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Abstract 
Respiratory activities such as sneezing generate pathogen laden droplets that can deposit in the respiratory tract of a sus-
ceptible host to initiate infection. The extent of spread of these droplets determines the safe distance between a patient and 
health care worker. Here, we have presented a method to visualize the droplets expelled by a sneeze using light-sheet illumi-
nation. This method of visualization provides images that clearly resolve the velocities of droplets with minimal overlapping 
trajectories, towards understanding their flow dynamics. Furthermore, we present the image processing techniques required 
to perform accurate Particle Tracking Velocimetry to understand the motion of expelled droplets. Flow fields are presented 
from applying this methodology over multiple sneezes which reveal that less than 1% of droplets expelled travel at veloci-
ties greater than 10 m/s and almost 80% of droplets travel at velocities less than 5 m/s. Furthermore, we observe that some 
droplets are generated by ligament breakup outside the mouth and some are generated within the respiratory tract.

Graphic abstract

1 Introduction

Coughing and sneezing are often considered as aerosol gen-
erating actions. Sneezing is characterized by a sudden invol-
untary expulsion of respiratory and salivary fluid along with 
air, from the mouth and nose, due to irritation of the mucus 
membrane. Sneezes expel pathogen-laden droplets of res-
piratory and salivary fluid that can deposit in the respiratory 
tract of susceptible hosts in the near-vicinity, and that may 
initiate the infection. Although both coughing and sneez-
ing are sudden expulsions of air and respiratory tract fluid, 
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studies have shown that they have certain characteristics. 
Specifically, initial studies by Duguid (1944) and Jennison 
(1942) showed that peak velocity of droplets expelled during 
a sneeze is significantly higher than that generated during 
cough and the number of droplets expelled during a sneeze 
are also much higher than those produced during coughing. 
A more recent study by Scharfman et al. (2016) showed that 
even the mechanism of droplet formation differs between a 
cough and a sneeze. As a consequence of these properties, 
sneezing could be a major contributor to ‘droplet’ transmis-
sion as defined by World Health Organization (2014), which 
is believed to occur when a person is within 1 m from some-
one who has respiratory symptoms (e.g., coughing or sneez-
ing). However, most prior research on infection transmission 
has been focused on coughing with sneezing receiving much 
less attention comparatively (Zhu et al. 2006; Gupta et al. 
2009; Vansciver et al. 2011; Lee et al. 2019). A reason for 
this bias could be the frequency of coughing, which could be 
up to 15 times higher in certain diseases (Loudon and Brown 
1967; Dick et al. 1987). Moreover, it is also harder to induce 
a controlled sneeze as compared to cough for experimental 
studies.

The infection control guidelines for the prevention of 
respiratory transmission makes an assumption on the safe 
distance between patient and health care worker based on 
the extent of spread of droplets expelled during respiratory 
events such as coughing and sneezing, and 1–2 m distance 
is considered safe to prevent from ‘droplet’ transmission. A 
recent review by Bahl et al. (2020) found that the evidence 
for this safe distance is very sparse. Moreover, for coronavi-
rus disease 2019 (COVID-19) pandemic the spatial separa-
tion limit for donning Personal Protective Equipment (PPE), 
as defined by WHO is just 1 m (World Health Organization 
2020). Therefore, understanding the dynamics of respiratory 
events is key to guiding infection control policy and practice 

in the healthcare setting, including the use of PPE to provide 
a barrier against large droplets and aerosols (MacIntyre et al. 
2014). Modelling studies by Xie et al. (2007) and Parienta 
et al. (2011) have shown that the properties of the expira-
tory fluid and the velocity of expiration, plays a major role 
in determining the extent of droplet spread. Hence, a precise 
measurement of the velocity of expelled droplets is essential 
to better understand the transmission of infection.

