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A B S T R A C T

The COVID-19 pandemic has illuminated the lack of knowledge regarding the airborne trans-
mission pathway of disease. The pathway consists of pathogens contained in small particles
ejected when speaking and coughing. A crucial characteristic of these particles is their size that
is connected to the their suspension longevity in the air as well as the location of generation
and deposition within a subject’s respiratory system. Sizing of particles launched from the
respiratory system is a challenge for a number of reasons: (1) the size of ejected particles
varies over a wide range, between sub- to several hundreds of microns, (2) particles are ejected
at various speeds in different directions, (3) each single event is unique where for example
the number of particles can vary greatly between two occurrences of the same event and
subject, (4) the size of the particles vary significantly as they evaporate over time. To overcome
these challenges and categorize full coughing and speaking events, new measuring methods are
needed. In this work, we present, in detail, high-speed scattered light imaging to size liquid
particles (droplets) in unique respiratory events. A high-speed camera records scattered laser
light at 16 000 frames per second in a semi-forward scattering direction. The illumination is
close to the ejection source which means that the particles are sized before evaporation. The
measurement can size stationary droplets from 3.4 to 44 μm and moving droplets from 4 to
80 μm resolved in both time and space. To get a reliable estimation, careful calibration of
scattering angles and calibration uncertainty has been performed showing a general uncertainty
of 8%. Thus, the approach proposed in this article can provide valuable and accurate data to
improve the understanding of the airborne transmission pathway.

. Introduction

The transmission routes for respiratory diseases such as the common cold, influenza and COVID-19 starts with the ejection of
articles from an infected subject’s respiratory system when for example speaking or coughing. The particles are then transmitted
o another person through either: drop spray transmission where the ejected drops are directly deposited on the eye nose or mouth
f another person, aerosol inhalation transmission where the virus-laden particles are small enough to be suspended in the air for
prolonged time before inhalation by another person or surface transmission where the viruses have been deposited on either an

nimate or in-animate surface that another person comes in contact with Li (2021). The airborne transmission (aerosol inhalation)
as been suggested as the main route for the SARS-CoV-2 virus that spreads COVID-19 (Lewis, 2021; Liu et al., 2020; Morawska
t al., 2021; Wang et al., 2021), deduced from results that surface transmissions are not as common (Goldman, 2020). Particles
jected from the respiratory system span in size from nanometers to millimeters. A deeper understanding of this size distribution is
f great importance since it is connected to transmission in the following ways:
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• Size affect how long particles stay in the air and how far they travel from an infected person. Smaller particles stay in the air
longer while larger particles are more likely to deposit on surfaces or reach people at shorter distances (WHO, 2014). A general
size limit of 5 μm is found in the WHO regulation (WHO, 2014) where particles below this size are classified as being aerosols
that can cause airborne transmission. Recent studies suggest that this limit should be reconsidered to take into account how
larger droplets through both clustering and evaporation can have an extended suspension lifetime (Bourouiba, 2020; Wang
et al., 2021).

• Particles of different sizes originate from different depths in the respiratory system (Bagheri et al., 2023; Johnson et al., 2011;
Wang et al., 2021). At these depths, there may be different pathogen concentrations that affect the spreading. In addition,
larger particles from each depth will contain more pathogens proportional to the particle volume that substantially increase
with size.

• Particles with different size will be deposited at different depths in the respiratory system of a healthy person that can affect
the infection severity (Gralton et al., 2011; Wang et al., 2021).

Too small droplets are not relevant when studying disease transmission. There is a lower particle size limit corresponding to that
of the pathogen size. Sizes below that should not be considered since they will not contain any pathogens. For SARS-COV-2 this
size corresponds to around one hundred nanometers (Bar-On et al., 2020). Moreover, the concentration of pathogens in particles
with different size is as mentioned connected to the respiratory depth where the particles were generated. Bagheri et al. (2023)
found that particle sizes > 15 μm mainly originates from the oral cavity, 5–15 μm from the larynx/pharynx and <5 μm from the
lower respiratory tract. The type of respiratory disease and production mechanism of the particles might affect this generation. If
two particles are generated in such a way that they have the same pathogen concentration, then a particle with a diameter of 5
μm has statistically 27 times fewer number of pathogens compared to a 15 μm particle. The knowledge of particle size distribution
is then relevant. If there are 27 times more particles of 5 μm size compared to 15 μm, the infection risk of the smaller particles
might be greater since they will stay in the air longer and probe further down in the respiratory system when inhaled. Therefore,
it is of great interest to estimate the ejected particle size distribution to further understand which particles carry the largest risk of
transmitting disease and in continuation what measures should be taken to neutralize these particles.

When discussing sizes of particles ejected in respiratory events, the role of evaporation should be recognized. Evaporation will
largely affect the particle sizes over time after ejection. Even at a relative humidity of 80%, it has been found that particles below 20
μm will shrink to around 5 μm residue particle within seconds (Stiti et al., 2022). Then, the number of pathogens that the particles
contain is relative to the volume before evaporation and the residue particle will stay longer in the air and penetrate further into
the respiratory system when inhaled. A measurement of sizes close to the mouth should end up with a larger size distribution of
‘‘wet’’ particles compared to a measurement further away of ‘‘dry’’ particles.

In the literature, estimations of the size distributions of respiratory particles have been performed for different kind of events
such as breathing, speaking, yelling, singing, coughing, and sneezing using a variety of techniques. The review by Gralton et al.
(2011) details sizing measurements up to 2011 and the following is a summary of what techniques have been used.

The earliest approach for sizing wet particles was made in 1946, consisting in using glass plates placed in the path of the
person (Duguid, 1946). The droplets that deposited on the plate were then individually sized under a microscope. This is a time-
consuming method when it comes to gathering statistically sufficient data. In more recent works three different kinds of instruments
have been commonly used, Aerodynamical Particle Sizer (APS) (Alsved et al., 2020; Asadi et al., 2019; Johnson et al., 2011;
Morawska et al., 2009; Yang et al., 2007), the Optical Particle Sizer (OPS) (also known as Optical Particle Counter (OPC)) (Bagheri
et al., 2023; Lee et al., 2019; Papineni & Rosenthal, 1997; Xie et al., 2009) and the Scanning Mobility Particle Sizer (SMPS) (Bagheri
et al., 2023; Lee et al., 2019; Yang et al., 2007). The APS works through a time-of-flight measurement at a certain distance from
a change of air-flow speed. The particles will accelerate differently depending on their aerodynamical size. The measured time is
then used to estimate the size. The APS model 3321, TSI Inc. measures sizes in the range 0.5–20 μm. The OPS and OPC instead
works by detection of scattered light from a laser beam. Larger particles scatter a larger intensity which is the principle behind the
technique. The OPS Model 3330, TSI Inc. can size particles between 0.3 and 10 μm. The SMPS has a similar detection system as the
OPS with the difference that there is a prior liquid condensation onto the particles. Then particle sizes between 0.01 and 0.42 μm
are measured for model 3910, TSI Inc. Note that for all these three measurement devices, evaporation plays a role in the measured
sizes since there is a significant time from the ejection of particles to detection (Morawska et al., 2009). Some work also makes sure
that the measurement is of the dry distribution by adding diffusion driers prior to the sizing (Bagheri et al., 2023).

