
Human Research Study of Particulate Propagation
Distance From Human Respiratory Function

Jonathan Reyes, Bernhard Stiehl, Juanpablo Delgado, Michael Kinzel, Kareem
Ahmed

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article/225/8/1321/6501312 by guest on 29 July 2022

http://akrurl.com/.2zpmo


The Journal of Infectious Diseases

Particulate Propagation Distance  •  JID  2022:225  (15 April)  •  1321

M A J O R  A R T I C L E

Received 3 May 2021; editorial decision 8 December 2021; accepted 15 December 2021;  
published online 12 January 2022.

Correspondence: Kareem Ahmed, PhD, Department of Mechanical and Aerospace 
Engineering, University of Central Florida, Orlando, FL 32816 (Kareem.Ahmed@ucf.edu).

The Journal of Infectious Diseases®    2022;225:1321–9
© The Author(s) 2022. Published by Oxford University Press for the Infectious Diseases Society 
of America. This is an Open Access article distributed under the terms of the Creative Commons 
Attribution-NonCommercial-NoDerivs licence (https://creativecommons.org/licenses/
by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of the work, in any 
medium, provided the original work is not altered or transformed in any way, and that the work 
is properly cited. For commercial re-use, please contact journals.permissions@oup.com
https://doi.org/10.1093/infdis/jiab609

Human Research Study of Particulate Propagation 
Distance From Human Respiratory Function
Jonathan  Reyes,1 Bernhard  Stiehl,1 Juanpablo  Delgado,1 Michael  Kinzel,1 and Kareem  Ahmed1

1Department of Mechanical and Aerospace Engineering, University of Central Florida, Orlando, Florida, USA

Background.  Airborne viral pathogens like severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) can be encapsu-
lated and transmitted through liquid droplets/aerosols formed during human respiratory events.

Methods.  The number and extent of droplets/aerosols at distances between 1 and 6 ft (0.305–1.829 m) for a participant wearing 
no face covering, a cotton single-layer cloth face covering, and a 3-layer disposable face covering were measured for defined speech 
and cough events. The data include planar particle imagery to illuminate emissions by a light-sheet and local aerosol/droplet probes 
taken with phase Doppler interferometry and an aerodynamic particle sizer.

Results.  Without face coverings, droplets/aerosols were detected up to a maximum of 1.25 m (4.1ft ± 0.22–0.28 ft) during speech 
and up to 1.37 m (4.5ft ± 0.19–0.33 ft) while coughing. The cloth face covering reduced maximum axial distances to 0.61 m (2.0 
ft ± 0.11–0.15 ft) for speech and to 0.67 m (2.2 ft ± 0.02–0.20 ft) while coughing. Using the disposable face covering, safe distance 
was reduced further to 0.15 m (0.50 ft ± 0.01–0.03 ft) measured for both emission scenarios. In addition, the use of face coverings 
was highly effective in reducing the count of expelled aerosols.

Conclusions.  The experimental study indicates that 0.914 m (3 ft) physical distancing with face coverings is equally as effective 
at reducing aerosol/droplet exposure as 1.829 m (6 ft) with no face covering.

Keywords.  aerosols and droplets; COVID-19; face coverings; human respiratory function; social distance study.

Pandemics like that of coronavirus disease 2019 (COVID-19) 
can be driven by airborne-transmitted pathogens. Airborne 
transmission paths associated with natural human respiratory 
functions (speaking and coughing) are driven by pathogen-
carrying droplets and aerosols [1, 2] ejected from the host 
and leading to various transmission paths [3, 4]. The impact 
of the pandemic has resulted in global-scale infection and 
deaths, health system overloads, and severe economic damage 
[5–9]. Originating from biofilms, the liquid includes multiple 
scales of droplets, including large-scale droplets (that settle), 
mid-scale droplets that evaporate, and small-scale droplets 
(described as aerosols). The World Health Organization and 
the Centers for Disease Control and Prevention (CDC) rec-
ommend physical distancing of 1 m (3.28 ft) and 6 ft (1.829 
m), respectively, with face coverings to reduce droplet-related 
pathogen transmission.