A few studies have tried to study the flow dynamics of 
sneezes using various techniques. Nishimura et al. (2013) 
used volumetric illumination and a high-speed imaging sys-
tem to capture sneeze flow at 300 fps. The study employed 
Particle Image Velocimetry to analyse the flow and found 
the initial velocity to be greater than 6 m/s. It was also 
concluded that the reach of a sneeze is almost three times 
that of cough however, this study was limited to a single 
subject. Tang et al. (2013) collected data from 6 subjects 
using shadow-graph imaging at a frame rate of 2000 fps and 
reported a maximum velocity of 4.5 m/s. Bourouiba et al. 
(2014) provided a theoretical model, which was developed 
using high-speed sneeze visualization, analogous water tank 
experiments and a particle-laden cloud model, to predict the 
extent of pathogen spread. It was concluded that the turbu-
lent cloud expelled during a sneeze can extend the reach 
of pathogen laden droplets. Scharfman et al. (2016) used 
high-speed cameras to capture close-range droplets using 
diffused white backlighting and concluded that droplets 
predominantly form at the exit of the mouth by a sequence 
of fragmentation processes. It was also concluded that the 
viscoelasticity of expiratory fluid is a major factor in deter-
mining the size distribution of large droplets. The maximum 
velocity of droplets reported in this study was 14 m/s and a 
velocity of up to 35 m/s was reported for ligaments, which 
subsequently breaks to form large droplets. A recent visu-
alization of sneeze cloud by Bourouiba (2020) showed that 

Fig. 1  Experimental setup used to capture droplets expelled during a sneeze. a Schematic showing top view of the setup. b A picture of the 
experimental setup showing the vertical light sheet (xy plane) used in the present study
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turbulent gas cloud with pathogen laden droplets can travel 
up to 8 m away from the subject.

Since droplet precaution guidelines for infection control 
rely on the extent of droplet spread (Siegel et al. 2007), and 
appears to assume no difference between droplets expelled 
by a cough and sneeze, it is important to understand the 
dynamics of individual droplets. We note that most of the 
published literature on sneeze flow dynamics uses volume 
illumination for flow visualization, coupled with a single 
camera. However, with volume illumination, there is an 
overlap of droplet trajectories, and the movement of parti-
cles along the camera axis can lead to difficulty in precisely 
detecting the velocity of individual particles. Other works 
include measurements by Scharfman (2016) which used a 
multi-camera arrangement together with back illumination.

For single camera measurements, light sheet illumination 
allows to precisely locate particles in a slice of the flow-field 
which are not masked by the presence of particles along 
the camera axis. Studies by Zhu et al. (2006) and Vansciver 
et al. (2011) used laser sheets for Particle Image Velocimetry 
(PIV) to understand cough flow by making a chamber with 
PIV setup in which volunteers cough through an opening. 
Since in the case of sneezing, head movement is involved, 
and it is much more difficult to control a sneeze, this kind of 
approach is not possible to visualize sneeze flow.

Accordingly, in this study, we present a set of experi-
ments employing light sheet illumination to capture indi-
vidual droplets with minimal overlapping along the axis of 
the camera. The images captured are then processed using 
Particle Tracking Velocimetry techniques to obtain precise 
individual droplet motion. In Sect. 2, we describe the experi-
mental methods to capture the sneeze flow using light sheet 
illumination and a high-speed camera. The image processing 
required for the study is explained in Sect. 3. Sections 4 and 
5 present the analysis of the results.

We note, to complete the study approval was obtained 
from the University of New South Wales Human Research 
Ethics Committee [HC180830]. All the participants were 
healthy and non-smokers and provided written consent 
before participating in the study.

2  Experiments

Droplets expelled during a sneeze were captured by employ-
ing a high-speed camera and light sheet illumination. The 
use of light sheet illumination and high-speed motion cap-
ture was important to resolve the details of individual drop-
lets expelled during a sneeze. To this end, a vertical (xy) 
plane was illuminated using a halogen light source (see 
Sect. 2.1 for further details). The head of the subject was 
positioned in front of a black backdrop and it was aligned in 
such a way that subject was facing the light source and the 

light plane was illuminating the middle of the face (Fig. 1). 
Once the head was positioned the subject used a tissue 
paper to simulate the mucus membrane of the nasal cavity 
to induce a sneeze, which was captured using a high-speed 
camera.

2.1  Light sheet illumination

For the present study, a light sheet is employed to illuminate 
the flow of a sneeze in a vertical (xy) slice. Since a single 
camera is used for 2D measurements, illuminating a slice of 
flow eliminates the averaging of the particle motion in the 
direction perpendicular to the light sheet when compared to 
volume illumination. This results in clearly resolved particle 
trajectories that are suitable for particle tracking. We note 
due to safety concerns the use of a laser sheet to visualize 
sneeze flow is not possible, hence, the use of an alternate 
light source to make a light sheet is essential for this study.