The APS, OPS and SMPS can measure very small particle sizes. However, the techniques do not fully resolve respiratory events
spatially nor temporally. The typical required sample time is between 5 and 60 s to accumulate enough particles for the measurement
and it is common to ask subjects to repeat a respiratory event during this time. The ejection phase of a single cough event lasts only a
few hundred microseconds. This means that the temporal variations of a single event cannot be resolved with this sampling method.
Additionally, there is no information of where particles are produced spatially from a single measurement with these devices. To
retrieve such information, a complementary imaging technique can be applied.

Three imaging techniques for sizing have been applied. First is shadowgraphy (de Silva et al., 2021) where the particles are
imaged in front of a background illumination and are then sized from the imaged size on the pixel image. In the field of sprays, the
technique enables the visualization of droplets in motion down to sizes of around 5 μm using a long-distance microscope (Sjoeberg
et al., 1996). While this technique offers exceptional spatial resolution, it comes with a trade-off of a limited viewable area, usually
spanning just a few square millimeters. While monodispersed droplet generators can easily facilitate such measurements, applying
2

this approach to human speech becomes challenging due to the unpredictable and transient nature of droplet generation, occurring



Journal of Aerosol Science 174 (2023) 106257A. Roth et al.

u
E
6
e
2
m
a
w

h
t
s

b
c
8

both in space and time. Second, is Interferometric Laser Imaging for Droplet Sizing (ILIDS) (Ragucci et al., 1990; Russell et al., 2020)
used by Chao et al. (2009). Here, the transparent particles are illuminated by a laser sheet and imaged slightly out of focus. Then, an
interference fringe pattern will be found in the images where the frequency of the fringes is related to the particle diameter. Third
is Digital Inline Holography (DIH) (Katz & Sheng, 2010) where a diffraction pattern of a laser that has interacted with the particles
is imaged (Bagheri et al., 2023; Shao et al., 2021). From the diffraction pattern, the 3D shape of the particle can be extracted which
includes its size. All of these imaging techniques suffer from the trade-off between the smallest particles that can be sized and how
much of the respiratory event is captured since the particle must be spatially resolved in the images. To be able to size smaller
respiratory droplets, one can either zoom to enable higher pixel resolution that will restrict the field of view or increase camera
pixel count that will restrict the recording frame rate where typically kHz is required to resolve a respiratory event.

Various light scattering-based methods are employed to detect and visualize exhaled particles, with white light illumination
sing powerful LEDs being a common approach to image saliva droplets, along with different source/detector configurations.
xperiments using back-scattering detection have revealed that large droplets produced from a sneeze can travel distances of over
meters (Bourouiba et al., 2014). Side-scattering detection have been utilized to study facemasks and determine their blocking

fficiency (Bahl et al., 2021). Semi forward scattering detection schemes have been applied to analyze singing events (Alsved et al.,
020). However, despite their advantages, powerful white light sources are not sufficiently bright for observing the small and fast-
oving particles near the mouth. To address this limitation, an intense laser sheet is used to detect micrometric aerosols over a 2D

rea. This ground-breaking approach was first demonstrated in 1979, where a TV camera served as the detector to image aerosols
ith diameters less than 1 μm (Webber et al., 1979). This pioneering work paved the way for nearly four decades of Particle Image

Velocimetry (PIV) measurements (Adrian, 1984). Today, modern camera phones can also detect light scattered by saliva droplets
illuminated with a laser sheet (Anfinrud et al., 2020). The number of droplets detected and the sensitivity of the measurement
technique depend greatly on the cameras and lasers used to visualize the droplets.

In this work, we present in detail a temporally and spatially resolved sizing approach that can overcome some of the mentioned
limitations of the previously applied sizing techniques. The sizing approach can be applied to any respiratory event. The ejected
droplets are illuminated by a high-power laser at a short distance from the mouth. At this distance, evaporation has not yet
significantly affected the particle size and water content (Stiti et al., 2022). The scattered laser light intensity from the respiratory
droplets are then imaged by a high-speed camera. From the imaged intensity, the droplets are sized via a calibration curve. The
calibration curve is estimated from a combination of Lorenz–Mie theory and an in-situ calibration. To be able to size smaller droplets,
the camera is placed in the semi-forward scattering direction where the scattering intensity is stronger. This sizing technique is
similar to the technique presented in Bertens et al. (2021) where it is applied for measurement of droplets in cloud formation and
in Misawa and Yonamoto (2021) where the sizing is applied at low speed to industrial particles. The next section presents the sizing
approach, followed by our experimental setup. Section 4 details the calculation of the calibration curve used for the sizing where
also a detailed prediction uncertainty estimation is found. Then, the sizing is applied on coughs from three different subjects where
results are presented. Finally, tuning possibilities are discussed for this sizing approach.

2. Scattered light imaging approach for droplet sizing

Lorenz–Mie theory describes scattering intensity of light from a homogeneous spherical particle. The calculation of these
intensities uses the approximation of Lorenz–Mie solution to Maxwells equations by van de Hulst (1957). The results depend on the
properties of particle size, particle refractive index, the illumination wavelength and the scattering angle. The scattering intensity is
here the amplitude of the complex phase function where the absolute value uses the same convention as most authors on the topic
of scattering use.

In this work the particle refractive index is assumed to be that of pure water, 1.335 - 0.0i since saliva and mucus consists of
∼99% (Humphrey & Williamson, 2001) and ∼95% (Hamed & Fiegel, 2014) water respectively. Surrounding medium is assumed to
ave refractive index 1.0 - 0.0i. The program MiePlot (Laven, 2003) is used in this work as the implementation of the Lorenz–Mie
heory that is based on the BHMIE code described in Bohren and Hoffman (1983). By connecting the particle size to the simulated
cattering intensity an inverse calculation of size from intensity can be performed.