Studies with high-speed stroboscopic light photography 
[10] found a majority of respiratory droplets to lie within the 
7–10 µm diameter range and expelled no more than 2–3 ft 
(0.610–0.914 m). The study also qualitatively measured the ef-
fectiveness of face covering, identifying 3 main parameters that 
influence filtering: material/mesh size, air permeability, and 
droplet permeability [10]. The tested face coverings heavily 
reduced droplet counts due to large droplets being either fil-
tered/absorbed by the face covering or divided by the mesh in 
the fabric and slowed down. The quantity and travel distance 
of particles after passing through the face covering was based 
on the pressure drop. As such, the face covering showed ef-
fectivity at reducing droplet/aerosol quantity and propagation 
distance for coughing and speaking, while being less effective 
against sneezes. Studies by Weaver [11] recommended the use 
of 3-layer face coverings with a mesh of 40 threads or more to 
remove the majority of bacteria-carrying droplets. In addition, 
the sensitivity to ambient variables was considered to drive 
the virus transmission. Studies by Ratnesar-Shumate et al [12] 
found a rapid inactivation of severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) while drying in suspension under 
simulated sunlight. A recent biomedical study on the stability 
of a SARS-CoV-2 isolate [13] found no influence of tempera-
ture variations, a moderate sensitivity to the variation of sim-
ulated sunlight and relative humidity [13], and high sensitivity 
to saliva properties [13, 14]. The effect of indoor ambient hu-
midity on the risk of acute respiratory illness was studied by 
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Han et al [15] over 3 years, reporting a negative association of 
acute respiratory illness at low absolute humidity levels during 
cool seasons [15]. Controversial results by Kormuth et al [16], 
testing the lifetime of influenza virus in stationary droplets and 
suspended aerosols in a humidity-controlled chamber, reported 
high infectivity regardless of the humidity level. Further studies 
outlined a virus inactivation potential to undetectable levels for 
certain types of oral rinses, verified with saliva suspension tests 
[17].

Recent investigations returned to the fundamentals with a 
recommendation for a 1 to 2-m social distancing limit, while 
utilizing high-quality face coverings to further mitigate the risk 
of contracting an airborne infection [18–20]. A reusable, 3-layer 
cloth face covering was found to match the filtering efficiency 
of 3-layer disposable coverings under ideal conditions [21]. 
Quantitative impaction air samples were taken by Bischoff et al 
at 1 ft (0.305 m), 3 ft (0.610 m), and 6 ft (1.829 m) from the pa-
tient, reporting a significant transmission risk due to the pres-
ence of small droplets and aerosols (diameter < 4.7 µm) [22]. 
However, a comprehensive review study of droplet and airborne 
travel distance from human respiratory function documented 
the wide variance in results of existing research [23], outlining 
the need for a new study to document the effect of face cover-
ings with quantitative droplet detection technology. Hence, the 
present human research study was conducted to quantify and 
compare the droplet/aerosol content and sizes at various dis-
tances from 2 respiratory events, speaking and coughing. The 
data were gathered using 3 measurement techniques simulta-
neously, planar particle imagery, phase doppler interferom-
etry, and an aerodynamic particle sizer. The measurements are 
reported for no face covering, a cotton single-layer cloth face 
covering, and a 3-layer disposable face covering. The results 
quantitatively verify what was reported in a recent distance 
study [24] in the context of a group, and indicate that, with face 
coverings, a physical distance of 3 ft (0.914 m) will have simi-
larly low exposure to exhaled droplets/aerosols as 6 ft (1.829 m) 
without a face covering.

METHODS

Table 1 and Table 2 list all equipment and participant demo-
graphics as they pertain to the study. Figure 1 depicts a schematic 

of the equipment’s and participants’ orientation relative to each 
other. The experiment consisted of each participant reciting a 
phrase and simulating a cough each for 5 minutes without face 
covering, with a cotton single-layer cloth covering, and with a 
3-layered disposable covering. The phrase was “The quick brown 
fox jumps over the lazy dog into a field of pretty playful perpetually 
purple pandas.” The phrase is a pangram (containing every letter 
of the alphabet) and has “puh,” “ple,” and “pra” pronunciations, 
which create large droplets that travel longer distances [10]. The 
experiments were performed in a dust-free environment to min-
imize ambient particulate noise. The temperature of the room 
was maintained at 20°C with 35% relative humidity. The cloth 
face coverings (Hanes) were single-layer, 100% moisture-wicking 
cotton fabric, while the disposable face coverings (Bailey) were 
3-layer fabric with a mean pore size of 15 μm. The face coverings 
are designed to reduce human aerosol and droplet emission by 
absorption and/or filtration, depending on the mesh pore size, 
material, and disposability of the face covering.

