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Abstract

SARS-CoV-2 and its ever-emerging variants are spread from host-to-host via expelled

respiratory aerosols and saliva droplets. Knowing the number of virions which are

exhaled by a person requires precise measurements of the size, count, velocity and

trajectory of the virus-laden particles that are ejected directly from the mouth. These

measurements are achieved in 3D, at 15,000 images/s, and are applied when speaking,

yelling and coughing. In this study, 33 events have been analysed by post-processing

∼500,000 images. Using these data, the flow rates of SARS-CoV-2 virions have been

evaluated. At high concentrations, 107 virions/mL, it is found that 136–231 virions are

ejected during a single cough, where the virion flow rate peak is capable of reaching

32 virions within amillisecond. This peak can reach tens of virions/mswhen yelling but

reduced to only a few virions/mswhen speaking. Atmedium concentrations,∼105 viri-

ons/mL, those results are hundreds of times lower. The total number of virions that

are ejected when yelling at 110 dB, instead of speaking at 85 dB, increases by two- to

threefold. From the measured data analysed in this article, the flow rate of other dis-

eases, such as influenza, tuberculosis or measles, can also be estimated. As these data

are openly accessible, they canbeusedbymodellers for the simulation of saliva droplet

transport and evaporation, allowing to further advance our understanding of airborne

pathogen transmission.

Key points:

∙ Advanced, optimized and combined laser-based imaging techniques for temporally

sizing and tracking respiratory droplets and aerosols.

∙ Understanding how pathogens are being ejected from the mouth when speaking,

yelling and coughing.

∙ Quantifying and analysing the variation of SARS-CoV-2 flow rates emission during

exhalation.
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INTRODUCTION

It is now well established that surface transmission is not the primary

pathway by which SARS-CoV-2 is spread.1–4 The current thinking is

that air transport is themoredirect and rapid route. Theairborne trans-

mission is defined as particles emitted by a person – via breathing,

speaking, coughing and sneezing – carried through the air and being

inhaledby another person. As the concentrationof suspendedparticles

reduces significantly away from their emission, the probability of their

transmission is directly related to the distance in between twopersons.

Medical researchers usually divide the particles found in human respi-

ratory emissions into two categories: ‘aerosols’, which are in the air for

long periods of time, and ‘droplets’ which reside in the air for shorter

periods prior to falling to the ground.5 There is no size that strictly sep-

arates the two; however, 5 μm is commonly used, and this value has

been adopted by the Centre for Disease Control as well as the World

Health Organization (WHO). In this article, the liquid particles that are

directly ejected from the mouth are divided into four categories: the

aerosolsbelow5μm; the large aerosolsbetween5and20μm; thedroplets

between20and100μm; and the large droplets above100μm.This cate-

gorization is described and illustrated in Figure 1a. Depending on their

initial size and their liquid/solid content, theair transportof theemitted

particles remains complexdue to their evaporationover time. In an ear-

lier study of saliva droplet evaporation,6 pure water was considered.

As the liquid properties of saliva are more complex than pure water, a

binary mixture of water and NaCl salt must instead be considered.7–9

The experimental validation of such numerical models can be achieved

using an acoustic levitator, in which saliva droplets are levitated at a

fixed location allowing them to be imaged over time. By means of a

reliable validated model,9 it has recently been demonstrated that the

water content of a saliva droplet with an initial diameter as large as

21 μm evaporates in less than 2 s, forming a residual solid aerosol

5 μm in diameter. This rapid transition depends on air temperature and

humidity, with the shrinkage resulting in a particle that is on average

23.5% of its initial diameter. Other simulation results from this model9

are shown in Figure 1b. A saliva particle with an initial diameter of

20μmbecomes a 4.7μmsolid residuewithin less than a second, assum-

ing that the air has a relative humidity of RH = 60% and an ambient

temperature ofTamb =20◦C. This dry solid particle remains at the same

vertical position after travelling 1.2 m away from its emission source

when assuming a cough with an initial air speed of 10m/s. This demon-

strates that ejected large aerosols, ranging in initial diameters between

5 and 20 μm, evaporate very rapidly and become solid particles with

final diameters of 1.2–4.7 μm. Those small solid particles can remain

suspended in the air for several hours, leading to a high probability of

airborne transmission of the virus to another host. Once inhaled, they

can then penetrate deeply into the lungs and deposit in the alveolar

lumen.

As originally mentioned by Duguid in 1934 in Ref. [10] and recently

summarised in Ref. [11], saliva droplets 100 μm in diameter represent

the largest particles that can remain in the air formore than 5 s and still

propagate at distances ofmore than 1m from the host. Thus, suchwide

exhaled particles can still be inhaled by a second person positioned at

close distance. Particles with an initial diameter of more than 100 μm
belong to the category of large droplets and quickly fall to the ground

leading to virus transmission via fomite rather than airborne pathways.

Figure 1b,c shows the state andposition of saliva particles a few sec-

onds after exhalation until they become residues that are fully solid.

During and after this liquid to solid phase transition, particles can be

further transported over several metres12 and are subjected to the

mixing between the exhaled gases and surrounding flows.13 The com-

plexity of this turbulent multiphase flow system, and the small size of

the resulting particles, makes experimental observations of the com-

plete process a challenge. This is an issue, as accurate and predictable

3D computations of saliva particle transport require detailed informa-

tion regarding their initial size, velocity and position, near the mouth

of a subject. Those boundary conditions must be well defined prior to

tracking their transport and evolution in time and space.14–17 Unfortu-

nately, detailed and complete sets of data are difficult to collect at the

source given the speed of the flows, the broad range of droplet/aerosol

sizes, and the large areas/volumes that need to be surveyed. These

measurements are themain focus of this article.

Determining the global size distribution of the ejected saliva parti-

cles is laborious due to its wide range, which spans from a fewmicrons

to several millimetres. Additionally, the particle population will change

in spaceand timedue to the rapid evaporationof thedropletwater con-

tent, further exacerbating the task. These complications greatly limit

the effectiveness of historical diagnostic tools, such as the Aerody-

namic Particle Sizer (APS),18–20 which sizes particles from0.5 to 20 μm
in diameter and returns time-averaged sizing information froma singu-

lar area in space. This tool collects a sample using a mechanical probe,

whereby aerosols are guided into the analyser. In the time needed

to transport the sample into the measurement volume, the water in

the saliva droplets will evaporate leading to solid aerosols. As the

approach cannot capture temporally or spatially resolved information,

the results obtained offer limited insight into the realistic dynamics of

these flow fields.

To acquire spatially resolvedmeasurements of droplet size, imaging-

based techniques must be employed. High-resolution white light shad-

owgraphy is a popular approach in the field of spray research where

droplets as small as ∼5 μm can be imaged using a long-distance micro-

scope objective.21 Imaging at such a high spatial resolution comes

at the cost of a small viewable area, typically in the range of a few

squaremillimetres. Although suchmeasurements can be achieved eas-

ily using a monodispersed droplet generator, they are hard to apply in

the case of human speech, which generates droplets in a transient and

uncontrolledmanner, both in space and time.

