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Assessing the effectiveness of using various face coverings to mitigate the
transport of airborne particles produced by coughing indoors

Ligiao Li @), Muchuan Niu, and Yifang Zhu

Department of Environmental Health Sciences, Jonathan and Karin, Fielding School of Public Health, University of California, Los

Angeles, California, USA

ABSTRACT

Exposure to respiratory droplets contributes greatly to the spread of SARS-CoV-2 virus dur-
ing the COVID-19 pandemic. This study investigates the effectiveness of various face cover-
ings to reduce cough-generated airborne particle concentrations at 0.3, 0.9, and 1.8 m away
from the source in an indoor environment. We measured the particle number concentration
(PNC) and particle size distribution under seven different conditions: (1) no face covering;
(2) face shield only; (3) cloth mask; (4) face shield + cloth mask; (5) surgical mask; (6) face
shield + surgical mask; (7) N95 respirator or equivalent (i.e., KN95 mask). We observed signifi-
cant increases in PNCs at 0.3m under conditions #1-4 and a trend toward an increase at
1.8 m, compared to the background. The face shield by itself provided little protection with
a particle reduction of 4+23% relative to no face covering, while the cloth masks reduced
the particles by 77 +7%. Surgical and N95/KN95 masks performed well and substantially
reduced the cough droplets to <6% at 0.3 m. In this study, most cough-generated particles
were found less than 2.5pm with an average mode diameter of ~0.6um at 0.3m.
Approximately 80% of the particles <2.5pum were able to travel to 0.9 m, and 10% of the
particles <1.1 um likely reached 1.8 m. Based on these results, face coverings, especially sur-
gical and N95/KN95 masks, should be recommended as effective preventive measures to
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reduce outward transport of respiratory droplets during the COVID-19 pandemic.

1. Introduction

The COVID-19 outbreak caused by a novel corona-
virus referred to as SARS-CoV-2 has resulted in more
than 1.1 million deaths in 189 countries/regions as of
26 October, 2020 (Johns Hopkins University 2020).
One of the major routes of human to human trans-
mission is the inhalation of respiratory droplets pro-
duced by infected individuals through coughing,
sneezing, and even talking or breathing within a close
proximity of 1.8 m (Acter et al. 2020; Ma et al. 2020;
Xie et al. 2007). Although larger droplets usually settle
quickly within a short distance from the origin,
smaller particles can travel longer distances
(Morawska 2006; Morawska and Cao 2020; Morawska
et al. 2009; Morawska and Milton 2020). A recent
study has shown that airborne particles associated
with SARS-CoV-2 were smaller than 5.0 um in two
Wuhan hospitals during the outbreak (Liu et al.
2020). These virus-laden particles remain viable and
suspended in the air for hours (Morawska 2006; van

Doremalen et al. 2020), which may contribute to the
airborne transmission of COVID-19.

To reduce the risk of infection via the transmission
of respiratory droplets, various mitigation measures
such as wearing face coverings, including face masks
and face shields, have been implemented by govern-
mental agencies worldwide (Chu et al. 2020; WHO
2020b). The use of face coverings has been found
effective in reducing infection risk. Research has
shown that higher-grade respiratory masks (e.g., N95
respirator) were associated with lower infection risk
compared to surgical and home-made cloth masks
(Chu et al. 2020; Maclntyre et al. 2015; van der Sande
et al. 2008; Wang et al. 2020). Extensive studies have
assessed the inward filtration efficiency of different
face coverings to protect wearers from the environ-
ment (Konda et al. 2020; Lindsley et al. 2014; Steinle
et al. 2018; van der Sande et al. 2008; Weber et al.
1993; Zhao et al. 2020; Zhou et al. 2018). However,
few studies have focused on the effectiveness of face
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Figure 1. The time series of background-subtracted PNC at
three locations, 0.3, 0.9, and 1.8 m away from the volunteer at
condition #1 no face covering.

coverings against the outward transport of respiratory
droplets (Mittal et al. 2020).