To explain the sizing approach, a simplified experimental setup is shown in Fig. 1(a). A spherical droplet is found inside a laser
eam where scattering occurs. A camera is placed to image the scattered light and in order to size the particles, the scattering
ollection angles of the camera is needed. For comparison, two sets of collection angles are shown, one perpendicular between
6◦–94◦ and one in the semi-forward scattering direction between 48◦–56◦. Scattering intensity depending on particle size and

scattering angle is shown in Fig. 1(b). The colored areas correspond to the collection angles for the example cameras. The light
collected by the camera 𝐼 is found by integrating the intensities in the dark red and bright green areas respectively. This gives one
point of integrated intensity for each size plotted as stars in Fig. 1(c). From these points, a parametric curve is fitted on the form,

⌀ = 𝑎 ⋅ 𝐼𝑏, (1)

where ⌀ is the diameter of the droplet, 𝐼 is the integrated intensity and 𝑎 and 𝑏 are the parameters to be fitted. The fit is a least
squares fit of the log–log transform of Eq. (1). The fit is connected to a Root Mean Square Error (𝑅𝑀𝑆𝐸) shown in Fig. 1(c).
The 𝑅𝑀𝑆𝐸 gives information of how well the chosen parametric function fits the points of simulated integrated intensities and
diameter. Fig. 1(c) show that the semi-forward collection angles both enables detection of smaller droplets (because of higher
scattering intensity) and have a smaller error since there is less overlap of intensities for different sizes. Further comparisons of
collection angles and tuning of the setup can be seen in Section 6. With the parametric curve in the semi-forward direction, the size
of a droplet can be estimated with an imaged intensity. However, the imaged intensity needs to be further calibrated as is discussed
3

in Section 4.
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Fig. 1. Approach to size droplets by imaging scattered laser light with comparison between perpendicular (dark red) and semi-forward (bright green) collection
angles. (a) A setup where a droplet is found inside a laser beam consisting of two lasers. One laser is at 450 nm with perpendicular polarization and one at
512 nm with parallel polarization. Two center camera collection angles at 90◦ and 52◦ are compared. (b) The scattering intensity from droplets with different
size as a function of scattering angle simulated using Lorenz–Mie theory. The semi-forward direction has both a higher intensity and less overlap of intensities
between different droplet sizes. (c) Stars are the integrated intensity of the darker red and brighter green areas in (b) for all integer sizes between 4 and 100
μm. All stars for each set of collection angles are used to a fit the plotted parametric curves.

3. Experimental setup

The experimental setup is illustrated in Fig. 2 with a view from the top in panel (a) and from the front in panel (b) where also
the camera for the sizing calibration is shown. The illumination volume is produced by two continuous wave lasers. One laser is at
450 nm wavelength, perpendicular polarization and 4 W power and the other is 512 nm, parallel and 5 W. The lasers are combined
using a dichroic mirror. Then, they are expanded 10 times and truncated by a square aperture with 15 mm side length to a top hat
beam with variations of less than 3.5% for the areas where droplets are sized. Finally, the beam is shaped using cylindrical lenses
into an illumination volume with of 120 mm height and 15 mm thickness.

A subject is placed behind a protection plate with a quadratic hole of size 15 cm 𝑥 15 cm and is wearing protective glasses.
The subject is then asked to perform the event that will produce droplets. The droplets will then cross the laser illumination and
scatter light into the cameras. The cameras start recording just before the subject starts to produce droplets. Either both Cam. A and
Cam. B are recording (calibration phase) or only Cam. A (measurement phase). Both cameras are placed at an approximate center
angle of 52◦ above one another as is seen in Fig. 2(b). The cameras are Phantom VEO 710 high-speed cameras recording with a
resolution of 800 × 512 pixels and with 16 000 frames per second. The sensors have 12 bit pixel depth giving a dynamic range from
0 to 4095 counts. Cam. A is imaging the droplet scattering intensity and is equipped with a Nikon objective lens with a collection
diameter of 50 mm. With this setup Cam. A has an approximate pixel size of 200 μm/pixel that corresponds to a magnification of
around 0.1× (sensor pixel size of 20 μm). All recordings have an exposure time of 50 μs. Cam. B is recording the droplet size for
calibration. This camera is equipped with a bi-telecentric (TC16M018 lens from Opto Engineering) lens for 35 mm detectors with
2× magnification where the final pixel size is 10 μm. The telecentric lens has a red band pass filter attached to it that together
with a background diffuse red light source form a shadowgraph imaging setup. Cam. B is recording with an exposure time of 6 μs.
Example raw images from both cameras are shown in Fig. 2(c). For a discussion on how the choice of experimental parameters such
as lasers and detection angle affect the sizing performance, see Section 6.

3.1. Too thin laser thickness, not suitable

In previous work, detection measurements of respiratory droplets using a thin laser thickness of a few millimeters has been
applied (Anfinrud et al., 2020; Fischer et al., 2020). This comes with the advantages of higher illumination fluence that make it
possible to detect smaller droplets. However, problems can arise with this setup when it comes to sizing droplets as is shown in Fig. 3.
Two different droplets have been detected with the thin laser thickness of 1.5 mm. One droplet is more than double the size of the
other but they still have approximately the same scattering intensity. With a doubling in size, the intensity should approximately
be 4 times larger (50000 instead of the measured 12500 counts) to follow the Lorenz–Mie theory. The reason for this significant
loss of intensity is that the larger droplet (b) is not fully illuminated in the frame with maximum intensity.
4
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Fig. 2. Experimental setup for sizing droplets. (a) Illustration of the lasers, optics, the high-speed cameras and the subject ejecting droplets. High-speed Cam A.
records the scattered light and Cam. B records high-resolution shadowgraph images that can size droplets for calibration purpose. (b) Raw images from Cam. A
and B.

Fig. 3. Size and scattering intensity of droplets showing how a thin laser thickness (1.5 mm) is not suitable for droplet sizing. (a) and (b) show two different
detected droplets where the scattering intensity is found with Cam. A and the size is found with Cam. B. Even though droplet (b) is more than double the size
of droplet (a), they have almost the same intensity. The reason for this is that droplet (b) is not fully illuminated in the frame with maximum intensity. The
pixels inside the pink circles are saturated because of large scattering intensity from the high fluence in the thin illumination volume.

The problem here arises when the particles to be sized are moving too fast relative to the frame rate of the camera and the
thickness of the illumination volume. To avoid this problem, an illumination thickness should be chosen so that the fastest particles
take at least 3 frames to move through the illumination volume. This ensures that there is at least one frame where the particle
is fully illuminated. With 20 000 frames per second recording speed and the max speed of coughed particles as 30 m/s (Mahjoub
Mohammed Merghani et al., 2021) an illumination thickness of at least 4.5 mm is required. In this work at least 6 frames is required
5
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Fig. 4. Tracked intensities and size of 6 example calibration droplets. Left column is the image track for the droplets found in Cam. A. The intensities of the
tracked droplet is shown in the center and the right column show the size of the droplet. Calibration droplet 1 illustrate how the intensity at each frame is
a sum of pixel counts above a threshold. In addition, a zoom of the edge interpolation distance is shown. This interpolation enhances the size estimation to
sub-pixel values.

for the tracking to work which corresponds to a minimum 9 mm thickness. The used 15 mm is then sufficient for the coughed
particles that are sized in this work.