Some of the issues described above have been addressed by a tech-

nique called interferometric laser imaging for droplet sizing (ILIDS).22

In this approach, droplets are illuminated with a laser sheet and

imaged out-of-focus (at ∼70◦ detection angle) to generate interfer-

ence fringes whose frequencies are related to droplet diameter. This

configuration allows the imaged area to be extended to a few cubic

centimetres. Although ILIDS is ideally suited for sizing transparent

spherical droplets,23 it becomes challenging to implement in situations

with non-spherical solid particles. This is perhaps why only a couple
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NATURAL SCIENCES 3 of 22

F IGURE 1 (a) Categorization of exhaled particles as a function of their initial size. The ejected particles transit from liquid to solid overtime
due to rapid water evaporation. Simulated results of this effect, combinedwith the particle propagation induced by an airflow velocity of 10m/s
during a cough, are shown in (b). Those simulations are generated using themodel developed in Ref. [9], assuming initial particle sizes of 20, 50 and
100 μmexhausted in air with a relative humidity of RH= 60% and an ambient temperature of Tamb = 20◦C. (c) Size distribution of ejected particles
measured in this study between 3.2 and 100 μmbecomes a distribution of solid aerosols between 740 nm and 100 μmafter evaporation. Such
transition is experimentally shown for a single levitated saliva droplet, allowing the validation of the numerical model9 used here to deduce the
particle size distribution over time. Here, a high relative humidity of RH= 80% has been assumed to consider the high humidity of the exhaled air
flow. Despite this high RH, the drying of particles below 20 μm remains fast, below 2 s at Tamb = 22◦C.

of applications of ILIDS have been used in the study of expelled saliva

droplets.24,25 The need for a larger depth-of-field, while preserving

high spatial resolution, has recently motivated the use of digital inline

holography (DIH).26,27 A major benefit of DIH is its ability to generate

3D reconstructions of the particles, allowing them to be categorized

according to their respective shape. Although DIH and ILIDS present

interesting sizing features, they remain limited to small measurement

areas. As they do not cover the total area of what is naturally ejected

from the mouth, only part of the flow field produced by an exhalation

event is spatially resolved by those imaging techniques.

To visualize and characterize exhaled airflows, three common

approaches have been applied: Schlieren, thermal radiation detection

and particle image velocimetry (PIV). Schlieren28 is a photographic

technique that produces shadowgramsof thedensity changes through-

out the flow field. The technique has been used at a frame rate of

several kilohertz to analyse the exhaled air front,29,30 as well as to

assess airflow leakages around facemasks.31 The approach is based on

the detection of thermal radiation32 and uses near-infrared cameras to

observe the warm exhaled airflows.33 The third method, PIV, relies on

seeding the surrounding air with particles which are tracked over time.
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4 of 22 Exhaled aerosols and saliva droplets measured in time and 3D space

A recent study used PIV to show how different transport mechanisms

are responsible for the propagation of air over short and long distances

for speaking and breathing scenarios.34 However, this approach suf-

fers from two limiting factors. First, PIV measurements have difficulty

differentiating between the particles produced by the subject and the

seeds introduced by the researchers and second lack any 3D tracking

information due to the use of a thin laser sheet.

To detect and visualize the exhaled particles, various light-

scattering-based approaches are employed. White light illumination

strategies employing powerful LEDs have been used in conjunction

with various source/detector configurations to image saliva droplets.

Backscattering detection experiments have shown that the large

droplets produced from a sneeze can propagate distances of over

6 m.35 Side-scattering detections have been applied to the study of

facemasks in order to determine their blocking efficiency.36 Semi-

forward scattering detection schemes have also been employed for

analysing singing events.37 Despite their benefits, powerful white light

sources are not bright enough for the observation of the small and

fast-moving particles near the mouth. By using an intense laser sheet

instead, micrometric aerosols can be detected over a 2D area. This was

demonstrated for the first time in 1979,where aerosolswith diameters

less than 1 μmwere imaged using a TV camera as the detector.38 This

early development paved the way for nearly four decades of PIV

measurements.39 It is no surprise then that modern camera phones

can also detect the light scattered by saliva droplets illuminated via a

laser sheet.40,41 Data have been collected this way by taking images

long after ejection and have been used for assessing the performance

of protective facemasks.42 The collection of relevant quantitative data

near themouth requires much faster recording rates,43 typically in the

range of 10–20 kHz, with an exposure time between 10 and 100 μs.
Camera phones are simply not up to this task as they lack the required

frame rate and shutter speed.

In this work, we present an optimized imaging tool for the com-

plete characterization of the liquid particle flows produced by human

exhalations. Those respiratory droplets are measured near the mouth

and are categorized into four groups, as shown in the lower portion of

Figure1a. Thus, hydrateddiameters aredirectlymeasured in this study,

and the corresponding dehydrated diameters have been calculated.

The system, detailed in Figure 2a and in Movie S1, operates at high-

speed, reaching an image recording rate of 15 kHz. The semi-forward

detection strategy employed here, at 52◦ detection angle, results in

light intensity signals that are up to30 times higher than a conventional

perpendicular detection angle. This configuration allows the sizing of

the ejected saliva particles down to 3.2 μm, which become 740 nm

solid aerosols in less than 0.5 s. As the ejected particles are detected

directlywhen exiting themouth,manyof thembelong to the categories

of large aerosols and droplets, prior to evaporation. A measured size

distribution of saliva particles, transiting into solid particles, is shown

Figure 1c. With the current laser illumination and camera system, the

setup is capable of accurately measuring droplets up to 100 μm, parti-

cle speeds up to 56 m/s, and 3D trajectories over a distance of either

15 or 120 mm. Three-dimensional temporally resolved measurements

were performed at ∼10 mm from the lips of a person speaking, yelling

and coughing. Before any recordings were taken, particles in the air

were removed. Additionally, it was verified that the cameras were not

detecting any signal prior to the opening of the mouth of the subject.

For the speaking and yelling cases, the sentence ‘Protect better against

COVID’ was used as it contains several explosive syllables. A sound

level metre was placed 15 cm from the subject in order to quantify the

maximum decibel level of each event. A total data set of 33 events (7

speaking, 7 yelling and 19 coughing) have been obtained from three

persons: Subject 1 a 42-year-old man, Subject 2 a 27-year-old man and

Subject 3 a 30-year-oldman. From thosemeasurements, the flow rates

and total number of exhaled SARS-CoV-2 virions ejected over time and

space have been deduced. The presented data are openly accessible

and free to download, from Ref. [44] providing modellers with a real-

istic and complete set of input data. The ‘Results’ section presents the

experimental results for individual events related to Subject 1,whereas

the data collected for Subjects 2 and 3 are shown in the Supplementary

Information. Finally, the quantification of SARS-CoV-2 virions flow rate

is compared for all three subjects and for each exhalation case. Those

findings are discussed in the ‘Discussion’ section.

METHODS AND RESULTS

Instantaneous sizing and velocity of exhaled particles

The illumination strategy used in this study, detailed in Figure 2a and

Movie S1, combines two powerful continuous wave (CW) laser beams

(λ = 450 and 532 nm) with a dichroic mirror to obtain a total laser

power of 9 W. This commanding light intensity enables high detec-

tion sensitivity to small particles, even within a relatively large 3D

illumination volume. The recombined beams are shaped to form a

homogeneous top-hat intensityprofile, that is 15mmthickand120mm

high. Using this deep planar illumination instead of a thin light sheet

allows the saliva droplets to be tracked through a well-defined vol-

ume, rather than just a 2D plane. As this volume was positioned

at only ∼10 mm from the subject’s lips, it ensured that all droplets

ejected within ±72◦ half-angle were illuminated. The imaging system

consists of two cameras (high-speed cameras PhantomVEO710) oper-

ating simultaneously at 15 kHz and with an exposure time of 50 μs.
This high-speed stereoscopic arrangement enables a 3D triangulation,

whichworkswith a particle tracking velocimetry algorithm to calculate

individual droplet trajectories and velocitieswithin the illuminated vol-

ume. The procedure allowing the 3D tracking of the saliva droplets is

detailed in Figure 9. The cameras are positioned at an angle of 52◦ from

the incident laser beam direction, optimizing both the 3D triangulation

and the strength of the detected scattered light.