A high-power illumination source was used to illuminate a 
1.5 × 1.5 ft (0.457 × 0.457 m) planar region. Aerosols/droplets 
entering this region produced light scatter that was captured 
by a 5 MP camera recording at 30 fps. This allowed sufficient 
light scatter of the expelled droplets. An opaque background 
was used to generate greater contrast. A phase doppler interfer-
ometer (PDI; Artium Technologies 1D-PDI) and aerodynamic 
particle sizer (APS; TSI Model 3321) were placed at the back 
center of the imaging domain (3 in [7.6 cm] from the edge of 
the planar region) and were used to record the aerosol/droplet 
size distribution and velocity (Figure 1A). The equipment re-
mained stationary and distance data were obtained by the par-
ticipant moving in 1-ft (0.305-m) increments from the capture 
region. The experimental data were recorded and processed by 
J. R. at the University of Central Florida. 

There were 7 marked locations for the fixed displacements, 
each 1 ft (0.305 m) apart in the axial direction (Figure 1). The 
horizontal x-axis of the processed data and imaging material 
was aligned with the mouth level of the respective participant. 
Data were recorded up to 0.5 ft (0.152 m) above and below cen-
terline along the entire axial downstream coordinate. Data up to 
1.5 ft (0.457 m) above and below centerline were acquired at the 
1-ft (0.305-m) and 2-ft (0.610-m) axial positions by adjusting 

Table 1.  Experiment Specifications

Equipment Specifications Use Placement 

Light source 532 nm, 150 mJ Particle illumination  ROI

Camera 5 MP, 30 fps Capture of particle scatter 1.52 m from ROI

PDI 0.5 < diameter < 1000 
μm

Particle distribution/velocity ROI

APS 0.3 < diameter < 500 μm Particle distribution ROI

Cloth face covering Single layer, 100% cotton Exhausted particle reduction Over participant’s nose and mouth

Disposable face covering Triple layer, 15-μm mesh Exhausted particle reduction Over participant’s nose and mouth

Abbreviations: APS, aerodynamic particle sizer; PDI, phase doppler interferometer; ROI, region of interest.
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the equipment along the vertical direction. For speech, the par-
ticipants stood at the marked location and recited the phrase for 
5 minutes. The exhaled aerosols/droplets were illuminated and 
captured by the camera, while simultaneously measured using 
the PDI and APS. Subsequently, the participant moved back-
wards to the next marked location and began reciting the phrase 
while data were recorded. Participants were asked to speak as 
loudly as possible, and their decibel levels were recorded. The 
average decibel rating was 87.8 ± 5.05 dB throughout the tests. 
This was repeated until the participant reached the final loca-
tion. The process was repeated with the cloth and disposable 
face coverings. An example of how these data were segmented 
and compiled is shown in Figure 1B. The experiments were re-
peated for a cough, with the participant simulating a cough for 
5 minutes. The participants were asked to keep the rate of their 
coughs close to 10 coughs per minute and maintain intensity. 
The experiments were repeated at each location and with all 
types of face coverings. To verify near-constant droplet emis-
sion levels of a single participant throughout the test procedure, 
a reference dataset was collected in reverse order, initializing 
the data collection at 6 ft (1.829 m) distance and having the par-
ticipant subsequently move forward.

The images were postprocessed to create pseudo–long-
exposure images that represent the aerosol/droplet path lines, 
generated by superimposing a 2-dimensional temporal moving 
average at a given location from each participant and com-
bining the locations into a particle exposure image (Figure 1B). 
Aerosol/droplet loading was then calculated by normalizing 
the intensity of the exposure image and total counts of aero-
sols/droplets by the intensity and counts in the region be-
hind the point of origin. Only 1  ×  1 ft (0.305  ×  0.305 m) of 
the 1.5 × 1.5 ft (0.457 × 0.457 m) segments were used to com-
pile the images. This accounts for differences and movements 

of participants during recording and the Gaussian character of 
the light source.