Since both symptomatic and asymptomatic carriers
of SARS-CoV-2 can be potential infection sources
(Bai et al. 2020; Buonanno et al. 2020; Ye et al. 2020),
the outward protection provided by face coverings to
mitigate the spread of respiratory droplets is particu-
larly important during the COVID-19 pandemic.
Leung et al. (2020) found that surgical mask contrib-
uted to the reduction of coronavirus shedding in
exhaled breath. Although the outward respiratory
leakage from different face masks has been investi-
gated by qualitative visualizations (Bahl et al. 2020;
Kahler and Hain 2020; Verma et al. 2020), quantita-
tive measurements have been scarce. Fischer et al.
(2020) have evaluated the efficacy of using various
face masks to obstruct speech particles expelled into
an enclosure with a small volume ~0.03 m>. However,
a gap of knowledge still exists in the outward trans-
port of respiratory particles that escape to an indoor
environment with larger dilution. In addition, violent
expiratory events like coughing with high jet veloc-
ities would degrade the performance of outward pro-
tection using face coverings (Lai et al. 2012) and thus
need to be better understood. Moreover, limited
information is known about the size distributions of
respiratory aerosols coming out through face cover-
ings and how far they can move in an indoor
environment.

The U.S. Centers for Disease Control and
Prevention currently advises staying 6 feet (i.e., 1.8 m)
apart from other people in both indoor and outdoor
environments, as a mitigation measure in response to
the COVID-19 pandemic (CDC 2020b). Because the
potential airborne hazard indoors may be different
from outdoors with sufficient ventilation (Correia
et al. 2020; Morawska et al. 2020), it is reasonable to
be more cautious about assessing the respiratory

aerosol exposure within 1.8 m indoors (Morawska and
Milton 2020). With this context, the purpose of this
study is to: (1) determine the particle number concen-
tration (PNC) and particle size distributions at 0.3,
0.9, and 1.8m away from a coughing source in an
indoor environment, and (2) evaluate the effectiveness
of different face coverings on obstructing cough-gen-
erated airborne particles at 0.3, 0.9, and 1.8 m away
from a coughing source.

2. Materials and methods
2.1. Experimental setup and protocol

Measurements were conducted in a 138m’
(8.7m x 5.8m x2.7m) HEPA-filtered laboratory
room, which is located in UCLA Center for the
Health Sciences (schematic diagram is shown in
online supplementary information [SI] Figure S1). To
minimize the effects of infiltration of outdoor air,
doors and windows connecting to other spaces were
sealed. Central ventilation was fully operating during
the experiments. The room temperature and relative
humidity were maintained at 25+1°C and 54 +5%,
respectively. The air exchange rate was 2.3h™" based
on the tracer gas method (Batterman 2017).

A healthy volunteer sat on a chair facing the sam-
pling instrument and followed a prescribed coughing
protocol. The volunteer was instructed to wear each
face covering properly before sampling started. Each
sampling session lasted for 4.5 min, which included a
1-min pre-coughing session, a 2.5-min coughing ses-
sion with a total of 5 coughs generated, and a 1-min
post-coughing session (see Figure 1). A cough was
generated every 30s at an intensity, which the volun-
teer felt comfortable with. This procedure was
repeated three times using each type of face covering.
A total of ten different types of face coverings,
grouped into seven categories, were tested to evaluate
the effectiveness of different face coverings in mitigat-
ing cough-generated airborne particles: (1) no face
covering; (2) face shield only; (3) cloth mask; (4) face
shield +cloth mask; (5) surgical mask; (6) face
shield + surgical mask; (7) N95 respirator or equiva-
lent (i.e., KN95 mask). The characteristics of the seven
face covering conditions are summarized in Table 1.
Two types of cloth masks, ie., 2-layer 100% cotton
and 3-layer 50% cotton/50% polyester blend, were
selected in this study based on U.S. Centers for
Disease Control and Prevention recommended two or
more layers of washable, breathable fabric (CDC
2020a). In addition, we randomly tested surgical
masks from two different manufacturers, considering
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Table 1. Characteristics

of the seven face
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covering conditions.