The light intensity scattered by a droplet ofmore than twice the size

of the illuminationwavelength is related to its surface area and, thus, its

diameter.45,46 This signalwasdetectedbetween48◦ and56◦ due to the

collection angle defined by the position and dimensions of the objec-

tive from Cam.2. This recorded intensity was correlated to the droplet

diameter using a curve calculated by the Lorenz–Mie theory. The theo-

retical curvewas calibrated using high-resolution shadowgraph images
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NATURAL SCIENCES 5 of 22

F IGURE 2 Simultaneous counting, sizing and 3D tracking of expelled saliva droplets from Subject 1, for speaking, yelling and coughing. (a)
Description of the optical arrangement for measuring both the 3D trajectory and the size of saliva droplets at 15 kHz frame rate. Two CW laser
beams are shaped to form an illumination volume of 15mm thick by 120mmhigh. The light scattered by the exhaled droplets was detected in the
semi-forward scattering direction (52◦) to optimize 30 times the detection sensitivity. An example of the raw images collected by this stereoscopic
arrangement is given on the right. (b) Results of the 3D droplet trajectories obtained for speaking at 85 dB, yelling at 107 dB and coughing at
108 dB, respectively. (c) Temporal evolution of the instantaneous droplet counting, velocity, and diameter shown for each respective event. For the
speech cases, the time scale is divided as a function of each word being pronounced. The normalized histogram distributions of the resulting
velocity and droplet size are shown in (d) and (e), respectively. Data have been cumulated over each respective event. Themean value is indicated
in the upper right corner of each distribution.
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6 of 22 Exhaled aerosols and saliva droplets measured in time and 3D space

recorded from Cam.1. This allowed us to obtain the diameter of each

ejected saliva droplet from the intensity signal detected by Cam.2. The

generation of this calibration curve is detailed in the ‘Experimental sec-

tion’ section. During the experimental protocol, a person was asked to

speak, yell or cough, and each event was synchronized with both cam-

eras. All the experiments were conducted under a relative humidity

between 40% and 50% and an ambient temperature of Tamb = 22◦C.

The 3D trajectory and velocity of the ejected micrometric saliva

droplets, along a range of 10–25 mm from the mouth, are shown in

Figure 2b. Although those droplets are transported within the exhaled

primary airflowdirection, amore rapid and linear transport is observed

when coughing than when speaking. It can also be seen that the

droplets cover a larger areawhen speaking andyelling in comparison to

coughing. The trajectory of the droplets over time, during the coughing

event, given in Figure 2b, is provided in the first part of Movie S2. The

velocity is the highest for the coughing events, reaching speeds over

25 m/s, where a straighter forward directionality is obtained. Similar

3D droplet tracking data when considering other events are given in

Figures S1–S3 from Subjects 1, 2 and 3, respectively.

In Figure 2c, the count, velocity and size of the ejected respiratory

droplets and aerosols for each event have been quantified over time.

For the speaking and yelling scenarios, the correlations between these

parameters can be observed for each individual word that was enun-

ciated. It is thus possible to observe a sudden droplet emission when

the letters ‘P’, ‘B’ and ‘V’ in the words ‘Protect’, ‘Better’ and ‘COVID’

are spoken. These letters are explosive syllables,43 generating a large

number of droplets that are expelled at higher speed than the other

letters. By examining the averaged droplet velocity over the full image,

the highest velocity occurs when the letter ‘P’ is spoken, correspond-

ing to speeds of 4.2 m/s for speaking and 6 m/s for yelling. When

coughing, the droplet velocities are even higher, with spatially aver-

aged speeds exceeding 8.5 m/s at the start of a cough. Exploiting the

fact that each event is temporally resolved, droplet flow rates can be

obtained. From this example, a maximum of 120 and 460 particles

are ejected considering a temporal window of 20 ms when speaking

and yelling, respectively. When coughing, a maximum of 450 particles

are ejected in only 5 ms. This leads to a flow rate reaching 90 par-

ticles/ms when coughing versus 23 and 6 particles/ms when yelling

and speaking, respectively. This quantification justifies thepractice rec-

ommended by numerous health organizations who prescribe coughing

into a sleeve to efficiently avoid the expulsion of a large number of

virus-laden droplets.

The histograms of the velocity distribution are given in Figure 2d,

showing a slight broadening when yelling in comparison with speaking,

whereas a much larger one occurs when coughing. The highest veloci-

ties are recorded when coughing, with a mean velocity of v̄ = 8.0 m/s

over the entire event. When yelling the mean droplet velocity was

found tobe aroundhalf that of coughing, v̄=3.7m/s, and slightly higher

than for speaking, where v̄= 3.6m/s.

The histograms of the particle size distribution, given in Figure 2e,

indicate that the mean geometrical diameter is slightly higher for

coughing, where ∞ = 14.6 μm, in comparison to the speaking and

yelling cases, where ∞ ∼ 13 μm. The volumetric mean diameter, ∞V,

is also indicated in the figures. The differences between a geometrical

and a volumetric mean diameter are impacted by the presence of a few

large diameter droplets. In this study, the maximum particle size mea-

sured is100μm.Largerdroplets arenot considered in the calculationof

the volumetricmeandiameter. Thus, the rangebetween50and100μm
is mostly impacting the variations between ∞ and ∞V. The volumet-

ric average diameters are found to be twice as large as the standard

mean diameter and are 25.8 μm for speaking, 24.4 μm for yelling and

27.1 μm for coughing. Despite their low number, large droplets have

a much higher probability of containing virions due to the volumetric

dependence. Note that the droplet diameter distribution resolved in

time during the coughing event shown in Figure 2e is provided in the

second part ofMovie S2.

Averaged sizing and velocity data of exhaled particles

Statistical characteristics of the ejected saliva droplets are given in

Figure 3. Data from three speaking events, three yelling events and six

coughing events have been considered and averaged. Although those

averaged results are related to Subject 1 in this subsection, similar data

are given for Subjects 2 and 3 in Figures S5 and S6, respectively.

In Figure 3a, the histograms of the particle count, mean velocity

and mean diameter are shown and can be used to compare events. It

shows the total particle count per event varies between1200and2000

when the sentence ‘Protect better against COVID’ is spoken normally but

increases substantially to between 1500 and 2700, when yelling it. For

the case of a cough, the number of detected droplets ranges from 700

to 3000.

To gain a statistical representation of the data, accumulated and

normalized histograms are shown for the droplet velocity and diame-

ter. The highest mean velocities, v̄, for speaking, yelling and coughing,

are given in Figure 3b and are 3.4, 4.2 and 7.2 m/s, respectively. In the

speaking and yelling cases, an increase in velocity is correlated with an

increase in sound level. The sound level was ∼86 dB for speaking and

∼107 dB for shouting. For the coughing case, the velocity increase is

attributed to the mouth being more closed combined with an increase

in airflow. Even though the averaged particle velocity is found to be

significantly lower when yelling than when coughing, we observe the

fastest particle reached 42 m/s when yelling and 34 m/s when cough-

ing. Similar resultswere seen for the Subjects 2 and3yelling cases,with

particles achieving speeds above 40m/s. Those fewdroplets that reach

this high velocity travel a longer distance, increasing the risk of virus

transmission between two people standing several metres away from

each other.

The size distributions given in Figure 3c appear to be independent of

the exhalation type, with a mean diameter falling around ∼13 μm from

Subject 1 and ∼9.5 μm from Subject 3 (see Figure S6c). However, for

Subject 2 (see Figure S5c), larger droplets were observed for coughing,

with∞= 15.6 μm, and smaller droplets for yelling, with∞= 7.5 μm.

The size distribution of the particles, after 12 s of evaporation, is

shown in Figure3d. Those results are deduced afterwater evaporation,

as detailed in Figure S4 and shown in Figure 1c. A large majority of the
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NATURAL SCIENCES 7 of 22

F IGURE 3 Accumulated counting, sizing and velocimetry data for the saliva droplets ejected from Subject 1. (a) Total count, mean droplet
diameter andmaximum velocity obtained from three speaking events, three yelling events and six coughing events. The corresponding sound level
for each event is also indicated. (b) Droplet velocity v̄ accumulated and averaged over all events for yelling, speaking and coughing, respectively.
The overall mean value is indicated in the upper right corner of each histogram. Part (c) shows the particle size histograms of the ejected liquid
aerosols and droplets. The averaged diameter of the distribution∞ and the diameter the averaged volume∞v are both indicated. Part (d) shows
the particle size histograms formed 12 s after water evaporation. (e) Spatial distribution and the corresponding size of the ejected droplets. Data
are binned into 16mm2 areas. It is observed that for the coughing case the position of saliva droplets is localized into a smaller andwell-defined
area. (f) 2Dmaps of the averaged velocity of the saliva droplets viewed either from the side (YZ axis) or from the front (XY axis) of Subject 1.

