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1. INTRODUCTION 
     Bioaerosol droplets generated and exhaled by humans 
during breathing, sneezing and coughing may carry 
airborne pathogens, which upon inhalation by others 
spread certain contagious infectious diseases, such as 
influenza, measles, swine flue, chickenpox, smallpox, 
SARS and so on. Such airborne transmission of 
respiratory infections through the bioaerosol droplets 
poses a major public health threat and it is a subject about 
which surprisingly very little is known. Recent 
theoretical studies [1] support the hypothesis that the 
number and size distribution of the bioaerosol droplets 
generated during coughing can be controlled by altering 
viscoelastic and surface properties of the airway surface 
liquid. However, the detail about the correlations 
between the viscoelastic properties of mucus and the 
characteristics of the generated bioaerosol droplets are 
still unknown. In order to mitigate the airborne 
transmission and to control the generation of bioaerosol 
droplets during coughing, sneezing etc., it is important to 
understand the detail mechanisms underlying these 
events (coughing, sneezing etc) as well as the structure 
and properties of the airways surface mucus, and the 
correlations between the relevant viscoelastic properties 
of mucus with the size distribution of the generated 
droplets. 

 
1.1 State of the Art Knowledge about Coughing 
and Bioaerosols 
     A cough can generate some 3000 droplet nuclei, as 
can talking for 5 minutes [2]. A sneeze can generate as 
many as 40,000 droplets [3]. IRSST - Guide on 
respiratory protection against bioaerosols  [4] reports 
these numbers to be even higher, according to which, 
during a sneeze, close to two million droplets can be 
expelled at a velocity of 100 m/sec (200 miles/hour), 
compared to fewer than 100,000 droplets from a cough. 
This significant difference is based on the origin of the 
secretions, which is deeper in the case of a cough [5]. 
During a forceful cough airspeeds as high as 200 m/s can 
be attained [6]. Many of the generated droplets may be 
large enough to contain thousands of microorganisms 
[7]. 
     During the expulsion, the diameters of the droplets 
vary between 1 and 2,000 μm, 95% of which are in the 
order of 2 to 100 μm. However, they dry very rapidly. 
The drying times for 100 and 50 μm droplets in air at 
50% relative humidity are 1.3 and 0.3 seconds, 
respectively [8]. After being exhaled these droplets can 
evaporate to particles in the size range of 0.5 to 12 
micron [3]. Others reported that the infectious particles 
generated from human respiratory sources occur 
primarily as droplet nuclei of 0.5 to 5.0 micron in 
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diameter [9]. On complete evaporation, the particles may 
be small enough to remain airborne in the indoor air flow. 
     The size of microorganisms, on the other hand, span 
wide size ranges i.e. from 0.3 to 10 micron for bacterial 
cells and spores, 2.0 to 5.0 micron for fungal spores, and 
0.02 to 0.30 micron for viruses [10]. Others report these 
numbers to be slightly different. For example: According 
to Lee et al. [11], most bacteria and molds are between 
0.7 and 10 μm in size. According to AIHA (American 
Industrial Hygiene Association) the sizes of bioaerosols 
are in the order of 0.02 to 0.25 μm for viruses, 0.3 to 15 
μm for bacteria, and 1 to 50 μm for the majority of molds 
and yeasts [12]. Yassi and Bryce [5] and ACGIH [7] 
report that the size of infectious bioaerosols is probably 
between 0.1 and 10 μm [5],  [7]. It even appears that the 
majority of viruses and bacteria that cause respiratory 
diseases in humans are usually inside bioaerosols with 
diameters greater than 5 μm.  
     Depending on aerosolized droplet size, airborne 
pathogens can quickly be deposited on nearby external 
surfaces or the expired bioaerosols can travel great 
distances and remain airborne for an extended period of 
time, particularly when droplet diameters are too large 
for diffusive deposition (>200 nm) or too small for 
gravitational deposition (<2 μm)  [13, [14]. Bioaerosols 
consisting of solid or liquid particles smaller than 10 μm 
in diameter remain suspended in the air for a sufficient 
time (a few hours) and are likely to be inhaled  [7], [15], 
[5]. Table 1 presents the time required for a bioaerosol to 
be deposited by sedimentation from a height of three 
meters. As shown in table 1, solid or liquid particles 
between 6 and 10 μm can take a few hours before being 
deposited from a height of 3 meters [8],  [5]. 
     Some researchers make a distinction between micro 
droplets with diameter less than or equal to 5 micron, and 
those with diameter > 5 micron, with a belief that 
droplets larger than 5 micron sediment before traveling a 
distance of one meter. Such a distinction has no solid 
foundation (Lenhart et al., 2004b). 
 