Background-subtracted

Percentage of

PNC at 0.3 m, #/cm> Particle
Face Covering Conditions Pictures Descriptions (mean + standard error) Reduction (%)
#1 No face covering / / 43+7 /
#2 Face shield only - Silicone strap, clear polyester; size 31cm x26.cm 42+10 4+23%
#3 Cloth mask 2 7+3 77£7%
2-ply, 100% cotton mask
[\
Cm 3-ply, 50% cotton/50% polyester blend mask 125
#4 Face shield —— 3 6+2 89+ 2%
+ Cloth mask + G | /
—) 4+1
+ D
#5 Surgical mask : Surgical masks from two manufacturers: 3-ply, 3+2 94 + 4%
%\ pleated cellulose polyprolylene, polyester,
., adjustable nose clip
#6 Face shield —) / 3£1 94+ 2%
+ Surgical mask + ==
=
#7 N95 respirator N95 respirator: Ultrasonically welded headbands, 2+3 95+2%
or equivalent adjustable nose clip, polyurethane nose foam,
'\J/ polypropylene filter, polyester shell and coverweb
. KN95 mask: 5-ply, nonwoven fabric, 2+1

hot air cotton and melt-blown fabric, elastic ear-loop,
adjustable and invisible nose clip

the variability of product quality. Under condition #7,
NO95 respirator and KN95 mask were tested separately.
We did not attempt to assess all the commercially
available face coverings but focused on major catego-
ries of face coverings that are representative and com-
monly used by the general public.

2.2. Measurements and instrumentation

We measured real-time PNC with a size ranging from
0.01 to greater than 1um during each sampling ses-
sion. Measurement instruments were set up at three
locations (as shown in SI Figure S1): 0.3, 0.9, and
1.8 m away from the volunteer. The sampling inlets of
all instruments were set along the centerline that the
volunteer was facing. At each sampling location, a
Condensation Particle Counter (CPC 3007, TSI Inc.,
Shoreview, MN, TUSA) or a  Water-Based
Condensation Particle Counter (WCPC 3787, TSI
Inc.) was used to monitor the PNC. The data logging
interval was set to 1s for all instruments. Before each
experiment, the PNC in the room was maintained at a

background level of less than 50 particles/cm® by
using three HEPA air purifiers to enhance signal to
noise ratios.

An Aerodynamic Particle Sizer (APS 3321, TSI Inc.)
was used to measure particle size distribution within the
size range of 0.5-19.8 um. The sampling inlet of APS
was placed at 0.3, 0.9, and 1.8m for each of the three
sampling sessions, respectively. In addition, an indoor
air quality monitor (Q-Trak 7575, TSI Inc.) was used to
measure temperature, relative humidity, and CO, con-
centration in the room. A hot wire anemometer (Model
850024, Sper Scientific Ltd., Scottsdale, AZ, USA) was
used to measure the peak expiratory velocity (m/s) dur-
ing coughing. The peak expiratory flow rate (L/min)
was determined by multiplying the peak expiratory vel-
ocity by the mouth opening area (ie., 7.0cm®) (Gupta
et al. 2009). To ensure that the data from different
instruments were comparable, a 30-min collocation test
was conducted for each experiment. To address cough-
to-cough variations due to an unstable coughing source,
15 repeated measurements were conducted under each
face covering condition.
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Figure 2. Background-subtracted PNCs at 0.3, 0.9, and 1.8m
away from the volunteer under #1 no face covering condition
and #2-10 face coverings conditions. Error bars show the
standard error of the mean. The Mann-Whitney U test was
used to compare the PNC during coughing vs. background
level. *p <0.05, **p < 0.01, ***p < 0.001.