 26986248, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ntls.20230007 by L

und U
niversity, W

iley O
nline L

ibrary on [19/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



8 of 22 Exhaled aerosols and saliva droplets measured in time and 3D space

particles are now<5 μm, belonging to the aerosol category. The result-

ing average size∞ is found to be in between2 and4μm, for all emission

scenarios and all subjects.

The counting and sizing averages, resolved in 2D space, are pre-

sented in Figure 3e. The largest number of particles is found in the

centre of the emitted population for the case of coughing. More local-

ized droplet emissions are observed when yelling in comparison with

speaking, from the two other subjects (see Figures S5e and S6e).

Interestingly, no correlation is observed between the droplet size and

position, with droplets of all sizes distributed throughout the sample

space. This supports the theory that the distributions of saliva droplets

are randomized in size and space for all types of exhalations.

The 2Dmaps of accumulated and averaged velocity vectors are pre-

sented in Figure 3f. The maximum velocity was found to be in the

centre of the YZ views. The velocity differences observed between

the speech and cough scenarios are related to the differences in both

the exhaled airflow and the mouth opening as shown in the pictures.

We observe that when coughing the mouth opening appears slightly

smaller in comparison to the one observed when speaking or yelling.

Deceleration of coughed particles

During the first fewmilliseconds after their expulsion from the mouth,

the respiratory droplets decelerate due to the drag forces acting on

them. This deceleration depends on their size and the speed of the

surrounding airflow. In the context of a transient episode, the local air-

flow is highly dependent on the time and distance from the start of the

event. The analysis of coughed particles14 propagating their first 20ms

requires a tracking along a distance over 10–20 cm from the mouth.

In the previous section, the particles were only tracked over 15 mm,

corresponding to the width of the vertical planar illumination. By posi-

tioning this illumination horizontally in front of the mouth, as shown in

Figure 4a, a length of 120 mm ahead from the mouth is achieved. This

imaging configuration is the one used in the subsection analysing the

deceleration and trajectory of ejected saliva particles during a cough.

The trajectories and speeds of the particles ejected by Subject 1 are

tracked in 2D in Figure 4b. The results of each particle size category

(defined in Figure 1) are also given over time inMovie S3.

As expected, the speeds are mainly higher close to the mouth and

successively decrease as particles travel forward.When ejected, those

particles are transported via the intense air flow of the cough. As

the air plume expands and mixes with the ambient air, the average

air speed decreases. Consequently, the particles are subject to a drag

force depending on their speed relative to the surrounding air. When

travelling towards the sides of jet, they escape the central air plume

and experience a greater deceleration. These effects are especially

noticeable for the aerosols (∞ < 5 μm). Due to their tiny mass (momen-

tum), their velocities are easily influenced and faithfully follow the

local airflow. This causes more erratic movements for the aerosols in

comparison to larger particles.

The particles that are tracked by both cameras allow the visual-

ization of their speed and displacement in 3D, given in Figure 4c.

A selection of 15 tracked particles, spanning a wide variety of ini-

tial speeds, trajectories and size, are shown in Figure 4d. Their final

position and travel time are also indicated. These selected particles

are ordered by their size and grouped into two categories: The large

aerosols (5 < ∞ < 20 μm) numbered from (1) to (7), and the droplets

(20< ∞ < 100 μm) numbered from (8) to (15).

To analyse in detail the deceleration of those particles, their speeds

are plotted as a function of time in Figure 4e. For the droplets, an expo-

nential decay from their initial velocity is observed. This decrease in

velocity is mainly related to the drag force effect, with different trajec-

tories resulting in varying decay rates. For example, particle (14) has a

high decay rate, from14 to 5m/s in 15.9ms, whereas particle (12) has a

slower decay, from 12 to 5.2 m/s in 12.7 ms. In contrast, some droplets

do not follow this expected deceleration: Particle (9) experiences a

sharp velocity increase of ∼2m/s at 3 ms, and particle (13) has a speed

plateau at ∼11 m/s between 3 and 7 ms. It is notable, from Figure 4d,

that those two droplets are ejected from the same location and follow

a similar track in the middle of the cough air flow. This behaviour of

transportation indicates the presence of turbulence leading to a strong

non-monotonic airflow in the centre of the cough.

In contrast to the speed of the droplets, the speeds of the large

aerosols have no common trend. Those particles have a large spread of

initial speeds, as well as various speed fluctuations leading to various

winding paths through the central region. The presence of the strong

non-monotonic airflow, present during this event, has direct impacts

on the velocity and directionality of the low mass particles. For exam-

ple, particle (5) moves diagonally across the central region of the flow,

with a speed fluctuating between3and12m/s, including five localmax-

ima and a randomized propagation path. Particle (4) has a twitching

forward-moving path with a speed between 10 and 4 m/s and three

local minima.

On the contrary, particle (1) has a straight trajectory away from

the central region and does indeed exhibit more monotonous decel-

eration. Particle (6) also stands out with a significantly higher initial

speed of∼34m/s, and a rapidmonotone deceleration despite travelling

close to the central region. The high-speed makes the associated drag

force dominate the forces on the particle and ensures that the parti-

cle quickly leaves any turbulent flows along its path, giving a straight

trajectory.

These 15 particles represent distinct trajectory modes: (A) parti-

cles travelling in straight trajectories,with amonotoneexponential-like

deceleration. (B) Particles travelling in wiggling paths with fluctu-

ating speeds involving various positive accelerations. A third mode

(C) defined as intermediate corresponds to trajectories that are nei-

ther straight nor wiggly but travel in smooth bent trajectories with a

non-monotone varying deceleration.

As seen in Figure 4b, most high mass particles which mainly involve

the droplets travel in mode (A). A few large aerosols, such as particles

(1) and (6), also travel in this mode. This is due to their high initial speed

and angle of trajectory, transporting them away from the centre of the

air flow. Thus, particles of mode (A) have one of the following dominat-

ing characteristics: highmomentumandweakor constant aerodynamic

forces.
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NATURAL SCIENCES 9 of 22

F IGURE 4 (a) Imaging configuration with horizontal light sheet and example raw data which enable 120mmof tracking in a 15mm thick
volume. (b) Speeds and paths of particles in 2D from a single coughing event, separated into the size categories: aerosols, large aerosols, droplets
and large droplets. (c) Speeds and paths of particles in 3D from a single coughing event. (d) A total of 15 selected particle paths and speeds in 2D. (e)
Particle speed over time for the 15 selected particles, separated by size category: large aerosols (left) and droplets (right).

Conversely, most low mass particles mainly involving the aerosols

travel in mode (B). These particles are subject to forces that are strong

enough to change their velocity and transport direction.Note that their

wiggling path and their small size make those particles hard to track

experimentally. Some droplets travelling in the centre of the air flow,

such as particle (9), alsomove in thismode, as they are subject to strong

changing forces. As a result, mode (B) particles have one of two domi-

nating characteristics: lowmomentumand strongvarying aerodynamic

forces.

Finally, some particles, such as (10) and (13), are travelling in mode

(C). They have a moderate initial momentum (13) or are subject to

moderately strong forces (10). Their exponential deceleration is not

monotone like in mode (A), and they do not accelerate like in mode

(B). It is expected that once particles leave an area of strong varying
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10 of 22 Exhaled aerosols and saliva droplets measured in time and 3D space

F IGURE 5 Estimation of both the number of virions in each frame and the virions flow rate. Part (a) shows how the number of virions in each
frame is calculated. This is obtainedwith a time resolution of 67 μs from themeasurement of diameter and count over time. The averaged diameter
∞V corresponds, here, to the particle diameter calculated from themean volume obtained during the 67 μs timestep. The number of virions in each
frame is deduced bymultiplying∞V with the number of particles count and the concentration C of the viral load. Part (b) is the data from the
literature on the viral load contained in the saliva of symptomatic subjects over 5 days.47–51 Each bar corresponds to one single person. The
median and the third quartile are equal to 5.95 and 7.14 log copies/mL viral load andwill be approximated as 106 and 107 copies/mL, respectively.
Part (c) shows how the virions flow rate is obtained by using data after the trackingmethod. This corresponds to considering the new particles
being ejected during a time resolution of 1ms.

aerodynamic forces, or experience a gain or loss in momentum, may

transition betweenmodes (A) and (B), corresponding tomode (C).