Table 1: Behavior of bioaerosols in the air (Yassi and 
Bryce, 2004) 
 

Diameter in 
micron 

Time required for deposition 
from a height of 3 meters 

100 10 sec 

40 
20 

1 min 
4 min 

10 
6 to 10 

17 min 
A few hours 

0.06 to 6 Several hours 

1.2 Literature Review on Bioaerosol Research 
     To date, few studies have carefully examined the 
nature of the bioaerosols that humans exhale on a daily 
basis (Table 1). Early researchers assumed the upper 
respiratory tract (nose, mouth and throat) was the 
primary location of droplet formation [16], [17], [18]. In 
these early studies, the mouths and throats of volunteers 
were coated with a dye and breathing, talking, sneezing 

and coughing maneuvers were monitored and any 
resulting droplets were collected directly onto a slide. 
Only droplets >1 μm were measured by microscopic 
observation. Duguid  [16] found that droplets (>1 μm) 
produced by speaking, coughing and sneezing were 
sufficiently small enough to remain airborne. Normal 
breathing, however, produced no measurable droplets 
(>1 μm). In a second series of experiments Duguid  [17] 
determined that coughing produced an average droplet 
size of 14 μm and geometric standard deviation (GSD) = 
2.6 and for sneezing GM = 8.1 lm and GSD = 2.3. On the 
other hand, Loudon and Roberts  [18] showed that the 
estimated lognormal parameters were GM = 12.l m and 
GSD = 8.4 for cough. More recently, Papineni and 
Rosenthal  [19] measured expired bioaerosol droplets (in 
nose and mouth breathing, coughing and talking) to be 
<2 lm in size, with no droplets >8 lm. 
     An interesting common finding from these studies 
was the high variability in the levels of bioaerosol 
production from different individuals. More-recent 
experiments have utilized optical particle counting 
(OPC) to determine the size and concentration of 
droplets exhaled from all parts of the respiratory tract [19, 
[20], [21]. In a similar experiment to that of Papineni and 
Rosenthal, Edwards et al.  [20] observed 11 healthy 
human subjects. Results from this study confirmed 
Papineni and Rosenthal’s findings because they 
suggested exhaled particles during normal mouth 
breathing are predominantly <1 μm in diameter. 
Edwards’ results also showed that expired particle 
numbers vary substantially from subject to subject, with 
two distinct populations: low producers (those exhaling 
an average of <500 droplets per liter over a six hour 
measurement period) and super producers (those 
exhaling an average of >500 droplets per liter over a six 
hour measurement period) of expired bioaerosols. 
Remarkably, the super producers (six people from this 
test group) expired 99% of the total amount of 
bioaerosols that were expired by the entire group, 
     In their study, Edwards et al.  [20] further found that 
delivering ~1 g of isotonic saline (orally via nebulized 
aerosols, 5.6 μm in diameter) reduces the total amount of 
expired aerosols (among the super-producing 
individuals) by ~72% over a six hour period and 
markedly diminishes total expired bioaerosol production 
for the entire group. In vitro results, obtained using a 
simulated cough machine, also indicated that a mucus 
mimetic nebulized with saline produces a larger droplet 
size after the forced convection of air over its surface 
than when air is forced over the mucus mimetic alone (i.e. 
without saline nebulization). These results led Edwards 
and co-workers to conclude that saline delivered onto 
lung surfactant increases its surface tension, and 
potentially other dynamic physical properties of the lung 
surfactant, thereby changing the droplet breakup 
dynamics. In another study, Clarke et al.  [22] report that 
delivering isotonic saline aerosols (in 5.6 μm droplets) 
into the endotracheal tube of anesthetized bull calves 
showed a dose-responsive effect on exhaled bioaerosols; 
six minutes of treatment resulted in a decrease ≤ 50% of 
exhaled bioaerosols for at least 120 minutes, compared 
with pre-treatment. 
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     The idea of inhaling saline for medical benefit has 
existed since the time of Hippocrates. However, the 
mechanism of this phenomenon remains unclear, as does 
the reason for the dramatic exhaled aerosol differences 
among human individuals  [23]. 
     In explaining why certain individuals in Edward’s 
study breath out many more bioaerosol particles than do 
others, Wiwik et al suggested that possibly transient 
and/or durable intersubject variations in the ionic 
composition of airways surface liquid produce the 
intersubject variations in the number of expired 
bioaerosol particles, and potentially in airborne disease 
infectiousness. They reasoned that the gelation of the 
free surface of airways surface liquid mimetic owing to 
deposition of salt-based solutions should diminish the 
propensity of the airways surface liquid to break up into 
droplets in the cough machine.  
 