4. Sizing calibration

In the calibration phase a person was recorded repeatedly saying the letter ‘‘V’’ to produce a large number of droplets. Known
pairs of imaged intensity and diameter of respiratory droplets are extracted with the use of Cam. A to record the scattering intensity 𝐼𝑐
and Cam. B to estimate the corresponding droplet size ⌀. Six calibration droplets with correspondences between scattering intensity
and size are found in Fig. 4.

Details for how the scattered light intensity and size are extracted are illustrated for calibration droplet 1 in Fig. 4. In Cam. A,
the droplet is tracked as is shown by the cyan colored curve. Explanation of tracking is found in Section 4.1. For each frame of this
6
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track the same segmentation as the tracking is used to define an area of pixels using a global intensity threshold of 25 counts. The
sum of all pixel values in this area defines the intensity 𝐼𝑓 . Note that the imaged light in Camera A is the scattering signature of
the particle and not the particle itself since the particle is much smaller than the pixel size. The signal spread over several pixels is
due to an effect of the particle movement during an exposure and slight out of focus effects. The intensities of the tracked frames
can be seen in the middle column of the Figure. Here, one can see how the droplet has an intensity plateau when fully illuminated.
Unexpected edge peaks are also found and is further discussed below. To avoid the edge peaks when calculating the intensity, the
subset of the intensities 𝐼𝑓 ′ larger than half of the maximum tracked intensity is extracted. The median of this subset is used as the
scattering intensity from Cam. A, 𝐼𝑐 . The standard deviation of intensities around the median value 𝜎𝐼𝑐 is also calculated to estimate
the calibration uncertainty.

The size of the calibration droplets are shown in the right column of Fig. 4. The shown shadowgraphy frame of Cam. B is the
one where the droplet was best in focus. To calculate the droplet size from this frame, first a threshold is found as the median value
of the background minus the darkest pixel of the foreground droplet. Pixels below this threshold is classified as droplet and the
rest as background. To refine the droplet resolution to sub-pixel, an edge interpolation is performed between pixels neighboring the
background and the background pixels. The distance 𝑑 shown for calibration droplet 1 in Fig. 4 is calculated as,

𝑑 =
threshold − 𝑝droplet

𝑝background − 𝑝droplet
, (2)

where 𝑝droplet is the pixel value below the threshold and 𝑝background the neighboring background pixel value. 𝑑 is a value between
0 and 1. It is close to 0 or 1 respectively if the droplet pixel value or the background pixel value is close to the threshold. This
sub-pixel refinement is shown as the red stars in the Cam. B column of Fig. 4. These refined edge points are used with a least
squares approach to fit a circle where the diameter is the droplet size. By using an 1951 USAF target the minimum size limit for
the shadowgraphy was found to be 30 μm, see supplementary data Figure S1. In total, 74 calibration droplets are found above this
size.

The intensity curves in Fig. 4 of the calibration droplets have features worth discussing. One observed feature is that almost
all intensity tracks of the 90 found calibration droplets have intensity peaks at the left end, right end or even both ends of the
intensity plateau. These are indicated for calibration droplets 1, 2 and 4. It has been noted that the peaks are more distinguished
for droplets that move slower. This suggests that something is occurring with the scattering if the droplet is imaged close to the
edge of the illumination (or even when the droplet is partly illuminated). More calibration data is required to further understand
this observation. For calibration point 3, one can see how a droplet is moving irregularly in Cam. A. It is likely that the droplet is
then both exiting and reentering the illumination volume. Since this does not significantly affect the scattering intensity it can be
concluded that the scattering intensity is unchanged for slightly different positions in the image. Finally for calibration points 5 and
6. Point 5 is saturating the sensor more than point 6 even though it is smaller. The reason for this is most probably that droplet 6 is
moving faster than 5. The movement cause a spreading of the scattering intensities over multiple pixels during the exposure which
prevents saturation. The maximum limit for sizing a droplet will then depend on the speed of the droplet which is further discussed
in Section 4.5. Six additional calibration particles can be found in supplementary data Figure S2.

4.1. Particle tracking

For the calibration and sizing of the droplets (in this subsection denoted particles for generality) must be tracked in Cam. A. The
main reason for the tracking is to verify that the droplet is fully illuminated in the frame used for sizing. The tracking algorithm
has two parts:

1. Finding of particle pixel position in each recorded frame.
2. Follow particle positions over consecutive frames to create tracks.

1. The following is performed for each image. Pixels that contain background illumination such as of the subjects face is first
masked. Then a global threshold of 25 counts is applied. Now a binary image with islands of pixels above the threshold is found.
A connected components algorithm is applied to group the islands where each is defined to be a particle. The pixel coordinates of
this particle is calculated as the center of mass pixel position weighted by the pixel intensities on the particle island.

2. The tracking used in this work is an in house algorithm that is largely inspired by the Four Frame Best Estimate
algorithm (Ouellette et al., 2006) and the extension in Clark et al. (2019). This tracking algorithm is detailed in Roth et al. (2022)
and will be explained here in brief. First one position found in the first frame of the previous part is considered. Here, no information
of the particle velocity is known. Therefore all possible particle positions in the next frame within a certain max speed from current
position is considered in turn. First the closest position is considered. Now a velocity can be estimated from the two positions and
it is used to extrapolate where the particle should end up in the next frame. The positions in the next frame within both a distance
(max acceleration) of this extrapolated position and within the max speed criteria are considered in turn. Here, the closest position
to the extrapolation is first considered. Now both velocity and acceleration of the particle can be estimated from the three positions.
The latest position, new velocity and acceleration is then used to extrapolate where the particle should end up in the next frame. All
positions within a distance from the extrapolated position (max extrapolation error), within the max acceleration criteria and within
the max speed criteria are considered in turn. This process is continued recursively from here on with new positions, velocities and
acceleration estimations at each point. A branch in this recursion tree ends when there are no particles found in the next frame
7
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𝑎

Fig. 5. Camera collection angle calibration. When the droplet is imaged at a specific position in an image, there is a corresponding range of collection angles
that should be used. This is taken into account by estimating the parameters 𝑎 and 𝑏 in equation Eq. (1) for each pixel. (a) An image of a checkerboard pattern
is used and a transform between pixel (left) and world (right) coordinates is found. The transform together with the camera setup parameters is used to estimate
the min and max collection angle for each pixel, (b). The collection angles are then used to estimate the coefficients in Eq. (1) for each pixel, (c).