DISCUSSION

SARS-CoV-2 concentrations in saliva

The optical setup with a 15 kHz recording frame rate has allowed

for the accurate observation of particles count and size variability in

time, for different exhalation events. From those experimental data,

the volume of ejected saliva can be calculated, as demonstrated in

Figure 5 and shown by the green curve in A. By knowing the viral load

(defined as C in virions/mL) contained in the saliva of the infected per-

son, the evaluation of the number of virions emitted during an event

can be deduced. Recent studies, published in articles,47–51 indicate the

concentration of SARS-CoV-2 virions in the saliva of infected people.

Those results, gathered in Figure 5b, correspond to the first 5 days

after the perception of initial symptoms. The data represent a total

of 75 infected persons, where the measurements range from 103 to

109 virions/mL, andwith amedian concentration of approximately 106

virions/mL. The virion concentration varies greatly between people, as

well as over the time after which symptoms present themselves.When

choosing the case of ‘super-spreaders’, the third quartile (also known

at 75th percentile) of the distribution is considered, leading to 107 viri-

ons/mL. By combining the viral concentration, C, with the volume of

saliva exiting the mouth, the number of virions in each frame, with a

time resolution of 67 μs, is calculated as shown by the yellow curve

given in Figure 5a. These data represent the virions contained inside

all particles that are positioned and imagedwithin the 15mm thick pla-

nar illumination. Assuming the ‘super-spreaders’ case, the number of

ejectedSARS-CoV-2virions is quantifiedover timeand space, as shown

in the accessible movies described in the following:

–Movie S4 is an example of high-speed imaging of the number of

virions ejected when speaking.

–Movie S5 is an example of high-speed imaging of the number of

virions ejected when yelling.

–Movie S6 is an example of high-speed imaging of the number of

virions ejected when coughing.

The virion flow rate given by the purple curve in Figure 5c differs

from all virions in each recorded frame (given by the yellow curve). In

this case, only the new particles entering the planar illuminationwithin

a temporal duration of 1ms are considered.

SARS-CoV-2 virions flow rate when speaking, yelling
and coughing

As mentioned in the previous subsection, the concentration of viri-

ons in a patient’s saliva changes from day-to-day in accordance with

their health. The virion flow rate data presented here assume a

concentration displayed by ‘super-spreaders’ during the first 5 days
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NATURAL SCIENCES 11 of 22

of infection, which corresponds to 107 virions/mL, as indicated in

Figure 5b. Results related to median concentrations of 106 or 105 viri-

ons/mL can be obtained by simply dividing the presented data by 10

and 100, respectively.

The temporal evolutions of particles count (blue lines) and virions

flow rate (purple lines) are given for speaking and yelling in Figure 6,

and for coughing in Figure 7. For each cough, the volume flux of each

particle size category is shown inFigure8. Thosedata are related to the

number of particles ejected per millisecond, as described in Figure 5b.

The results demonstrate that the emission of virions occurs via a series

of successive peaks. This is observed for all scenarios and for each

subject. The maximum peaks of virions/ms for speaking, yelling and

coughing, respectively, are 11.8, 17.6 and 32.7 for Subject 1; 2.8, 5.9

and 20.2 for Subject 2; and 3.7, 5.1 and 27.8 for Subject 3. Those peaks

are at the highest when coughing and vary significantly from one sub-

ject to another,withSubject 1appearing tobe themost active spreader.

On the right side of Figures 6 and 7, the spatial distribution of the over-

all liquid volume and number of virions produced during each event are

shown on a 2Dmap. It is observed from those spatial distributions that

the cough spreads virions over a much more concentrated area than

the speaking and yelling cases. From those images, the differences in

spatial particle spreading between the subjects are apparent.

Weobserve fromall results given in Figure6 that the total liquid vol-

umeVTot given for eachevent of speaking andyelling, over1400ms, are

found to be in a range between 0.0028 and 0.021mm3. In addition, it is

observed that the maximum peaks of particle count do not match with

the maximum peaks of virions flow rate. This is explained by the varia-

tion in particle size, which directly impacts the total volume of ejected

saliva.

The spoken phrase ‘Protect better against COVID’ is shown in

Figure 6a. The total numbers of ejected particles are 1311, 1105 and

660; and of ejected virions are 118, 28 and 30, for Subjects 1, 2 and 3,

respectively. Although Subjects 1 and 2 emit a similar number of par-

ticles, we observe that the total number of virions is more than three

times higher for Subjects 1 over 2. This is explained by the presence of

a peak of 20particleswith an average diameter∞=29.5μm, leading to

a large volume of saliva ejected by Subject 1. Apart from the presence

of only two particles of∞= 64 μm, most of those ejected by Subject 2

are smaller than Subject 1, with sizes ranging between 8 and 15 μm.

When comparing Subjects 2 and 3, a similar total number of virions

are ejected but Subject 2 has a total number of saliva particles nearly

twice as high as Subject 3. This is explained by the presence of peaks

containing droplets with quite large diameters for Subject 3, where

∞=53 and40μm.As a result, a high number of ejected aerosols, which

are more spread out in space, can still remain to an emission of virions

lower than the ejection of only a few droplets that aremore localized.

When yelling ‘Protect better against COVID’ shown in Figure 6b, the

total numbers of ejected particles are 2709, 3080 and 875; and of

ejected virions are 207, 68 and 36, for Subjects 1, 2 and 3, respectively.

In comparison to speaking, it can be seen from Subjects 1 and 2 that

nearly three times more particles, and two times more virions, were

ejectedwhenyelling.However, for Subject 3, the results have remained

equivalent between those two events.

Although the number of ejected particles is once again similar

between Subjects 1 and 2, the total volume VTot and the number of

virions are approximately three times lower for Subject 2. This is again

explainedby the presence of smaller particles ejected by Subject 2, cor-

responding to aerosols of ∞ = 5.6 μm during a maximum peak of 73

particles, which were ejectedwithin 50ms.

In Figure 7, two coughing events of the three subjects are shown

over 120 ms tracking. The maximum total number of ejected particles

per cough is 2911, 684 and 5139 for Subjects 1, 2 and 3, respec-

tively. The total liquid volume VTot given of each event are found to

be in a range between 0.0054 and 0.023 mm3. Compared to speak-

ing and yelling, a cough is a much more ‘intense’ event. This leads to

peaks of several hundred particles within only ∼10 ms, which is one

order-of-magnitude higher than when yelling, and nearly two orders-

of-magnitude higher than when speaking. For instance, Subject 3 has

the highest particles count peak, which equals 291 particles during

Cough 2.

The coughing events are ordered here so that in Cough 1, the size

distributions of the ejected particles are more weighted towards the

droplets range (20 μm < ∞ < 100 μm), whereas for Cough 2, the size

distributions of the ejected particles are more weighted towards the

large aerosols range (5 μm <∞ < 20 μm). The total liquid volume VTot
ejected over the 120 ms is given for each coughing event on the right

side of Figure 7, where a range between 0.0054 and 0.023 mm3 was

found.

Similar to speaking and yelling, the peaks of particles count do not

always coincide with the peaks of the virions flow rate, due to the

impact of the particle size. The mean particle diameter of the peaks

differs significantly over time. For example, during Cough 1 of Sub-

ject 1 (Figure 7a), the first peak corresponds to an average diameter

of 10.7 μm over 136 particles, whereas a second peak corresponds

to an average diameter of 33 μm over 71 particles. Thus, this second

peak gives a virions flow rate of 32.7 virions/ms, which is an order-of-

magnitude higher than the first peak, despite having a particles count

twice less.

Similarly, in Cough 2 for Subject 2 (Figure 7b), the maximum parti-

cles count peak of this event is 15 particleswith an average diameter of

13.9 μmwhich gives a virions flow rate of 0.4 virions/ms. However, the

presence of only 4 particles of 70 μm mean diameter leads to a much

higher virion flow rate reaching 7.6 virions/ms.