The study was designed with power analysis to ensure suf-
ficient participants to evaluate a hypothesis. The number of 
participants was based on the analysis of sample sizes for 2 in-
dependent samples, 3 ft (0.914 m; µ1) and 6 ft (1.829 m; µ2), as-
suming a continuous outcome. With a confidence level of 95% 
and 80% power, the probabilities yield a type I error of 5% (α) 
and type II error of 20% (β). An estimated standard deviation 
(σ) of 3.5 ft (1.067 m), extracted from previous studies [23], was 
used. In Equation 1, common values for 1-tail assessments of 
Z1-α/2 and Z1-β are used, that is 1.96 and 0.840, respectively. δ is 
3 ft (0.914 m; |µ1 − µ2|) and represents the size of the effect that 
is clinically worthwhile to detect. The power analysis, given as

N =

(
Z1−α

2
+ Z1−β

)2 ∗ σ2

|µ1 − µ2|2
= 10.67

 
(1)

indicates that at least 11 participants are required. In this study, 
a total of 14 participants were included. The sex of the participants 
were 11 male and 3 female, their heights varied from 165.1 cm to 
185.4 cm, and participants’ ages varied from 21 to 31 years (Table 
2). Data presented in Table 2 and Table 3 include the 90% con-
fidence interval, in parentheses. With face coverings in use, the 
data become a strong function of the face covering itself, reducing 
the parameter sensitivity to demographic variability. The effect of 
minimized distance and confidence intervals as a function of the 
quality of the face covering can be tracked in Table 3).

RESULTS

Outcomes of the speech and cough studies are presented, both 
conducted without any face covering, with a cotton single-layer 
cloth face covering, and with a 3-layer disposable face covering.

Table 2.  Statistical Participant Information

Participant Age, y Height, ft Sex 

Zero-Exposure Distance, ft (90% CI)

No Cover Cloth Cover Disposable Cover 

1 28 5.67 Male 4.3 (±0.22) 2.1 (±0.12) 0.5 (±0.01)

2 25 5.83 Male 4.4 (±0.24) 2.2 (±0.14) 0.5 (±0.03)

3 26 5.58 Male 4.3 (±0.19) 2.0 (±0.20) 0.5 (±0.01)

4 24 5.75 Male 4.5 (±0.31) 2.1 (±0.11) 0.4 (±0.01)

5 23 5.75 Male 4.4 (±0.25) 1.8 (±0.05) 0.5 (±0.02)

6 29 5.67 Male 4.4 (±0.23) 2.0 (±0.18) 0.5 (±0.01)

7 26 5.42 Male 4.2 (±0.28) 1.9 (±0.10) 0.5 (±0.03)

8 22 5.92 Male 4.5 (±0.19) 2.1 (±0.02) 0.4 (±0.01)

9 30 5.75 Male 4.1 (±0.22) 2.0 (±0.04) 0.5 (±0.01)

10 31 6 Male 4.5 (±0.33) 2.1 (±0.13) 0.3 (±0.02)

11 27 6.08 Male 4.5 (±0.26) 2.2 (±0.14) 0.5 (±0.03)

12 28 5.67 Female 4.4 (±0.22) 1.8 (±0.13) 0.4 (±0.02)

13 27 5.5 Female 4.4 (±0.21) 1.7 (±0.04) 0.5 (±0.01)

14 21 5.58 Female 4.5 (±0.30) 2.1 (±0.15) 0.5 (±0.02)

Abbreviation: CI, confidence interval.
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Speech Study

Figure 2 shows the effect of the face covering on the distance 
traveled by the aerosols/droplets ejected from participants 

during speech. All plots in Figure 2 show time-averaged aer-
osol/droplet path lines from all participants. The spatial loading 
for each distance marker is represented by the color map and 

Capture region (1.5 × 1.5 ft)

Participant

Phase doppler
interferometer

Aerodynamic
particle sizer

Camera (5 MP)

Illumination source

Direction of participant’s
movement relative to
equipment in feet

1.5 ft

A

B

 0 ft

–1.5 ft

0 ft 1 ft 2 ft 3 ft
x

4 ft 5 ft 6 ft

6 5 4 3 2 1 0

y

Figure 1.  Experimental approach: (A) diagram of experimental set up with labeled equipment; and (B) acquisition grid used to obtain distance data.