When the full recursion tree has been traversed, the track that is the longest is set to be the best track from this starting position.
If there is a tie, the one with smallest sum extrapolation errors is chosen. This is repeated for all found positions in part 1. Then
an extraction algorithm is applied to take the best tracks without inducing tracking conflict where two tracks contains the same
position. Tracking is repeated for start positions with tracks that induced conflicts followed by extraction. Tracking and extraction
is repeated until no conflicts remain. Each track that is 6 frames or longer is considered valid. The maximum speed is set to 20
pixels/frame, maximum acceleration to 2.2 pixels/frame2 and the maximum extrapolation error to 2.2 pixels. These values have
been tuned manually for the coughing events that the sizing is applied to in Section 5. The software used to perform the tracking
is open source and can be found at https://gitlab.com/roth.adrian/ptv3py/.

4.2. Camera collection angle calibration

The position of droplets in the illumination volume affect the scattering collection angles of Cam. A. These collection angles will
mainly be affected by the pixel position of the droplet in the image since the illumination volume is relatively thin compared to the
distance from the camera to the illumination volume. Thus, each pixel have unique collection angles and, in continuation, a specific
combination of parameters 𝑎 and 𝑏 in Eq. (1). A droplet found in a specific pixel should then be sized using the corresponding
parameters of that pixel.

The parameters 𝑎 and 𝑏 is estimated for each pixel by using a calibration photo shown in Fig. 5(a). Here, a grid of 19 × 11
checkerboard corners can be seen in both the imaged coordinates (𝑥, 𝑦) and the world coordinates (𝑋, 𝑌 ). The checkerboard is
placed in the same plane as the center of the laser illumination volume. With the known corresponding image and world coordinates,
a polynomial transform of the third degree is estimated to go from the image coordinates to the world coordinates as,

𝑋(𝑥, 𝑦) = 𝑝𝑋0 + 𝑝𝑋1 𝑥 + 𝑝𝑋2 𝑦 + 𝑝𝑋3 𝑥
2 + 𝑝𝑋4 𝑦

2

+ 𝑝𝑋5 𝑥𝑦 + 𝑝𝑋6 𝑥
3 + 𝑝𝑋7 𝑦

3 + 𝑝𝑋8 𝑥
2𝑦 + 𝑝𝑋9 𝑥𝑦

2,

𝑌 (𝑥, 𝑦) = 𝑝𝑌0 + 𝑝𝑌1 𝑥 + 𝑝𝑌2 𝑦 + 𝑝𝑌3 𝑥
2 + 𝑝𝑌4 𝑦

2

+ 𝑝𝑌5 𝑥𝑦 + 𝑝𝑌6 𝑥
3 + 𝑝𝑌7 𝑦

3 + 𝑝𝑌8 𝑥
2𝑦 + 𝑝𝑌9 𝑥𝑦

2

(3)

where 𝑝𝑑𝑖 are the coefficients of the transform. Now the world X, Y coordinates for each pixel can be calculated using the transform.
With the known camera distance of 360 mm from the origin of the world coordinate system and the lens size of 50 mm, the min
and max collection angles can be estimated for each pixel, shown in Fig. 5(b). The collection angle range is varying from around
7◦ to 9◦. Finally, the same procedure that was described in Fig. 1(b) and (c) is used to estimate coefficient 𝑎 and 𝑏 for each pixel
where the result is shown in Fig. 5(c).

4.3. Extracting final calibration curve

To calculate the final calibration curve, 74 different calibration droplets (six of them are presented in Fig. 4) were found with
corresponding intensity and size. This combination of intensity and size is denoted a calibration point. The found calibration points
are plotted in Fig. 6(a) where 9 droplets are saturating the sensor in Cam. A and are not used in the following calculations. The
criteria for saturation is that at least one pixel in the area of a particle is saturated. The points are used to estimate a scale coefficient
̂ by linear least squares,

⌀ = �̂� ⋅ (𝑎 ⋅ 𝐼𝑏). (4)
8
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Journal of Aerosol Science 174 (2023) 106257A. Roth et al.

𝑎

𝑎

Fig. 6. Calibration curve estimation from calibration points. (a) The black points show single calibration point extracted using the procedure illustrated in Fig. 4.
82 calibration points are used to estimate the final curve. The red area around the curve is the prediction uncertainty. One part of the prediction uncertainty
is the uncertainty in imaged intensity. This uncertainty is found to be approximately proportional to the intensity as seen in (b). (c) The relative uncertainty
contribution of the intensity and the calibration curve parameters both separately and combined. The corresponding calibration curve for the thin 1.5 mm laser
thickness discussed in Section 3.1 can be found in supplementary data Fig. S3.

̂ connects the simulated Lorenz–Mie intensity with the imaged intensity so that the theoretical curves for each pixel can be applied
in the experimental setup. Note that the pixel position of the calibration droplets in Cam. A is taken into account in the estimation of
̂ by extracting the corresponding 𝑎 and 𝑏 from Fig. 5(c). The found scaling (�̂� ≈ 9.9) is then applied to each pixel curve. The shown
calibration curve corresponds to the center pixel in the image. With the 25 counts as a minimum image intensity, the calibration
curve can size stationary droplets larger than 3.4 μm.

4.4. Size prediction uncertainty

To reliably use this calibration curve, an uncertainty estimation is required. The estimated uncertainty is shown as the red area
in Fig. 6(a). This prediction uncertainty consists of two parts. The first part is the uncertainty of the found intensity value which
itself consists of two parts.

1. A background noise that is estimated as the RMS value of pixels that image background. This standard deviation is estimated
to 5 counts.

2. A standard deviation of the intensity 𝜎𝐼𝑐 was estimated for the calibration droplets (Fig. 4) when the droplet is in the
illumination volume. This uncertainty seems to be proportional to the intensity with a proportionality constant of 0.12 as is
shown in Fig. 6(b).

Together they give the intensity uncertainty,

𝜎𝐼𝑐 = 5 + 0.12 ⋅ 𝐼𝑐 . (5)

The contribution of the intensity uncertainty to the final prediction uncertainty is shown as the orange curve in Fig. 6(c). Generally,
the uncertainty is around 6%, however, for droplets smaller than 8 μm the background noise takes over and increase it up to 12%.