The volume and virions fluxes of the coughing events are given

in Figure 8 for three different particle size categories. The temporal

decomposition of the flux given in 2D space is shown in time from

0 to 80 ms with a binned frame of 10 ms. Some insights are given

into how the spatial spreading of each particle size category evolves

over time. For Subjects 1 and 3, the dominating categories in terms

of particles count are the ‘large aerosols’. For Subject 2, there is no

dominating size category, and only a few ‘aerosols’ are generated.

For all subjects, the largest total liquid volumes (numbers indicated

on the right side of the figure) are found to be for the ‘droplets’.

Then, it is for the ‘large aerosols’ and finally the ‘aerosols’. Note that

the data from the pictures are given per unit area, where one unit

corresponds to the binning of 20 × 20 pixels or ∼16 mm2. For Subject
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12 of 22 Exhaled aerosols and saliva droplets measured in time and 3D space

F IGURE 6 Particles count and virions flow rate produced by the three subjects when speaking at ∼85 dB (a) and yelling at∼110 dB (b). The
data have been deduced quantitatively, as detailed in Figure 5c, assuming a high viral load of 107 virions/mL in saliva. The plots are temporally
decomposed according to the word spoken, indicated on the top of the plots. The total numbers of particles and of virions that have been ejected
once the sentence is said are indicated for each case. The spatial distributions of liquid volume and virions number are shown on the right side for
each event.
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NATURAL SCIENCES 13 of 22

F IGURE 7 Particles count, volume and virions flow rate produced by the three subjects when coughing. The data have been deduced
quantitatively, as detailed in Figure 5c, assuming a high viral load of 107 virions/mL in saliva. For the cough examples given in (a), the size of the
ejected particles belongsmore often in the droplets range (20 μm<∞< 100 μm). For Cough 2 for each subject, the size of the ejected particles
belongsmore often in the ‘large aerosols’ range (5 μm<∞< 20 μm) than in the ‘droplets’ range (20 μm<∞< 100 μm). Thus, less virions are being
ejected in the Coughs 2 than in Coughs 1. The total numbers of ejected particles and virions are indicated for each case. The spatial distribution of
liquid volumes and virions number, for each event, is shown on the right side.
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14 of 22 Exhaled aerosols and saliva droplets measured in time and 3D space

F IGURE 8 Volume and virions flux produced in Coughs 1 and 2 for Subject 1 in (a), Subject 2 in (b) and Subject 3 in (c). The flux and flow of each
event is subdivided by three particle size categories: the ‘aerosols’, the ‘large aerosols’ and the ‘droplets’. The fluxes are illustrated through time
series of frames binned over 10ms. The volumes and virions flow rate per unit area are given in superpixel space where one unit corresponds to
20× 20 pixels or∼16mm2. For each particle size category, the accumulated flux and total flow (from 0 to 120ms) of each event are shown to the
right.

 26986248, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ntls.20230007 by L

und U
niversity, W

iley O
nline L

ibrary on [19/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



NATURAL SCIENCES 15 of 22

2, the spatial spreading is generally smaller than for the other two

subjects.

Determining which ranges of saliva particles aremost likely respon-

sible for the emission of virions requires the knowledge of how many

particles have been ejected at each diameter. Large droplets have sig-

nificantly greater volume but only a small number of them typically

occur. Additionally, as shown in Figure 1b, large droplets fall to the

ground after travelling a short distance, reducing the probability of

their inhalation. Conversely, smaller droplets have the ability to tran-

sit a much longer path. Saliva particles ejected with a diameter less

than 20 μm, reported here as large aerosols, will rapidly become solid

residues smaller than 5 μm in diameter, after the evaporation and efflo-

rescence of the water content.52 Those particles are then classified

as suspended solid aerosols and can reside in the air for minutes and

even hours.53,54 Luckily, they contain a collectively smaller viral load

and have less protection from the sunlight ultraviolet radiation.55

A crucial question remains: ‘Which diameter of ejected saliva

droplets is statistically most likely responsible for transmitting the

virus, and infecting a new host?’. Answering this is not trivial and

requires calculating the probability of virus inhalation assuming a given

set of conditions. This includes countless parameters such as exhala-

tion velocity, the location of the emitter/receiver and environmental

factors like the temperature and humidity of the surrounding air. The

presence of other airflows, such as wind or active ventilation, will also

play a role. From the results obtained in this study, we observe that

most of the deduced virion flow rate peaks correspond to exhaled

saliva particles in the range of 8–35 μmdiameter; corresponding to the

range of large aerosols and small droplets.

CONCLUSIONS

An optimized optical setup combined with advanced image post-

processing has been developed and applied to provide complete

characterization of particle flows produced by human exhalations.

This technique offers substantial measurements of aerosols and saliva

droplets directly ejected from the mouth, including a fast data acquisi-

tion speed (15kHzhigh-speed frame rate), a large interrogationvolume

(all particles exiting the mouth are illuminated), a high and optimized

signal-to-noise ratio (up to 30 times greater detected signal than con-

ventional laser sheet imaging) and a wide sizing range (3.2–100 μm
diameter). The use of post-processing algorithms has allowed to char-

acterize in detail the aerosols and droplets clouds produced by human

subjects. The comprehensive data set includes particle number count,

size, speed and 3D trajectories, all of which are resolved temporally

and spatially. In addition, the transition from liquid droplets to solid

aerosols has been calculated, using the numerical model described in

Ref. [9] to deduce the reduction of particle size after drying a few sec-

onds. As a result, the averaged diameter of the saliva particles, ∞,

measured from three subjects, was found to vary between:

–10.5 and 13.2 μm when speaking, leading to 2.5–3 μm solid

aerosols after drying,

–7.5 and 13.4 μmwhen yelling, leading to 1.7–3 μm solid aerosols

after drying,

–9.3 and 15.6 μm when coughing, leading to 2.1 and 3.6 μm solid

aerosols after drying.

Thus, no clear trends of particle size distribution separating each

exhalation scenario have been observed. However, for the averaged

velocity, v̄, a trend is noticeable as it varies between 2.4 and 3.4 m/s

when speaking, 3.4–4.2 m/s when yelling, and, 6.8 and 7.8 m/s when

coughing. The maximum speed was reaching over 40 m/s when cough-

ing and yelling.

In addition to the initial velocity measured over the first 15 mm

from the mouth, an extended particle tracking over 120 mm has been

applied. Those measurements over a longer distance have demon-

strated the deceleration of the particles over time and space. We have

observed that most saliva droplets of size larger than 20 μm maintain

their initial direction of propagation and reduce exponentially their ini-

tial speed. However, most particles of size below 20 μm are affected

by strong variations of their speed and of their direction of propaga-

tion. Those effects, which already occur during the first 10 ms, are

due to the turbulence of the surrounding airflow. This causes more

erraticmovements for the small aerosols in comparison to larger saliva

particles.

The assumption of the virions concentration of ‘super-spreaders’

has led to the evaluation of the virions flow rates during various exha-

lations. It has been observed that the saliva particles produced in the

size range of 8–35 μm and leading to 1.7–8 μm solid particles after

evaporation were generating the largest virion flow rates. As a conse-

quence, this may corresponds to the size range most likely responsible

of SARS-CoV-2 airborne transmission.

All results recorded in this study are free to access in Ref. [44] and

can be used by modellers as boundary conditions for their simulations.

This will enable significant improvements of numerical simulations for

deducing the influence of different external parameters. The data pro-

vided over the 120 mm distances can also be used to validate the

modelling of particles transport anddeceleration. By coupling ourmea-

surement data with simulations, a better understanding of the spread

of virions can be gained. The coupling between the evaporation and

the sedimentation of saliva droplets in the air, as well as their virion

concentration, will allow to determine the greatest efficiency of virus

transmission from one person to another. By applying the methodol-

ogy of this study to a larger population, definitive answerswill be found

to questions that continue to surround the transmission of SARS-CoV-

2, and other pathogens that spread via airborne pathways. Thus, such

work remains paramount in developing effective policies for disease

control.