To this end, a halogen spotlight with a nominal beam 
divergence angle of 10◦ was used. To form a light sheet, 
a 5 mm wide and 80 mm long slit made out of aluminium 
sheet was fixed in front of the light source and an aspheric 
condenser lens with a diameter of 80 mm and a focal length 
of 59 mm was positioned at a distance of 59 mm from 
the slit to collimate the diverging light beam. Thereafter, 
a 50 × 50 mm plano-concave cylindrical lens with a focal 
length of 38 mm was used to diverge the beam in the ver-
tical direction. This configuration provided a horizontal 
divergence angle of 1.4◦ (see Fig. 1), which was sufficient to 
capture the droplets and minimize the haze due to expelled 
aerosols. With this arrangement, we achieved a sheet thick-
ness of 25 ± 2 mm in the field of view captured.

2.2  High‑speed motion capture

The duration of a sneeze is approximately 150–200 ms 
(Bourouiba et al. 2014; Scharfman et al. 2016) hence it 
is essential to use high-speed video to resolve the droplet 
motion. Accordingly, a high-speed monochrome camera 
(nac MEMRECAM HX-7s) was used to record high-speed 
videos of sneezes at a resolution of 1920 × 1080 pixels and 
a frame rate of 1500 frames-per-sec (fps). However, at the 
desired exposure time at 1500 fps, the intensity level from 
a single light source was deemed insufficient to resolve the 
droplets if the camera is perpendicular to the light sheet 
due to the mie-scattering properties of the particles (Tropea 
et al. 2007). To overcome this, the camera was positioned 
at an angle from the direction of the light sheet. We note, 
recording videos at an angle introduces perspective distor-
tion, hence, the camera was positioned at an angle of 80◦ as 
a balance between adequate light scattering and the level 
of perspective distortion. Another drawback of using the 
camera at an angle is the inclination of the focal plane with 
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respect to the image plane, which resulted in droplets going 
out of focus. Hence, we employed an f-stop of f4 to ensure 
all particulates remain in focus.

3  Image processing and analysis

To perform particle tracking, the image sequences were first 
passed through a sequence of pre-processing steps. In the 
present study, this was performed in multiple steps. First, we 
removed the background noise through a background sub-
traction from all the images in the sequence. Next, the per-
spective distortion that was introduced through the angled 
view of the camera was corrected (detailed in Sect. 3.1). 
Finally, to isolate the motion of the expelled droplets, the 
motion of the subject’s head was removed by applying a 
2-axis stabilization (detailed in Sect. 3.2). We note, after this 
process some minimal movement in the face was still present 
due to muscle-flexing. This was eliminated by applying a 
dynamic mask to all the images as part of post-processing 
of the data sets (detailed in Sect. 3.4).

3.1  Removing perspective distortion

To obtain a precise conversion from pixel coordinates to 
real coordinates, a calibration target with 27 × 29 dots and 
a dot spacing of 5 mm was employed. Furthermore, this 
removed any perspective distortion in the images. Specifi-
cally, prior to capturing data, an image of the calibration 

target, placed in the focal range of the camera and aligned 
with the light sheet was taken. A transform was then created 
for this calibration image to remove the perspective distor-
tion. This transformation was then applied to all the images 
in the sequence (De Silva et al. 2012).

3.2  Stabilizing head movement

Stabilizing the movement of the head is essential to isolate 
the motion to the expelled droplets in the image sequence 
and to determine the absolute velocity of expelled drop-
lets alone. For stabilizing head movement, a feature in all 
the images of the image sequence was tracked (see Fig. 2). 
This was done using a template matching algorithm that 
utilised 2D normalized cross-correlation (Lewis 1995). This 
procedure was chosen as it is less sensitive to variations in 
lighting.

Once the feature tracking was completed successfully the 
midpoint of the tracked feature was forced to be fixed at a 
particular location across all the images. This was done by 
dynamically shifting the whole image array based on the 
vertical and horizontal displacement of the tracked feature. 
Thereafter, images were cropped based on the field of view 
available in the image at the final location of the head.