The second part of the uncertainty is the uncertainty of the calibration curve. This uncertainty itself consists of the uncertainty
of the three parameters in Eq. (4) (�̂�, 𝑎 and 𝑏). The uncertainty 𝜎𝑎 and 𝜎𝑏 is calculated from the uncertainty in the least squares fit
of Eq. (1). The least squares fit was performed after a log–log transform to adapt the equation to linear regression:

log⌀ = log 𝑎 + 𝑏 ⋅ log 𝐼 (6)

Then, the uncertainty of the estimated least squares parameters is found as,
[

𝜎log 𝑎
𝜎𝑏

]

=
√

diag(𝑠2(𝐃𝑇𝐃)−1), (7)

where diag extracts the diagonal of a matrix, 𝑠2 is the estimated variance of the residuals,

𝑠2 = 𝑁 ⋅ 𝑅𝑀𝑆𝐸2
, (8)
9
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Table 1
Example values of coefficients and uncertainties.
𝑎 and 𝑏 are taken for a pixel in the center of the
image.
�̂� 9.924 ± 0.1 (1%)
𝑎 0.066 ± 0.002 (3%)
𝑏 0.514 ± 0.003 (6%)

where 𝑅𝑀𝑆𝐸 is the same quantity that is introduced in Fig. 1(c). 𝐃 is the regressor matrix of the intercept and log intensity regressor
olumn-stacked,

𝐃 =
⎡

⎢

⎢

⎣

1 log(𝐼1)
... ...
1 log(𝐼100)

⎤

⎥

⎥

⎦

. (9)

To extract 𝜎𝑎, 𝜎log 𝑎 is propagated through the exponent operator where the value of 𝑎 also is taken into account. Practically this is
performed using the uncertainties package in python (Lebigot, 2020). To extract 𝜎�̂�, a similar approach is performed. Then,
the 𝑅𝑀𝑆𝐸 of the fit using Eq. (4) and the 81 calibration points is applied to estimate a second 𝑠2 and a corresponding 𝐃 from the
regression is,

𝐃 =
⎡

⎢

⎢

⎣

𝑎0(𝐼𝑐0)𝑏0
...

𝑎81(𝐼𝑐81)𝑏81

⎤

⎥

⎥

⎦

. (10)

ote that a specific 𝑎 and 𝑏 is used for each calibration point that depends on the pixel position of the found calibration droplet.
ith the estimated 𝜎�̂�, 𝜎𝑎 and 𝜎𝑏, the uncertainty of the calibration curve can be calculated. The contribution of the calibration

urve uncertainty is shown as the blue curve in Fig. 6(c). Example values of the uncertainties for �̂�, 𝑎 and 𝑏 are shown in Table 1
Finally, the combined uncertainty of both the intensity and calibration curve is propagated to estimate the uncertainty of the

redicted size. This corresponds to the mentioned red area in Fig. 6(a) and the relative prediction uncertainty is shown in Fig. 6(c).
or small droplets the uncertainty is as large as 13% and otherwise it is generally around 8%.

The OPS instrument has an estimated uncertainty of 5% for a droplet size of 0.5 μm (Han et al., 2011). This was estimated
ith ISO 21501-1 (in the ISO the uncertainty is denoted resolution). This means that the uncertainty with this technique is higher,
owever, that is expected since the OPS has a collection angle of 90◦ ± 60◦ which should compensate for errors in intensity.

.5. Measurable size-range depending on droplet speed

The minimum detectable size using the final calibration curve is 3.4 μm. However, this minimum size assumes that all scattered
ight is collected in a single pixel (Fig. 7(a)) which is possible since the droplet is much smaller than the pixel size of 200 μm.
owever, if the droplet is moving fast enough, this will no longer be the case (Fig. 7(b)) since the droplet will spread its intensity
ver multiple pixels during a single exposure. For example, a droplet with size 3.4 μm and a higher speed will no longer be above
he detection threshold of 25 counts. A similar case applies for the largest droplet that can be sized. Here, the limiting factor is
he saturation of pixels. If the droplet is moving, and therefore spreading its intensity over multiple pixels, a larger droplet can be
ized without saturation. To understand the change of sizing range depending on velocity, the effective exposure time must first
e described. The effective exposure time is the actual time a droplet is spreading its light into one pixel. The max exposure time
orresponds to that of the camera which is 50 μs. A slow droplet will deposit all light into a single pixel and have an effective
xposure time of 50 μs. A faster droplet will have a shorter time. This time is connected to a limiting speed where all scattered light
s deposited into one pixel 𝑣lim.

To estimate the limiting speed 𝑣lim, the illustration in Fig. 7(c) is used. Here, a droplet is assumed to be moving in the direction
erpendicular to the laser direction at a speed 𝑣. Because of the camera orientation at 52◦ the speed in the camera 𝑣𝑖𝑚 is,

𝑣𝑖𝑚 =
𝑣𝑐
𝛥𝑝

=
𝑣 cos(52)

𝛥𝑝
, (11)

where, 𝑣𝑐 is the speed projected onto the camera direction and 𝛥𝑝 is the size of a single pixel in the camera (𝛥𝑝 ≈ 200 μm/pixel).
The distance a droplet travel over a single camera exposure time 𝑑𝑖𝑚 is,

𝑑𝑖𝑚 = 𝑣𝑖𝑚 ⋅ 𝛥𝑡 =
𝑣 cos(52)𝛥𝑡

𝛥𝑝
, (12)

here 𝛥𝑡 = 50 μs. To get 𝑣lim, 𝑑𝑖𝑚 is replaced by 𝑑one pixel
𝑖𝑚 that describes the max distance the droplet can travel during one exposure

here all scattered light is collected by one pixel. This distance is varying depending on the droplet position inside the pixel and
n which direction it is traveling. Through a simple integration of all possible positions and directions, the expected value of this
istance is around 0.5 pixels. Therefore 𝑑one pixel

𝑖𝑚 is set to 0.5. By solving for 𝑣 in Eq. (12) one get,

𝑣lim =
𝑑one pixel
𝑖𝑚 𝛥𝑝

= 3.2 m/s. (13)
10
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Fig. 7. The size-range of the method depending on the droplet speed. (a) An extracted image from Cam. A showing a slow droplet where all scattered light is
collected in a single pixel in contrast to (b) where the droplet is moving fast and the droplet cross multiple pixels during the exposure time. (c) Illustration of
how the droplet speed is connected to the speed from the camera perspective. The illustration in (c) is used to estimate the speed dependence of the minimum
detectable droplet size ⌀min

𝑣 (d) and maximum detectable droplet size ⌀max
𝑣 (e). In each plot the effective exposure time 𝛥𝑡eff of a droplet is also shown. As a

comparison between these calculations and the reality, the calibration droplets are plotted in (e). The speed of the calibration droplets is calculated from the
tracked 𝑣𝑖𝑚 with the assumed relation Eq. (11).

For speeds below 3.2 m/s the droplet is assumed to have an effective exposure time 𝛥𝑡eff of 50 μs. However, when this speed is
exceeded, the exposure time is shortened as,

𝛥𝑡eff =

{

𝛥𝑡 𝑣 ≤ 𝑣lim

𝑣lim𝛥𝑡
𝑣 𝑣 > 𝑣lim.