EXPERIMENTAL SECTION

Liquid particles sizing

The procedure for sizing the saliva particles is shown in Figure 9. The

optical setup used for calibration is shown in Figure 9a, where Cam.1
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16 of 22 Exhaled aerosols and saliva droplets measured in time and 3D space

F IGURE 9 (a) Pictures of the experimental setup. The objective lens of Cam.1 was replacedwith a telecentric lens, for directly imaging
droplets down to 20 μm. A 1951USAF target was imaged by both cameras to calibrate the image position. A 640 nm red light source was used to
obtain high-resolution shadowgraph images in Cam.1. (b) Using the Lorenz–Mie theory, the upper chart shows the scattering phase functions from
the between 0◦ and 180◦ for the 10 and 50 μmwater droplets. The respective polarizations signals, for the 450 and 532 nm, are summed up to
predict the light intensity collected by Cam.2, at 52◦ detection. The bottom chart shows the light intensity versus the droplet size for either 52◦,
90◦ or 126◦ detection angle. (c) Example of a saliva droplet recorded simultaneously by Cam.1 and 2. This was repeated for various saliva droplets
ranging in between 30 and 70 μm. These data were used to calibrate the curve calculated from the Lorenz–Mie theory. (d) The variation of the
calibration curve is shown among three different positions on the recorded images. (e) Calculation of the smallest droplet size measured as a
function of droplet velocity. Liquid particles as small as 3.2 μmwere detected for the 15mm thick laser. Droplets travelling at velocity>5m/s
spread their light intensity over several pixels, resulting in lower detection sensitivity.
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NATURAL SCIENCES 17 of 22

records shadowgraph images at high-resolution to resolve the size of

the micrometric droplets, and Cam.2 records simultaneously the scat-

tered light intensity over a wide field of view. Thus, this experimental

setup combines the recorded intensity of laser light scatteringwith the

corresponding diameter of the illuminated particles.

The amount of light scattered by a spherical micrometric droplet,

in the visible spectrum range, is related to its surface area, and thus

its diameter. By using the Lorenz–Mie theory,45,46 the amount of

scattered light intensity as a function of the scattering angle can be

calculated for a given particle size. Generating this plot, called the

scattering phase function, requires knowing the incident wavelength

(λ = 450 and 532 nm), the polarization state of the incoming radiation

(vertical or horizontal linear polarization), the refractive index of the

particle (water is assumed, nw = 1.333 − 0.0i) and the refractive index

of the surroundingmedium (air is assumed, na =1.0−0.0i). The scatter-

ing phase functions for a droplet diameter of 10 and 50 μm are shown

in the top plot of Figure 9b. As observed, the intensity of the scattered

light (given in log scale) is much stronger in the forward than in the

perpendicular scattering direction. Thus, in this study, a semi-forward

detection strategy has been used by positioning the cameras in a direc-

tion collecting the light scattered between 48◦ and 56◦. The scattering

phase function intensity, within this collection angle, is highlighted in

the bottom plot of Figure 9b.

The variation of the collected light intensity as a function of particle

diameter and collection angle is deduced in Figure 9c. The numerical

fit (shown by curves) of those simulated data (shown by crosses) corre-

sponds to the parametric function∞ = a ⋅ Ib
Mie

, where a is a constant

in the proportionality between particle area and light scattering and b

is near 0.5, as the diameter is related to the square root of the area. It is

observed that the optical signal detected around 52◦ is 30 times higher

than a camera collecting around 90◦. Consequently, the configuration

used in this study allows the detection of much smaller particles.

The detection angle varies slightly as a function of the particle loca-

tion in space. Although 52◦ ± 4◦ is calculated for particles located in

the centre of the image, the collection angle changes slightly at other

image position. Three examples are given in Figure 9c, demonstrating

that those variations do not change significantly the parametric curve.

In Figure 9d, the numerical curve showing the detected light inten-

sity as a function of droplet size is combined with the experimental

measurements. This calibration procedure is performed with a person

exhaling particles by repeating the letter ‘v’. An example of a 60 μm
diameter saliva droplet, simultaneously imaged with the two cameras,

is shown. A telecentric lens (TC16M018 Bi-telecentric lens from Opto

Engineering; 2×magnification) is usedwithCam.1, resulting in a spatial

resolution of 10 μm/pixel. Shadowgraph images are recorded by apply-

ing a background illumination with a bandpass filter in the red region

(shown in the pictures given in Figure 9a). This rejects the detection

of 450 and 532 nm photons by Cam.1, which are instead detected by

Cam.2. This second camera collects laser light scattering over a wide

field of view using a Nikon objective (Nikkor lens of 35 mm focal and F

2.8). As the droplets are propagating over a 15mmwide laser illumina-

tion, several successive frames of the scattered laser light are recorded

with Cam.2. Thus, the particles are in-focus (stronger maximum sig-

nal) when located in the centre of the beam and slightly out-of-focus

when located at the edge of the beam (spread of the signal over sev-

eral pixels). Additionally, as most droplets are displacing at fast speed,

the detected scattered light spreads out over several pixels. This effect

is detailed in Figure S7. Thus, after defining a pixel area where the

intensities are above a minimum threshold, a sum of pixel intensities

is calculated. This summation gives the value of the detected scattered

light (from Cam.2) for a given diameter (measured by Cam.1). This cor-

respondence has been applied for a total of 70 particles, shown in the

bottom plot of Figure 9d to extract a scale of the numerical curve that

finalize the calibration procedure. Using a minimum threshold of 25

counts, it is shown that the smallest detectable particle diameter is

3.2 μm. Note that if the illumination used in this study is focused into

a 1.5 mm light sheet, the smallest detectable diameter is 1.0 μm (see

Figure S8).

It is important to note that the minimum detectable diameter is

affected by the droplet velocity. This is due to an inability of the camera

to completely freeze the particle motion (when using 50 μs exposure
time), resulting in the captured signal being spread over several pix-

els, reducing the local pixel intensity (see Figure S7). This negatively

impacts the system ability to capture smaller particles, as the signal

falls below the detection limit. For larger particles, however, this is

advantageous as it avoids saturation.Weobserve that for the large illu-

mination volume (15 mm), the minimum detectable diameter is 3.2 μm
for speeds below 5 m/s and 9 μm at 35 m/s (see Figure S9a). On the

other hand, the maximum diameter which is measurable prior to cam-

era saturation increases for the fastest droplets, as the exposure time

over a single pixel is reduced by the spread of the signal over several

pixels. In this case, it was found that the maximum droplet size that

can be measured is 91 μm for speeds below 10 m/s and 250 μm at

35m/s (see Figure S9b). Those considerationsmake the effective range

of measurable droplet sizes difficult to define as the majority of the

droplets measured fall between 3.2 and 100 μm.

Figure 9e shows the variation of the minimum detectable size as a

function of the particle velocity: For the 15 mm wide laser sheet, the

minimum size varies between 3.2 and 9 μm for velocity ranging from 0

to 35 m/s. To size the droplets found from a person speaking or cough-

ing, the droplets found in camera Cam.2 are first tracked in 2D pixel

coordinates. For each track that is found, the droplet frame with maxi-

mum sum intensity is determined and used together with the current

image coordinates. Note that two rejection criteria are used for the

sizing:

1. if the droplet cannot be tracked for at least four frames,

2. if any pixel of a droplet is saturated (less than 1%of the droplets are

rejected).

The coordinates are used to extract the current a and b parame-

ters, and then the diameter is estimated using the parametric equation.

The minimum droplet diameters which can be detected using a 15 and

1.5 mm thick light sheet are 3.2 and 1 μm, respectively. However, the

drawback of a thin laser sheet is that it does not allow for an accurate

measurement of the droplet diameter nor does it provide information
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18 of 22 Exhaled aerosols and saliva droplets measured in time and 3D space

on the droplet deceleration. It was also found that the 15mmwide pla-

nar illumination was still capturing 94% of the total ejected volume, as

demonstrated in Figure S4.

Liquid particles tracking in 3D

The triangulation procedure for finding the 3D coordinates of the

saliva particles is shown in Figure 10. The velocity of the exhaled

particles is obtained via a post-processing scheme divided into four

steps:

1. Find the droplet coordinates in the images of each camera

(Figure 10a).

2. Generate the calibration for droplet triangulation (Figure 10b).

3. Triangulate in 3D the droplet positions using the calibration

(Figure 10c).