The output of this process is shown in Fig. 2. The first 
image sequence (top row) shows the midpoint of the tracked 
feature using normalized cross-correlation (marked with a 
red marker). And the second image (bottom row) sequence 

Fig. 2  Stabilizing movement of head movement. Top row shows the sneeze developing in time and the red marker shows the mid-point of the 
tracked feature. Bottom row shows the sneeze development after fixing the mid-point of the tracked feature
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shows the tracked feature at a fixed position to stabilize the 
movement of the head.

3.3  Particle tracking velocimetry

After pre-processing the images, Particle Tracking Veloci-
metry (PTV) was performed on the image sequence to 
understand the flow dynamics of expelled droplets. Lavi-
sion® Davis 8.4 was used to process the data. Specifically, 
due to the high seeding density in certain regions of the 
image, the procedure first performs a Particle Image Veloc-
ity (PIV) pass on the image sequence to obtain a velocity 
field estimate and then tracks individual particles using PTV 
algorithm (Cowen and Monismith 1997). The interrogation 
window used for PIV step starts with an initial interroga-
tion window size of 96 × 96 pixels and final size of 48 × 48 
pixels with an overlap of 75%. For the PTV step, a particle 

size range between 6 pixels to 40 pixels was employed. This 
larger range was chosen to cover the range of droplet sizes 
present in the image sequence of the sneeze flow. The PTV 
algorithm tracks each particle independently and the inter-
rogation window size is only used for an initial displacement 
estimate through PIV, which is then refined in the particle 
tracking algorithm. The hybrid approach used for particle 
tracking provides high accuracy with a maximum estimation 
error of ±0.5 pixels (Cowen and Monismith 1997).

3.4  Dynamic masking

A dynamic mask was employed in order to remove errone-
ous velocity data in the near-vicinity of the subject’s face. 
To this end, a facial contour of the subject was detected and 
any velocity data outside the area of interest was discarded 
(Fig. 3).

To find the facial contour, every image in the sequence 
was first pre-processed using pixel intensity manipulation to 
accentuate the edge of the face. Thereafter, a 2D convolution 

was performed on the image using 
[

−2 2
]

 and 
[

−2

2

]

 gradient 

filters to obtain horizontal and vertical gradients. Once the 
gradients were calculated a Fuzzy Interface System (FIS) 
was created for edge detection with horizontal and vertical 
image gradients as input (MATLAB 2019). Specifically, one 
Gaussian membership function was defined for each input 
and two triangular membership functions were defined for 
the output. The FIS system makes the pixel white in the 
output image if the image gradient in both horizontal and 
vertical directions was zero. If there was any non-zero gradi-
ent, horizontal or vertical, at the pixel location then it meant 
that pixel is on the edge and the output was black. This pro-
cess was performed for each row of pixels in the image to 
find the facial contour. Once facial contour was determined, 
each pixel row was analysed to get a unique edge location. 
This spatial information of edge location in each image was 

Fig. 3  Example of facial contour detected to generate a mask for 
removing erroneous velocity vectors. Red line shows the mask 
applied on a single frame of the image sequence

Fig. 4  Variation in expelled droplets of 3 different sneezes. Snapshots shown are at 150 ms after the onset of sneeze. Here, a and c are snapshots 
of different sneeze sequence from same individual
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then combined in a single file which acts as a dynamic mask 
for that particular image sequence.

4  Examination of sneeze flow‑fields

To characterise the flow-field of the sneeze, the aforemen-
tioned methodology was applied to a set of sneezes captured. 
Although the sample size was limited to 2 subjects, signifi-
cant differences were observed between sneezes, even from 
the same subject, in terms of droplet velocity and duration 
of the sneeze. Furthermore, the number of expelled drop-
lets observed also varied significantly, which highlights the 
importance of examining a large set of sneezes towards fully 
characterising the behaviour of sneeze flow.