Table 3.  Summarized Results From All Experimental Test Cases and Participants With 90% Confidence Intervals in Parentheses

Mode Face Cover, Type Average Exhausted Diameter, μm Maximum Exhausted Distance, ft Average Exhausted Velocity, m/s Expelled Volume, mL 

Speech None 11.5 (±1.10) 1.25 (±0.08) 5.3 (±0.32) 3.5 (±0.29)

Cloth 1.5 (±0.11) 0.61 (±0.04) 1.9 (±0.14) 0.05 (±4e-3)

Disposable 0.8 (±0.06) 0.15 (±0.01) 0.8 (±0.05) 0.002 (±2e-4)

Cough None 13.2 (±1.30) 1.37 (±0.09) 12.1 (±0.74) 4.3 (±0.41)

Cloth 1.9 (±0.14) 0.67 (±0.04) 4.8 (±0.33) 0.07 (±5e-3)

Disposable 0.7 (±0.07) 0.15 (±0.15) 0.9 (±0.08) 0.001 (±1e-4)
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is the percentage of counted particles along the axial direction, 
normalized by the amount at 0 ft. Two-dimensional particle 
imagery fields and size distributions are overlayed and aligned 
to the axial direction. Figure 2A shows data associated with no 
face covering, Figure 2B a cloth face covering, and Figure 2B a 
disposable face covering.

No Face Covering
When no face covering was worn (Figure 2A), a high concen-
tration of aerosols/droplets was visible up to 4.1 ft (1.250 m) 
downstream. Due to the limited forward momentum generated 
by speech, aerosols/droplets took a randomized path with little 
alignment to the horizontal axis. However, the bulk motion of 
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Figure 2.  Path line images of compiled speech recordings (A) without a face covering; (B) with a cotton cloth covering; and (C) with a 3-layer mesh disposable covering.
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aerosols/droplets remained relatively aligned to the forward di-
rection. Maximum vertical fluctuations of y = ±1.2 ft (0.366 m)  
were recorded at an axial distance between 1 ft (0.305 m) and 
2 ft (0.610 m). At 1 ft (0.305 m), the PDI counted a total of 
250  000 aerosols/droplets in the range of 0 to 100 µm, with 
a peak of 7300 counts at 1 µm, signifying the maximum aer-
osol concentration. At 100 µm diameter, a second peak of 1200 
droplets was measured, a local maximum that represented the 
larger droplet fraction. The overall measured count decreased 
along the axial direction, reaching 40% reduction from origin 
after 2 ft (0.610 m) distance, 5% after 3 ft (0.914 m), and 0.15% 
after 4 ft (1.219 m).

Cloth Face Covering
Tests with a single-layered cloth face covering (Figure 2B) re-
turned a lower number of detectable aerosols/droplets. At 1 ft 
(0.305 m), a total of 29  000 counts of aerosols/droplets were 
detected, signifying a reduction of 88.4% relative to the counts 
at 1 ft (0.305 m) without a face covering. The large droplet 
fraction (approximately 100 µm) was filtered entirely by the 
face covering, with the largest detected droplet being 21 µm. 
Approximately 1400 units at the small scale (approximately  
1 µm) were able to penetrate through the face covering (a reduc-
tion of 80.8% in aerosols), leaving traces visible up to 1 ft (0.305 
m) axial distance. Few aerosols/droplets remained detectable 
downstream, with total count dropping to 2500 at the 2 ft (0.610 
m) marker and none detected at the 3 ft (0.914 m) marker. The 
planar particle imagery data show that at least 1 aerosol/droplet 
was present up to 2.1 ft (0.64 m). The use of a cloth face covering 
reduced aerosol/droplet concentration and reduced propagation 
distance from 4 ft (1.219 m) to 2 ft (0.610 m).