2. EXPERIMENT 
2.1 Material and Specimen 
     Mucus simulant gels having similar viscoelastic 
properties as real human airway mucus  [24] over a wide 
range were used. The gels were prepared by mixing 
various proportions 1% Locust bean gum (LBG) solution 
and 0.1 M sodium tetraborate (XLB) solution. For 
preparation of locust bean gum solution, 100 ml of saline 
(Na2NO3) solution was heated to 80 0C. The required 
amount of LBG powder was added to the saline solution 
little by little while the solution continuously being 
stirred using a magnetic stirrer. The weight of the beaker 
with the saline solution was measured both before and 
after heating and mixing LBG powder. Mass balance was 
ensured by adding additional saline solution to 
compensate the losses due to evaporation whenever 
necessary. Compositions of locust bean gum solution 
used in the experiments was  1%. 0, 10, 15, 20, 30, 45, 60 
and 90 microlitre of 0.1M tetraborate solution was added 
to 1.5 ml of locust bean gum solution. The mixture was 
then vortexed for 2 minutes on a vortex meter.  
 
2.2 Viscoelastic Properties 
     Viscoelastic properties of the samples were measured 
using a Bohlin Gemini Malvern Nano-Rheometer with a 
peltier plate assembly and parallel plate geometry. The 
frequency of the oscillation was varied between 0.1 Hz 
and 10 Hz. All measurements were performed at constant 
strain within the linear viscoelastic region i.e. within the 
limit of shear stress where viscosity is independent of 
applied shear stress. This region was obtained for each 
sample by performing an amplitude sweep test before the 
actual measurement of viscoelastic properties. The 
temperature was kept constant at 25 oC. A solvent trap 
was used to avoid drying out of the samples during 
measurement. 
 
2.3 Cough machine experiment 
     Cough machine experiments were performed to 
mimic bioaerosol generation during a human cough. The 
artificial cough machine comprised of an 8-liter 
Plexiglas tank equipped with a Wilmot Castle pressure 
gauge. The Gas release was controlled by an Asco 
solenoid valve located at the start of the outflow line. A 

model trachea 35 cm long with an interior width of 2.0 
cm and an interior height of 1.0 cm was attached to the 
outlet after the solenoid valve. A small rectangular slot 3 
cm long by 1.76 cm wide and 1 mm deep was engraved 
on the upper surface of the bottom plate of the model 
trachea to hold the mucus simulant sample in place. The 
slot size was large enough for holding 1.5 ml sample. 
Mucus simulant samples were placed inside the trachea 
at the sample slot and a normal adult cough was 
simulated by suddenly releasing the air from the tank 
stored at a pressure of 8.5 psi. 
 
2.4 Measurement of Droplet Size Distribution 
     The size distribution of the droplets was measured 
using a laser diffraction based size measuring device, 
Malvern Spraytec. In our case, the droplets generated 
from the cough machine were passed through the laser 
beam of of about 1cm diameter. The droplets scatter the 
light, smaller droplets scattering the light at larger angles 
than bigger droplets. The scattered light is measured by a 
series of photodetectors placed at different angles. This is 
known as the diffraction pattern for the sample. The 
diffraction pattern is used to measure the size of the 
droplets using light scattering theory developed by Mie. 
Laser diffraction is sensitive to the volume of the droplets. 
For this reason, droplet diameters are calculated from the 
measured volume of the droplets, assuming a sphere of 
equivalent volume. 
      