2.3. Data analysis

At each sampling location, we identified the peak par-
ticle concentration associated with each cough. The
average of 5-s PNCs before and containing the peak
value was denoted as the “background” and “during
coughing,” respectively. A Mann-Whitney U test was
used to compare the PNC measured at the back-
ground versus during coughing. In addition, we
defined the percentage of particle reduction as the
proportion of cough-generated particles reduced by
face coverings measured at 0.3 m away from the vol-
unteer relative to no face covering:

Percentage of particle reduction (%)

:<1

Likewise, the 1-s peak particle size distributions for
each cough were averaged at each sampling location.
The arithmetic mean and standard error of the per-
centage of particle reduction, PNC, and particle size
distribution were calculated for each face covering
condition. R 3.4.0 and Microsoft Excel 2016
(Microsoft, Seattle, WA, USA) were used to summar-
ize data and perform statistical analysis. All figures
were generated with Sigmaplot 14.0 (Systat Software
Inc., San Jose, CA, USA). The level of statistical sig-
nificance was set at p < 0.05.

PNC with face covering

- x 100% (1
PNC without face covering) 6 )

3. Results and discussion
3.1. PNC for coughing without face covering

The temporal variations of PNC in a representative
sampling session without face covering at three loca-
tions (i.e., 0.3, 0.9, and 1.8 m away from the volun-
teer) are shown in Figure 1 (see SI Figure S2 for data

collected in other sampling sessions and SI Figure S3
for PNC ratios of sampling sessions relative to pre-
coughing). Without any face coverings, the back-
ground-subtracted peak PNC reached up to 372 par-
ticles’cm® at 0.3m immediately after coughing and
decreased to a near-background level within 2-3s,
which is in agreement with previous studies
(Bourouiba et al. 2014; Nishimura et al. 2013). When
moving to 0.9 and 1.8m, the mean PNCs were
reduced to 47 +7% and 10 + 5%, respectively, of what
was measured at 0.3 m.

The cough-generated particles were shown to travel
to 0.9m within 4-26s (with an average of 16+7s)
across all 15 coughs generated by the volunteer
(Figure 1 and SI Figure S2). This wide time range is
likely due to the complexity associated with three fac-
tors: (1) how fast the cough droplets evaporate into
smaller sizes depends on the initial particle size, room
temperature and relative humidity (Morawska 2006;
Morawska et al. 2009; Xie et al. 2007), (2) environ-
mental airflow that governs the diffusion of particles
that lost their momentum given by the cough imme-
diately (Nishimura et al. 2013), and (3) the cough-to-
cough variations due to an unstable coughing source.
Moreover, it took 10-30s (with an average of 19+7s)
for the particles to travel from 0.9 to 1.8 m. A previ-
ous study reported that cough droplets cannot travel
more than 2m in a space with stagnant surrounding
air (Dbouk and Drikakis 2020). In this study, how-
ever, the central ventilation produced an air exchange
rate of 2.3h™" in the laboratory room, which was
much higher than one would expect in stagnant air,
thus it may enhance the transport of cough particles.
It should be noted that the average peak flow rate of
the cough from the volunteer in this study was
20.5+3.2L/min, which was considerably lower than
that reported in a clinical study of up to 200 L/min
(Salam et al. 2004). Since the distance traveled by
droplets in the indoor environment heavily relies on
the initial air jet velocity (Xie et al. 2007), the trans-
port of the cough droplets observed in this study may
represent a conservative estimate. Should the peak
flow rate increase, one would expect cough-generated
particles to travel even farther.