Disposable Face Covering
When a 3-layer disposable face covering was worn (Figure 
2C), the emission downstream of the face covering was fur-
ther reduced. Like the cloth face covering, the disposable 
covering filtered out the large-scale droplets entirely. No 
aerosols/droplets were detected at 1 ft (0.305 m) and thus the 
PDI and APS systems were moved to 0.5 ft (0.152 m). At this 
location, a total of 15  000 counts of aerosols/droplets were 
recorded (a 94% reduction from without a face covering). A 
limited amount of about 600 units at the small-scale range 
(approximately 1 µm) was recorded, with the largest recorded 
droplet being 11 µm. From the particle planar imagery, the 
maximum aerosol/droplet travel distance was 0.5 ft (0.152 
m). Because the disposable face covering had limited adjust-
ability, the images show a minor amount of undirected path 
lines to originate from the chin area and from both sides at 
the nose. However, due to the high filtering efficiency of dis-
posable face coverings, horizontal emission downstream of 
the face covering was negligible and reduced travel distance 
to 0.5 ft (0.152 m).

Cough Study

The study was repeated for a series of cough events. Figure 3 
is structured similarly to Figure 2, showing no face covering 
(Figure 3A), cloth face covering (Figure 3B), and disposable 
face covering (Figure 3C). A comparable aerosol/droplet count 
was recorded relative to speech [10].

No Face Covering
The cough event without face covering yielded the maximum 
emission travel of 4.5 ft (1.372 m) per the planar particle im-
agery data. A cough (Figure 3) showed more aligned aerosol/
droplet traces relative to speech (Figure 2). The bulk of the path 
lines were concentrated along the horizontal distance, traveling 
through the first domain with a moderate divergence angle 
of ± 10°. The recorded propagation shows a reduced extent in 
the vertical directions. Despite the focused horizontal propa-
gation, a high concentration of falling droplets was recorded 
in the lower sampling squares (−0.5ft ≤ y ≤ −1.5ft). This was 
confirmed with the APS and PDI data, showing a more distinct 
droplet fraction relative to the speech result [25]. Coughing 
produced a total count of 300  000 aerosols/droplets (a 20% 
increase over speech) at the 1 ft (0.305 m) location with higher 
concentration of large-scale droplets, 2000 counts (versus 
1200 counts during speech). The large-scale droplet peak for 
coughing was found to be at 90 µm, whereas for speech it was 
at 100 µm.

Cloth Face Covering
When coughing into a single-layer cloth face covering (Figure 
3B), a different expulsion pattern was visualized. A moderate 
horizontal trajectory was noticed in the first domain, yielding 
an approximate divergence angle of y = ±25°. The vertical prop-
agation resulted in significant detectable intensities in the outer 
squares (y ≤ ±1.5 ft) between 1 ft (0.305 m) and 2 ft (0.610 m) 
axial distance. Coughing into a cloth face covering forces aero-
sols/droplets to deflect due to the resistance of the face cov-
ering. The expulsion exits through the crevices at the top and 
bottom ends of the covering, located by the nose and chin. As 
a result, the maximum axial penetration of one given aerosol/
droplet recorded by planar particle imagery was 2.2 ft (0.671 m) 
in the upper and lower quadrants of the recording domain. The 
cloth filtered out large-scale droplets entirely with a maximum 
droplet diameter captured of 24 µm. A reduction of 89.0% of 
total aerosols/droplets counts were recorded, with 0 aerosols/
droplets detectable after 2 ft (0.610 m) according to the PDI and 
APS instruments.

Disposable Face Covering
Like speech, high filtering efficiency of the 3-layer disposable 
face covering was recorded for the cough, and a propagation 
distance of 0.5 ft (0.152 m) axial distance was observed. The 
cough particles did not leave the near field of the disposable face 
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covering. Figure 3C shows a very limited number of aerosols/
droplets left the face covering and were detected by the imaging 
system. The total count remained low and did not differ signif-
icantly (4% deviation) from speech.

Population Statistics

Table 3 shows a list of relevant parameters that summarizes all 
tests and participants. To capture both aerosol/droplet size dis-
tribution and expelled quantity into a single quantity, the total 
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Figure 3.  Path line images of compiled cough recordings (A) without a face covering; (B) with a cotton cloth covering; and (C) with a 3-layer mesh disposable covering.
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expelled volume was calculated using Equation 2 where VTotal 
represents the total expelled volume at the point of origin, n 
represents the bin number, Cn is the total counts at bin n, and dn 
is the diameter of an aerosol/droplet at bin n.