To visualize these differences, 3 independent sneezes are 
presented in Fig. 4. Here, sneeze 1, in Fig. 4a and sneeze 
3, in Fig. 4c are from the same subject yet still exhibit dif-
ferences in terms of droplets expelled and the duration of 
a sneeze. Specifically, more droplets can be observed in 
sneeze 1 when compared to sneeze 3. Another phenomenon 
we observed in sneeze 1 is the presence of ligaments close 

to mouth which appears to breaks into individual droplets 
with time. This could be due to various hydrodynamic insta-
bilities, as highlighted by Scharfman et al. (2016), where 
they observed similar phenomena through flow visualisation 
experiments. Sneeze 2, in Fig. 4b is from a different subject 
and it can be observed that there is presence of ligaments 
near the mouth exit, however, most detected small droplets 
appear to be expelled directly out of the mouth (Fig. 5). 
Which implies that although large droplets are formed at 
the exit of the mouth by ligament breakup, small droplets 
are formed within the respiratory tract. Another important 
observation is that although ligaments are present in both 
sneeze 1 and sneeze 2 in the latter we observe a rapid con-
version of ligaments to droplets. This could be due to varia-
tion in airflow and viscoelasticity of salivary fluid of differ-
ent sneezes (Fig. 4).

Figure 6 shows the distribution of velocity vectors for 
all three sneezes and it can be observed that sneeze 1 and 
sneeze 2 exhibit more vectors in the range of 5–10 m/s as 
compared to sneeze 3. In sneeze 3, most of the vectors are 
in the range of 0–5 m/s. These differences in velocity vector 
distributions, specifically in sneeze 3 could be due to the 
variation in the droplets captured in the slice of flow, as the 
droplets visible in sneeze 3 are much less compared to other 
2 sneezes, which can be observed in Fig. 4. We note that 
ligaments are treated as single large particles in the particle 
tracking approach used and the velocity vectors associated 
with ligaments are also included in the distribution shown 
in Fig. 6.

The set of images in Fig. 7 shows the development of 
sneeze 2 in time. The onset of the sneeze is determined by 
visually detecting the start of airflow from the mouth or nose 
of the subject. In this case, the sneeze lasted for approxi-
mately 190 ms and the maximum observed velocity of par-
ticles expelled is approximately 14 m/s.

We note that although the methodology employed 
resolved droplet dynamics only over a vertical (xy) slice 

Fig. 5  Small droplets expelled from the mouth at 85–87 ms and at 
185–187 ms for sneeze 2

Fig. 6  Probability distribution of velocity vectors obtained by particle tracking for the complete duration and field of view of sneeze 1, sneeze 2 
and sneeze 3
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of the sneeze flow it still highlights the variability among 
different sneezes. Specifically, a typical sneeze lasted for 
approximately 180–200  ms and the maximum droplet 

velocity observed ranged from 12–15 m/s but, the num-
ber of droplets expelled varied a lot as can be observed in 
Fig. 4. This can significantly influence the extent of spread 
of expelled droplets which is the basis of droplet infection 
control guidelines (World Health Organization 2020). It 
should be noted that the variation in expelled droplets could 
be partially due to the fact that only a slice of flow was illu-
minated, or the mouth of some subjects could be drier and 
produced fewer droplets. Nevertheless, it is also possible that 
the number of droplets expelled varies substantially between 
different sneezes, and hence, future works with larger sam-
ple size are required to explore this further. Moreover, the 
actual droplet count is also likely to depend on the level of 
illumination available which dictates the smallest droplets 
that can be detected.

Table 1 shows the mean velocity, standard deviation, and 
sneeze duration among the three different sneezes. In addi-
tion to this, the 99th percentile droplet velocity for Sneeze 

Fig. 7  Development of Sneeze. The image sequence shows multiple snapshots of sneeze 2 separated by an interval of 40 ms

Fig. 8  Velocity vectors of expelled droplets for sneeze 2 100 ms after 
the onset of sneeze

Table 1  Mean velocity, standard deviation, and sneeze duration 
among 3 different sneezes shown in Fig. 4

Sneeze no. Mean velocity 
(m/s)

Std. deviation 
(m/s)

Duration (s)