3.2. Mitigation by different face coverings indoors

The background-subtracted mean PNC at 0.3 m under
each face covering condition and the corresponding
percentage of particle reduction are summarized in
Table 1. Surgical mask with/without the face shield
and NO95 respirator or KN95 mask reduced cough-
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c. w/o face covering at 1.8 m
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Figure 3. Background-subtracted particle size distributions of cough-generated airborne particles under different face covering
conditions at 0.3, 0.9, and 1.8 m away from the volunteer. Error bars show the standard error of the mean. Please note different

scale on Y-axis.

generated particles by >94%. Because surgical mask
have been found to reduce the SARS-CoV-2 virus in
respiratory droplets, especially for particles <5um
(Leung et al. 2020), we can expect a similar or even
better performance using an N95 respirator or KN95
mask. Other face coverings including cloth mask and
the combination of face shield and cloth mask pro-
vided moderate protection with percentage of particle
reduction ranging from 77 to 89%. In contrast, the
face shield-only condition had an extremely low per-
centage of particle reduction (i.e., 4+23%). This is
likely because the face shield does not fit the face
snugly, and thus, cough droplets can escape from the
open gaps around the shield. These escaped droplets
representing the cough-to-cough variation are subse-
quently affected by the changing environmental air-
flow in the room, leading to even more variations in
the performance of the face shield. The filtration effi-
ciencies for face masks made by fabrics were reported
to have a wide range depending on the fabric materi-
als and number of layers (Zhao et al. 2020). In add-
ition to the filtration capacity relying on the mask
material, the “snug fit” of a mask is also important in
reducing the leakage of respiratory droplets especially
during violent expiratory events like coughing (Kahler
and Hain 2020; Verma et al. 2020). The loose-fitting
face coverings such as fabric masks without the

adjustable nose clip may lead to more leakage around
the nose compared to surgical mask and N95 respir-
ator. Unlike our measurements at 0.3m in an indoor
environment, Fischer et al. (2020) have evaluated the
efficacy of various face masks to obstruct speech par-
ticles from the source, showing similar results that
speech particles escaped through bandana and neck
gaiter easily. One potential confounding factor which
is worth noting here is particle shedding from the
mask. Asadi et al. (2020) found that when masks were
hand-rubbed, more particles were coming off home-
made ones compared to N95 respirator and surgical
mask. The relative contribution of particles from
shedding of the mask warrants future studies.

The background-subtracted PNC during coughing
at 0.3, 0.9, and 1.8m under different face covering
conditions is presented in Figure 2 (see SI Figure S4
for the comparison between the PNC at the back-
ground and during coughing). Compared to the back-
ground level, there were no significant PNC increases
at all three locations using surgical mask, N95 respir-
ator or KN95 mask, as well as the face shield together
with a surgical mask. A previous study found that the
inward protection was more efficient than the out-
ward protection for a home-made cloth mask, a surgi-
cal mask, and a N95 respirator (van der Sande et al.
2008). Thus, it would be reasonable to expect that the
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inward protection for these face coverings might be
higher than the outward protection shown in this
study. In contrast, significant increases in PNCs were
observed at 0.3 and 0.9 m when the face shield, cloth
mask, and their combinations were used. Our results
provide evidence showing that these face coverings
could not prevent the spreading of cough droplets at
0.9m, although it was indicated as a safe distance to
avoid aerosol transmission by the World Health
Organization (WHO 2020a). Furthermore, significant
increases of ~6 particles/cm® at 1.8m were found
under two face covering conditions (i.e., #2 and 4),
indicating that the current physical-distancing guide-
line (i.e., 6 feet) from the U.S. Centers for Disease
Control and Prevention may not provide sufficient
protection (CDC 2020b).