VTotal =
n∑
1

Cn
1

6
πd3

n

 
(2)

From Table 3, speech particles were smaller than cough par-
ticles, but when either face covering was used, the mean sizes 
were similar. Coughing propagated further than speech for the 
cases where no face covering or cloth face coverings were used, 
but the use of a disposable face covering normalized both events 
to a maximum distance of 0.5 ft (0.152 m). Coughing produced 
higher expelled velocities (approximately 2 times that of speech) 
for cases with no face covering or cloth covering but normalized 
to less than 1 m/s when a disposable face covering was used. 
Coughing produced more expelled volume than speech with no 
face covering and the cloth face covering but were very similar 
in quantity when the disposable face covering was used. It is 
important to note a reduction of over 98% in expelled volume 
when using either face covering.

DISCUSSION

The current recommendation for social distancing in the United 
States is based on the initial CDC guideline of 6 ft (1.829 m) ir-
respective of using face coverings and considered safe. Findings 
from this study indicate that when face covering is used, equiv-
alent 6 ft (1.829 m) aerosol/droplet exposure is recorded at a 
shorter distance. The furthest propagation measured from this 
study was from a cough event without any face covering and 
did not travel any further than 4.5 ft (1.372 m) axial distance. 
The use of cloth face coverings showed the ability to reduce the 
propagation distance to 2–2.2 ft (0.610–0.671 m). Additionally, 
the use of a disposable face covering allowed further reduction 
of the axial propagation distance to 0.5 ft (0.152 m). The dis-
posable face covering performed better than the cloth face cov-
ering due to the smaller crevices remaining further away from 
the mouth.
Both speech and cough emission output consisted of a high-
count, small diameter (approximately 1μm) aerosol fraction as 
well as a low-count droplet fraction at approximately 100 µm di-
ameter without a face covering. Differences in the size and evap-
oration characteristics between speech and cough experiments 
were subordinate and strongly governed by the effect of the face 
covering. With respect to the speech case count at 1 ft (0.305 
m) distance without a face covering, the count was reduced by 
a factor of 8.7 with the cloth covering, and by a factor of 16.5 by 
wearing the disposable covering. Differences were shown with 
an analysis of the spatial distribution pattern: cough particulate 
showed a greater perpendicular spread and more directed par-
ticle paths, indicated by the higher exhaust velocity of the cough 
event. The largest amount of perpendicular (± y) effects were 

produced by coughing with a cloth face covering, showing a re-
direction of droplet emission across a ± 25° divergence angle.
Measurements indicate that with a face covering, there is a re-
duction in expelled volume (Table 3). The expelled volume re-
duction indicates that the point where zero risk to exposure 
happen at a closer distance to the host. In Table 2 the zero-
exposure distance for each participant is reported for no cov-
ering, cloth covering, and disposable covering. This would be 
the location where there is zero exposure to aerosols/droplets, 
determined with the planar particle imagery and confirming 
that the PDI detected no data past this point. The results show 
that the zero risk to emission exposure one would experience 
at 6 ft (1.829 m) from an individual without a face covering is 
experienced at 2.2 ft (0.671 m) with a cloth face covering, and 
0.5 ft (0.152 m) with a disposable face covering, indicating that 
utilization of a face covering is effective at reducing exposure to 
aerosols/droplets expelled from a host.

CONCLUSIONS

Zero exposure to aerosols/droplet without a face covering oc-
curs at a maximum of 4.5 ft (1.372 m) for cough and speech 
respiratory events. This study quantified that face coverings ex-
hibit different distribution and velocity characteristics in com-
parison to without a face covering for both cough and speech. 
The cloth face covering tended to deflect aerosols/droplets 
causing a more vertical spread, most notable during a cough. 
All face covering types reduce expelled volume and propagation 
distance, with the disposable face covering being the most ef-
fective at reducing both. Thus, the human research study of aer-
osol/droplet propagation distance from the human respiratory 
events highlights 3 ft of physical distancing with face coverings 
to be equally as effective as 6 ft of physical distancing without a 
face covering.
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