(14)

The intensity ratio is then equal to the exposure ratio,

𝐼(𝛥𝑡eff)
𝐼(𝛥𝑡)

=
𝛥𝑡eff
𝛥𝑡

=

{

1 𝑣 ≤ 𝑣lim

𝑣lim

𝑣 𝑣 > 𝑣lim.

With parameter 𝑏 of the parametric size curve in Eq. (4) the minimum size as function of speed ⌀min
𝑣 is,

⌀min
𝑣 =

⎧

⎪

⎨

⎪

⎩

⌀min
0 𝑣 ≤ 𝑣lim

(

𝑣
𝑣lim

)𝑏
⌀min
0 𝑣 > 𝑣lim,

(15)

where ⌀min
0 = 3.4 μm. The minimum detectable droplet for speeds from 0 to 25 m/s is plotted in Fig. 7(d).

For the largest detectable droplet the limiting factor is the saturation of pixels. This corresponds to 4095 counts which would
be sized to around 44 μm. This means that the maximum sizable droplet for a stationary droplet in focus is ⌀max

0 = 44 μm. This size
will increase when the droplet is moving with the same reasoning as for the smallest detectable droplet. The main difference is that
now the droplet size is almost one fourth of the pixel size. To take this into account the 𝑑one pixel

𝑖𝑚 is halved to 0.25 pixels which
corresponds to a 𝑣lim = 1.6 m∕s. The new 𝑣lim and ⌀max

0 is applied in Eq. (15) to calculate ⌀max
𝑣 shown in Fig. 7(e). Here, already at

a speed of 5 m/s the maximum size is around 80 μm.
The changing size-range are compared to the calibration droplets in Fig. 7(e). From the tracks the average image speed 𝑣𝑖𝑚 is

calculated. The relation in Eq. (11) is assumed to extract 𝑣 for each calibration droplet that is plotted together with its size. There is a
possible pattern that faster droplets are less prone to saturate. There is however still the factor of out of focus not taken into account
that can explain why there are non saturated droplets above the curve. The saturated droplets below the curve might be connected
to how out of focus droplets will not follow the assumed effective exposure relation to speed. This becomes more apparent when
the droplet size approaches the pixel size. The sizing limit variation associated with the droplet speed can be removed by using a
pulsed laser system. However, a pulsed laser with nano- or pico-seconds long pulses to freeze droplet motion, enough power per
pulse to detect small droplets and a repetition rate that matches the high-speed camera is not simple to attain.
11
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Fig. 8. Sizing results of one cough from three different subjects. (a) The found tracks at one time point and estimated size of the individual droplets according
to the colorbar. (b) The average size for droplets depending on the spatial position in the image together with the corresponding spatial count of droplets found
at each position. (c) The average size of droplets over time together with the number of sized droplets. (d) The distribution of sized droplets for the full cough.

5. Sizing applied to coughed droplets

Droplets from one cough of three different healthy subjects of male sex have been sized and the results are shown in Fig. 8. Both
tracking and extraction of the scattering intensity is performed in the same way as described in Section 4. The calibration curve is
then applied to estimate the particle size.

A first conclusion from these results are that subject 1 and 3 have similarity in the production of more droplets compared to
subject 2. This large variation in number of droplets for the same kind of event has been previously noted in the literature (Alsved
et al., 2020; Asadi et al., 2019; Bagheri et al., 2023; Lindsley et al., 2012).
12
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Fig. 9. Comparison between APS and the technique presented in this paper. (a) Raw APS data extracted from Figure 3 in Morawska et al. (2009) together with
the size distribution of Subject 1. (b) The APS distribution transformed to sizes before evaporation using the evaporation model presented in Stiti et al. (2022).

Since imaging is used here, there is spatial information of droplet sizes (Fig. 8(b)). From these results, no clear correlation
between spatial position and droplet size is visible. Although areas with few droplets (Subject 2 and edges of Subject 1 and 3)
inherit a larger variance in the average size which explains why there is an apparent large size for some positions in the image.
With fewer droplets at a time point, one single large droplet will have a large effect on the average. The spatial distribution of the
droplets show for all subjects how most droplets are found in the center which corresponds to the center of the air jet produced by
the cough.

Not only spatial information is found but also temporal from the high-speed recordings (Fig. 8(c)). Similar observations are found
here as for the spatial domain. No clear change in size except when there are fewer droplets for a time point. One exception is subject
1 that produce some larger droplets after 60 ms. For both subject 1 and 3 there are two temporal peaks of droplet production. The
second peak could be produced by saliva that after a delay reach contact with the streaming air and are ejected. This reasoning is
similar to why the number of ejected droplets can vary greatly for the same subject and event (Alsved et al., 2020).

5.1. Counting efficiency

Counting efficiency describes how many of the actual droplets that the sizing technique detects for each size. For the size
distributions (Fig. 8(d)), it seems that 4 μm droplets have the highest concentration. Measurements on respiratory events show
that the size for highest droplet concentration is significantly smaller than this (Bagheri et al., 2023). This means that a majority of
the droplets between 3.4 μm (the definite lower sizing limit of the calibration curve) and 4 are not detected in these measurements.
The reason for this is most probably the speed and out of focus effects of the droplets discussed in Section 4.5. The small droplets
then generally seem to have a higher speed than 5 m/s. If this speed is also assumed for the larger droplets, the maximum size is
then around 80 μm.

The performance of the sizing is largely depending on the performance of the droplet tracking. Examples of such tracks are
shown in Fig. 8(a). This is closely linked to the counting efficiency of this sizing technique. The tracking algorithm used in this
work is as mentioned built upon the work of Clark et al. (2019) where they estimate their tracking performance by applying their
tracking to simulated tracks found in the John Hopkins Turbulence database. The main difference to the tracking algorithm in Clark
et al. (2019) is that the tracking algorithm used in this work recursively traverses more possible tracks to find the optimal one.
This makes it possible to use their tracking performance results to evaluate the tracking for these three subject. Clark et al. found
that their tracking performance largely depended on the so called displacement-spacing ratio. This is the ratio between the average
displacement of droplets and the spacing between the droplets. The tracking is harder when there is a larger displacement of the
droplets relative to the distance between them. For the data used in this work there is a general displacement spacing ratio below
0.25 with a few peak values of 0.5. This corresponds to a 3% and 10% number of incorrect tracks respectively (Figure 2 in Clark
et al. (2019)). In the future, a quantification of the counting efficiency as function of the size is required.