4. Use 3D particle tracking velocimetry (3D-PTV) to calculate droplet

paths and velocities.

The process of finding coordinates is shown in Figure 10a. Raw

images are first scanned for pixels which have been corrupted by

unwanted reflections. These are suppressed byway of amask. A global

intensity threshold is then applied to detect and isolate the droplets

in the image. All the pixels in camera Cam.1 with a value above 25

counts in the 12-bit images are defined as droplets. The corresponding

threshold for Cam.2 is 22 counts as it had lower noise and scatter-

ing intensities relative to Cam.1. The image coordinates (x, y) of each

droplet are then calculated based on the weighted average of the pixel

coordinates and intensities. Having obtained droplet image coordi-

nates from each of the cameras, it is now possible to triangulate the

real-world 3D position of each particle using the calibration.

The calibration scheme suggested by Machicoane et al. in Ref. [56]

has been employed and is illustrated in Figure 10b. In contrast to the

classical pinhole camera matrix approach,57 this method assumes a

relationship between each pixel and a line positioned in the 3D global

(X, Y, Z) coordinate system. A droplet found in a specific pixel will be

positioned in 3D along its corresponding line. To estimate these 3D

lines, a known pattern is traversed linearly relative to the cameras.

In this work, a checkerboard pattern with 17 × 10 intersections was

employed, as shown in Figure 10b. A total of 13 locations were used,

from Z= 0–12mm.

When the calibration pattern is accurately displaced and imaged,

the global X abscissa and Y ordinate remain constant, whereas the

Z applicate changes. Thus, for each recorded image, the global coor-

dinates of the checkerboard intersections are deduced, and their

corresponding local image coordinates (x, y) are identified. Using these

correspondences, the coefficients of a 2D polynomial transformation

LZ are calculated for each respective Z position. The transform LZ is

then used to convert the local coordinates (x, y) of all pixels of a given

image into their global values (X, Y). Due to the linear translation of

the pattern, each pixel is associated with 13 points that are aligned in

the 3D global coordinate system. By using a total least squares algo-

rithm, a 3D line is estimated for each pixel as shown at the bottom of

Figure 10b. The advantage of the approach used here, in contrast with

the pinhole approach, is that the optical distortions and properties of

the camera are inherently considered.

The triangulation process to obtain the 3D coordinates of the

droplets is performed from two images recorded simultaneously. The

local pixel coordinates (deduced in (1)) of these droplets are denoted

x1i , x
2
j , whereas the 3D lines (deduced in (2)) are denoted l1i , l

2
j for Cam.1

and 2, respectively, where the subscripts i and j are indexes of droplet

coordinates. As illustrated in Figure 10c, a crossing of the lines ensures

that the same droplet is being identified as amatch in between the two

images. To find this crossing, the separation distance between two lines

is calculated, and the smallest one is denoted, dij. This distance is calcu-

lated for all combinations of line pairs. To identify a possible match, the

minimum dij is extracted. If this distance is belowa threshold of 200μm,

corresponding to the image pixel resolution, the match is valid and the

3D position of the droplet is set in between the two lines. Finally, those

lines are removed in order not to be considered any further. This pro-

cess is then repeated until the minimum of the remaining calculated

distance dij exceeds the 200 μm threshold.

Velocities are calculated using the droplet tracking between frames.

The 3D-PTV tracking algorithm developed and used here is inspired

by the four frame best estimate (FFBE) method by Ouellette et al. in

Ref. [58] and the extension by Clark et al. in Ref. [59]. FFBE uses the

estimated velocity and acceleration vectors to extrapolate the droplet

position in future frames. The droplet which is found to have the min-

imum distance to this position (denoted here as extrapolation error)

is used as the most probable continuation of the track. However, at

the initial phase of a track neither the velocity nor acceleration is

known. Clark et al. suggested trying each combination of droplets in

the four future frames, within pre-set limits for the maximum veloc-

ity and absolute acceleration. Compared to the FFBE, which uses the

nearest neighbour, Clark’s approach has been shown to increase the

tracking accuracy.Wehave furtherdeveloped this recursion tonotonly

include the first four frames, but also rather all the frames until the

end of the track. A recursive tree is extracted from these results, with

all possible droplet paths from an initial position and frame. The tree

is limited by predefined maximum velocity, maximum absolute accel-

eration and a maximum extrapolation error. For each track a score is

calculated as the track length subtracted by the sum of all extrapola-

tion errors. The algorithm then selects the track with the best score.

In addition, a minimum track length of four is used in order to verify

that a track is valid. To quantify how accurate the final 3D coordinates

are, an uncertainty analysis has been performed on the camera calibra-

tion results (Figure 10d). An error propagation calculation employing a

Monte Carlomodel was used.

When finding the pixel coordinates of a droplet, the worst-case

scenario occurs when in only a single pixel is above the intensity

threshold. This results in a pixel coordinate with an integer value.

The correct coordinate, however, can be anywhere inside the pixel,

that is ±0.5 pixel. To find the triangulation uncertainty, the difference
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NATURAL SCIENCES 19 of 22

F IGURE 10 (a) Post-processing of the recorded images. The first step is to suppress the light contribution from the person face by applying a
mask. The second step consists in suppressing the level of the background. Finally, the coordinates of each droplet are deduced on the images from
both cameras. (b) Calibration of the stereoscopic setup. A checkerboard is imaged for the 12 positions along the Z axis. For each position, a L
transformation is estimated to transit from (x, y) local coordinates to (X, Y) global coordinates. Thus, the (XYZ) coordinates, for each pixel, are
deduced. Then, the lines along the 12 positions are deduced in 3D. Those lines are shown in red for Cam.1 and in purple for Cam.2. (c) Predicting
where the saliva droplets are positioned in 3D requires to find where the lines are crossing each other, a process called triangulation. This position
is deduced after finding the smallest distance d between the lines. (d) To estimate the velocity uncertainty from the calibration, aMonte Carlo
approach is used. By generating two random numbers, a specific (x, y) coordinate can be deduced inside a single pixel (±0.5 pixel unit). After
obtaining randomized points in 1 pixel fromCam.1 and 1 pixel fromCam.2, the global 3D coordinates of a point are deduced by triangulation. This
is repeated a large number of times, and those random positions are compared, in 3D, with the central position. The standard deviation of those
results leads to the position uncertainty ‖´XYZ‖. The uncertainty of the droplet velocity is then deduced using ‖´XYZ‖ for a track of the droplet
position recorded at 15 kHz.
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20 of 22 Exhaled aerosols and saliva droplets measured in time and 3D space

between the triangulation of correct sub-pixel coordinates, and that

of integer coordinates, must be determined. To do so, a set of correct

coordinate pairs are sampled from a uniform distribution. They are

then triangulated to the correct 3D positions. The same thing is done

for the used integer coordinates. The RMSs of the error between the

correct and used coordinates are then calculated as the uncertainty.

For this camera calibration, it was found that the uncertainty is approx-

imately 0.2 mm, with the largest uncertainty in the Z-dimension and

smallest in the Y-dimension. This can be explained by the camera loca-

tions where they are aligned along the world Y-dimension. Note that

the uncertainty changes throughout the image between values of 0.16

and 0.22.

As shown in the rightmost plot in Figure 10d, the 3D position

uncertainty can be used to extract the uncertainty in droplet velocity.

The instantaneous velocity of a droplet is calculated by subtract-

ing the two positions in different frames, and dividing by the time

between frames. This gives an instantaneous velocity uncertainty of√
2 × |´ XYZ|2 × fps = 1.1 m/s where |´XYZ| = 0.22. The velocity

estimations presented here are the averages taken on a number of

instantaneous velocity measurements for each droplet. For example, if

the droplet is tracked over eight frames, seven instantaneous veloci-

ties are averaged, lowering the uncertainty. The number of frames will

depend on the velocity of the droplet, as shown by the equation in

Figure 10d, and results in an uncertainty between 0.4 and 1.6 m/s cor-

responding to20%and5%.Note that thesevalueshavebeenestimated

from the worst-case scenarios for droplet identification and position

and thus represent themaximum level of uncertainty.
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