small droplets. The disease transmission ability of large droplets
at the initial moment is significantly higher than that of small droplets.
Furthermore, during the transmission process, the original large drop-
lets evaporation takes longer, and the survival condition balance of
active viruses is better maintained, and becomes a high-risk small
droplet nuclei carrying a massive number of active viruses after evap-
oration. Compared with the original small droplets, whose internal vi-
ruses are quickly evaporated and inactivated, the risk difference of
disease transmission between the two is even greater, which also
confirmed the dominant position of large droplets in disease
transmission.
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