5.2. Comparison to aerodynamical particle sizer results with evaporation correction

The work in Morawska et al. (2009) measured the size distribution of subjects coughing using the APS. Their results (Figure
3 in Morawska et al. (2009)) have been extracted and plotted in Fig. 9(a) together with the size distribution of the cough from
Subject 1. A direct comparison is however not possible since the APS measure the evaporated size distribution and the work in this
paper measure before evaporation. An evaporation model is used here to correct the distribution, presented in Stiti et al. (2022)
that considers saliva as a binary mixture of water and salt using a concentration of salt of 6 g/kg. to transform the APS results to
the distribution before evaporation Fig. 9(b). Measurements with the SMPS with evaporation correction show how there is a larger
concentration of particles below 3 μm that cannot be detected by either the technique presented in this work nor the APS (Bagheri
et al., 2023). The APS is however seen to have a higher counting efficiency below 4 μm droplet sizes.
13
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Fig. 10. The three different experimental parameters: laser configuration, center angle and laser power are considered for tuning. (a) Show how the 𝑅𝑀𝑆𝐸
(introduced in Fig. 1(c)) is affected by different laser configurations and the center angle. (b) Show how the minimum and maximum detectable diameters are
affected by the choice of center angle. Finally, (c) show how min and max detectable diameters are affected by the full laser power. Note that when changing
one parameter, all other parameters of the experimental setup is assumed to be the same as is used in this work. Therefore the absolute numbers might differ
for a different setup but the trend should be the similar.

6. Tuning of the experimental setup

In this section, setup parameters are considered which can help to tune this technique for other measurement requirements,
such as different sizing range. The parameters to tune are: the center angle of the camera that defines the main scattering direction,
the laser configuration used and the laser power input. Note that the parameters are analyzed mainly by changing one or two and
keeping the remaining ones constant. The coupling between the parameters can probably be neglected in most cases which means
that a change of multiple parameters at once should follow the sum of the individual changes as detailed below.

Firstly the center angle together with the laser configuration is considered. In this work two lasers were used, one 450 nm
with perpendicular polarization and one 532 nm with parallel polarization. The polarization is here parallel or perpendicular to the
ground that roughly translates to the camera viewing plane. The two lasers together with a general center angle of 52◦ gave a 𝑅𝑀𝑆𝐸
fit value of 1.8 μm that was calculated in Fig. 1(c). The 𝑅𝑀𝑆𝐸 value is a measure of how well the Lorenz–Mie scattering theory
follows the parametric curve Eq. (1), lower value corresponds to an improved fit. In Fig. 10(a) the 𝑅𝑀𝑆𝐸 value is calculated for
different laser configurations and center angles. The current use of two lasers with different polarization is slightly better compared
to using a single laser. But the optimal combination is to use both lasers with parallel polarization that should be considered in
the future. This improvement because of polarization is however minor in comparison to the advantage of using the semi-forward
scattering direction as can be seen by reduced 𝑅𝑀𝑆𝐸 for these angles. This 𝑅𝑀𝑆𝐸 affects the uncertainty of the calibration curve
parameters 𝑎 and 𝑏.

The center angle of the camera will also greatly affect the scattering intensity of the droplets and therefore also the range of sizes
that are possible to measure. From the found smallest and largest size in the calibration, an extrapolation can be performed from
the scattering theory. The smallest detectable size go from 1.7 to 14 μm and largest from around 22 to 245 μm when the center
angles range from 30◦ to 100◦. These sizes are valid for droplets that are stationary and in focus and the detection limit for moving
droplets will follow the trends shown in Fig. 7(d) and (e). Note that lowering the center angle of the setup has not only a down side
in a decrease of the maximum detection limit. The droplets are also moving relatively faster and are more densely packed in the
camera projection. This increases the displacement-spacing ratio introduced in Section 5.1 that will lead to more tracking errors.

Finally the sizable range depending on the laser power is considered. The two lasers in this work contribute 4 W and 5 W
independently that combined to 9 W continuous power. The scattering intensity can be assumed to be proportional to the laser
power so one can approximate the new sizing limits from eq (1). When the power is changed the intensity is scaled with power 𝑃
as 𝑐 = 𝑃∕9. That gives a scale of diameter 𝑐𝑏. The found min and max diameters for sizing with powers ranging from 1 to 12 W is
shown in Fig. 10(c). Again, the size-range is valid for only stationary droplets. The possibility to size smaller droplets is the main
reason for using the combined power of two lasers.

7. Conclusions

This work has introduced in detail an approach using high-speed scattered-light imaging for sizing of respiratory droplets. A
continuous wave laser illuminates the droplets that scatter light into the camera placed in a semi-forward detection configuration.
A second high-speed shadowgraph camera is used during calibration to find droplet size. Correspondences between droplet size and
scattering intensity is used to extract a calibration curve. The calibrated setup is then applied on coughing respiratory events.
14
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Following a detailed calibration procedure, the uncertainty of the sizing is found to be around 8% with a larger uncertainty of
2% for the smallest droplets. The limiting minimum and maximum sizes depend on the droplet speeds. A higher speed spread out
he scattering intensity over multiple pixels during a single exposure and increases both the minimum and maximum detectable
izes. The size limits for stationary droplets are found from the calibration curve to be 3.4–44 μm. However, since the droplets seem

to be generally faster than 5 m/s the sizing limits are increased to 4–80 μm.
The camera is placed in the semi-forward scattering direction (52◦) that both improve the sizing accuracy according to the

Lorenz–Mie theory and increase the scattering intensity. The increased intensity makes it possible to detect droplets as small as 3.4
μm in contrast to a perpendicular detection (90◦) configuration that would be limited to around 10 μm. However, the increased
scattering intensity also lowers the limit of largest possible droplet to size from 230 μm in the perpendicular direction to 44 in the
semi-forward direction for stationary droplets.

It was concluded that a too thin illumination volume relative to the speed of the droplets and the imaging frame rate is not
suitable for sizing by scattering intensity. The reason is that droplets cannot be guaranteed to be fully illuminated at any frame. The
used 15 mm illumination thickness is wide enough to avoid this problem but because of this wide illumination, droplet tracking is
required.

The droplet sizing was applied on respiratory droplets that were produced by subjects coughing. One cough from three different
subjects were analyzed. The results show no clear change in average size spatially or temporally for a single cough. Generally more
droplets are found in the spatial center of the cough jet.

In the future, a detailed analysis of the counting efficiency of this technique is required. In addition, analysis of how it compares
to other sizing techniques using imaging will be of great use. Then, the sizing technique opens up new possibilities for understanding
how droplets of different sizes are distributed both in space and time and how this varies between each unique respiratory event.
In addition, the technique can be combined with stereoscopic imaging to extract both 3D velocities and size of the same droplets.
When applied to different events of multiple subjects, the results can give valuable input information to modelers for analyzing
complex situations involving airborne spreading of disease.
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