3.3. Cough-generated particle size distributions

The background-subtracted particle size distributions
of respiratory droplets due to coughing with and with-
out face coverings at different locations are shown in
Figure 3. Unlike previous studies that reported a
larger droplet size with the mode ~8-15pum
(Bourouiba et al. 2014; Duguid 1946; Yang et al.
2007), about 99% of the cough droplets were found
less than 2.5um with an average mode diameter of
~0.6 pm in this study. The scarcity of particles greater
than 5pm detected in this study suggested an instant
evaporation of respiratory droplets after released into
the indoor environment. Approximately 80% of the
particles <2.5um were able to travel to 0.9m and
10% of the particles <1.1pm likely reached 1.8m.
The decreasing trend in particle size with increasing
distance further confirmed that smaller droplets tend
to travel farther away more readily than larger par-
ticles (Morawska 2006; Morawska et al. 2009).
Additionally, SARS-CoV-2 aerosols were mainly
detected in size ranges of 0.25-1 and 2.5-5 um, which
are similar to the cough-generated particles, in two
Wuhan hospitals during the COVID-19 outbreak (Liu
et al. 2020), demonstrating the potential of virus-laden
particles to be suspended in the air and transport to
farther distance.

Under condition #2 face shield only, the particle
levels at most sizes (i.e., 0.54-5pm) were higher than
those of other face coverings at 0.3 m. In contrast, the
cloth mask performed better for particles >1um but
not for smaller particles. Small particles (i.e., <0.7 pm)
were more likely to be observed at 1.8m using face
coverings with particle reduction <90%. Other face
coverings with particle reduction >90% showed a

near-background size distribution at all three loca-
tions. We observed good performance in mitigating
particles >0.54 pm under conditions #4 (i.e., the com-
bination of face shield and cloth mask) at both 0.9
and 1.8m. However, this finding contradicts the
results in Figure 2, which shows significant increases
in PNCs at 0.9 and 1.8 m. This is presumably because
particles smaller than 0.54 um could not be detected
by the APS. Similar results regarding the filtration
efficiency have been obtained by Liu and Zhao (2020)
that cloth masks showed lower efficiency in both sub-
micron and supermicron regions compared to N95
respirator and surgical masks. Because the cough-gen-
erated particles leaking through the face coverings
were most abundant in the submicron size range with
the virus-laden potential (Liu et al. 2020), the different
abilities of face coverings to mitigate respiratory drop-
lets should be taken carefully into consideration in
order to defend against COVID-19.

There are several limitations in the current study.
First, the current findings were obtained under a spe-
cific indoor condition. Many recent studies have
pointed out that poor exhaust ventilation may con-
tribute to the transmission of the virus (Buonanno
et al. 2020; Correia et al. 2020; Vuorinen et al. 2020).
The fate of respiratory droplets in the indoor environ-
ment can be affected by a variety of factors such as
temperature, relative humidity, and air exchange rate
(Morawska 2006; Xie et al. 2007). Second, there is a
large inter-person variability in the respiratory particle
concentrations, saliva contents, and expelling speeds
of cough droplets (Morawska 2006; Yang et al. 2007).
Thus, results from this study should be generalized
with caution. Future research should examine strategic
mitigation measures that are explicitly for indoor
environments to reduce aerosol transmission
(Morawska et al. 2020; Prather et al. 2020).

4, Conclusions

This study assessed the effectiveness of different face
coverings against the outward transport of respiratory
particles in an indoor environment. At 0.3 m from the
coughing source, face shield by itself provided the
least protection (i.e., 4%). In contrast, cloth mask
reduced cough particles by 77%, and the combination
of face shield and cloth mask improved the particle
reduction to 89%. Surgical mask and N95 respirator/
KN95 mask offered excellent protection and substan-
tially reduced cough droplets >94%. Although cloth
masks did not perform as well as N95 respirator/
KN95 mask and surgical mask, they could still serve



as a simple barrier to help reduce the spread of
respiratory droplets and likely decrease the infection
risk of COVID-19. Respiratory particles generated by
coughing, especially small particles, tend to reach
1.8 m away from the source even with face coverings.
Thus, to minimize the infection risk of aerosol trans-
stricter mitigation measures should be
adopted for indoor environments, which are more
likely to be enclosed and crowded.
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