01 3.8 1.9 0.196
02 3.3 2.0 0.190
03 3.0 1.8 0.184
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1, Sneeze 2, and Sneeze 3 are 9.69 m/s, 9.26 m/s, and 
8.66 m/s, respectively. And 80th percentile droplet velocity 
for Sneeze 1, Sneeze 2, and Sneeze 3 are 5.36 m/s, 4.78 m/s, 
and 4.77 m/s, respectively. This implies that less than 1% of 
the droplets expelled travel at velocities greater than 10 m/s 
and almost 80% of the droplets travel at velocities slower 
than 5 m/s. The maximum velocities of droplets observed are 
in the range of 12–15 m/s, which is higher than the values 
reported by Nishimura et al. (2013) and Tang et al. (2013). 
These values are similar to the maximum droplet velocity 
reported by Scharfman et al. (2016) but, significantly less 
than the ligament velocity reported in that study. These val-
ues are also lower than those assumed by Xie et al. (2007) 
for modelling. The maximum estimation error in particle 
tracking algorithm is ±0.5 pixels hence, the error in the 
velocity estimates would be less than ±0.1 m/s. To statisti-
cally determine the best conditions for modelling velocity 
of droplets expelled during a sneeze, further work over a 
significantly larger sample size would be necessary and will 
be the subject of a future study.

Figure 8 shows the velocity vectors of droplets expelled in 
sneeze 2. To quantify the expelled droplet flow-field, Fig. 9 
shows the probability distribution of droplet velocity vectors 
at three different distances from the mouth. These locations 
were chosen to span our field of view and to get a quantita-
tive measure of the velocity distribution as a function of 
stream-wise distance. Our field of view for the sneeze was 
restricted to 30 cm due to the head movement of the subject 
so, 3 points were chosen—one close to mouth, one in the 
middle of the field of view, and one close to the end. The 
results reveal an initial increase in velocity vectors of mag-
nitude greater than 5 m/s at a distance of 10–15 cm from 
mouth exit. Since small droplets expelled generally move 
with the airflow (Hinds 1999), this increase in high velocity 
vectors implies that either there is an increase in number of 
large droplets or the droplets are accelerating initially. The 
increase in number of droplets could be explained by the fact 
that a series of ligament breakup happens at the mouth exit 
as shown by Scharfman et al. (2016).

5  Summary and outlook

This study presents an experimental framework to visualize 
individual distinct droplets expelled during a sneeze which 
utilises particle tracking velocimetry to understand the drop-
let motion more precisely. The visualization technique used 
allows to locate particles without overlap along the camera 
axis and leads to precise droplet velocity measurements. Our 
findings highlight the variation in the velocity distribution 
of droplets expelled in different sneezes and points toward 
the possibility of a large variation in the number of droplets 
expelled, both among the sneezes by same individual and 
between different individuals. We observed the formation 
of droplets by breakup of ligaments at the mouth exit and 
expulsion of small particles directly from the respiratory 
tract. These findings highlight the shortcoming of studies 
trying to characterize sneeze flow and size distribution of 
expelled droplets with small sample size. There is also a 
possibility of differences in the viscoelasticity of expiratory 
fluid of different individuals as we observed rapid ligament 
to droplet conversion in sneeze 2. This is an important factor 
in determining the size distribution of large droplets and the 
extent of their spread hence, future studies on this aspect 
with large datasets are also important to better understand 
the size distribution of the droplets generated. This study 
only used healthy subjects, and the composition of expira-
tory fluid may be different in individuals with respiratory 
infections. It will be valuable to study the difference in 
viscoelasticity and subsequently the droplet count between 
healthy and infected subjects, and how infection may affect 
a sneeze.

A limitation of visualising a planar slice of the sneeze 
flow is the exclusion of a significant number of droplets from 
the captured image sequence. As we are visualising a planar 
slice to accurately determine the flow speeds associated with 
expelled droplets, the droplets out of the plane are excluded 
from the analysis.

In summary, this study presents a methodology to accu-
rately quantify the velocity field associated with droplet 

Fig. 9  Probability distribution of particle velocity vectors of sneeze 2 at three different locations from the mouth exit
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motion in sneezes. The technique is thereafter validated 
through applying it to multiple sneezes captured to highlight 
its potential, and in doing so we also observed the marked 
differences between the sneezes captured. These variations 
observed in sneeze characteristics highlights that it is essen-
tial to have a large sample size to fully characterise the drop-
let trajectories towards estimating and modelling the extent 
of spread for a general sneeze, which will be addressed in a 
future work that will employ a substantially larger sample 
size.
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