 
3. RESULTS AND DISCUSSION 

     The viscous modulus and elastic modulus versus 
amount of cross linking graphs for the mucus simulant 
samples are shown in Fig 1 (a) and (b) respectively. The 
Figure shows that the change in viscous modulus with 
increase in cross linking follows different pattern at 
different frequencies (i.e. at different shear rate). Even 
though at low frequencies (≤0.1 Hz) the change in 
viscous modulus with increase in cross linking is 
considerably high, at moderate to high frequencies (≥ 0.5 
Hz), which are more likely relevant to coughing, change 
in viscous modulus with increase in cross linking is not 
significant. The elastic modulus of the samples, on the 
other hand increases continuously by up to two orders of 
magnitude as shown in Fig. 1(b). Figs. 2 (a) and (b) 
present the complex viscosity of the samples against 
frequency and amount of cross linking respectively. The 
shear thinning behavior is evident in Fig. 2 (a) while Fig. 
2 (b) shows that the complex viscosity increases with 
increase in cross linking at all frequencies. Figs. 3 (a) and 
(b) show the phase angle of the samples against 
frequency and amount of cross linking respectively.  As 
expected due to the non-Newtonian behavior of the 
samples, the phase angle values are different at different 
shear rate for the same sample. It is worth mentioning 
here that a zero degree phase angle means a pure elastic 
(solid) material, a ninety degree value of phase angle 
indicates a purely viscous (Newtonian fluid) material 
while the values between zero and ninety indicates a 
viscoelastic material. Based on the phase angle at a 
particular shear rate, the samples can be classified into (i) 
elastic solid like samples (0 to <30 degree), (ii) strongly 
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viscoelastic samples (30 to 60 degree), and (iii) viscous 
liquid like samples (60 to 90 degree). A simulated Cough 
is considered to be a high shear rate phenomenon as is a 
real human cough considered. However since the actual 
value of the shear rate that governs the droplet generation 
is unknown, for convenience we will subsequently refer 
all viscoelastic properties at a frequency of 0.1 Hz. Thus 
based on the phase angle values at 0.1 Hz, from Fig. 3 (a) 
we find that 0 micro liter sample was a viscous fluid type 
sample, 10 micro liter and 15 micro liter samples were 
strongly viscoelastic samples while the 30 and 45 micro 
liter samples were elastic solid type samples.     

The volumetric size distribution of the droplets 
generated during simulated cough experiments for 
addition of 0, 30, 45 and 60 micro liter cross linking 
agent (Sodium Tetraborate solution) are presented in 
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   Fig 1. Viscous modulus and elastic modulus versus 
amount of cross linking graphs for 1%LBG samples. 
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   Fig 2. Complex viscosity versus (a) frequency, and (b) 
amount of cross linking graphs for 1%LBG samples. 
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Fig 3. Phase angle for 1%LBG samples. 
Figs. 4 (a), (b), (c), and (d) respectively. Each figure 
presents results for at least three repeated test runs for 
one sample. Figure 4 confirms that the viscoelastic 
properties of mucus have substantial effect on the size 
distribution of droplets generated during coughing. Three 
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distinct type of droplet size distribution are apparent in 
Figure 4. While the viscous liquid like sample, Fig. 4(a), 
shows a bimodal droplet size distribution with a smaller 
peak at around 0.4 micron and a larger peak at around 10 
micron, the viscoelastic type sample, Fig. 4 (b), shows a 
single mode of size distribution. The smaller peak in the 
submicron size range apparent for the viscous liquid like 
sample is no longer apparent for strongly viscoelastic 
sample. For elastic solid type samples, Figs. 4 (c) and (d), 
the size distribution is again a bimodal distribution with a 
much stronger peak at a relatively smaller size.  
     In another word, the size distribution of the droplets 
apparently shifts rightward as the sample changes from 
an elastic solid like sample (large amount of cross 
linking) to a viscoelastic sample to a viscous fluid like 
sample as shown in Fig. 5.  
 
4. CONCLUSIONS 
     This study confirms that the viscoelastic properties of 
mucus have substantial effect on the size distribution of 
droplets generated during coughing. The experimental 
results showed an increase in particle size as the samples 
changed from an elastic solid type to a viscoelastic type 
to viscous fluid type samples. 
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Fig 4. Complex viscosity versus (a) frequency, and (b) 
amount of cross linking graphs for 1%LBG samples. 
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