
Emission of respiratory particles



Inhaling and exhaling air — breathing — is one of the basic

physiological functions of the human being.

Breathing is essential to sustain the body with oxygen and

eliminate the waste generated in the process: carbon

dioxide.

Because it is a physiological function, it is normally

considered in the domain of medical sciences, not physics.



During inhalation, air enters the respiratory tract and flows down through

the upper and lower parts of the tract, finally reaching the alveolar region.

During exhalation, when the passages contract, air flows in the opposite

direction and is ultimately exhaled.

The exhaled stream of air passes at high speed over the surface of the

water-based liquid lining the respiratory tract, and aerosolizes the liquid.

The particles that are generated contain, in addition to water, many other

constituents, including salts, proteins, mucus, and pathogens such as

bacteria or viruses.



The process of particle generation during human

respiratory activities — which in addition to breathing

include speaking, singing or coughing — is, however,

more complex than aerosolization from the surface.

During exhalation, fluid blockages form in respiratory

bronchioles, which burst during subsequent inhalation

to produce particles; during vocalization, fluid bathing

the larynx is aerosolized owing to vocal cord

vibration; and during speech articulation, saliva in the

mouth is aerosolized owing to interaction of the

tongue, teeth, palate and lips.

After the particles are generated, some are

deposited in the respiratory tract, and those that

eventually leave the respiratory tract with the

airflow are subjected to numerous physical processes,

including hygroscopic growth and deposition; both

processes change the initial particle size distribution.



Particle generation

There are two known physical mechanisms to generate the particles emitted from the human respiratory tract: turbulent aerosolization,

and the breakage or burst of a fluid film, filament or bubble (FFBB).

Turbulent aerosolization is referred to as atomization in fluid mechanics literature and is characterized by turbulent flows stripping

particles from a fluid film.

The FFBB process generates particles during normal breathing due to clearance of fluid closures in respiratory bronchioles, and during

speaking when vocal cords adduct and vibrate in the larynx and when lips open and the tongue separates from the teeth in the mouth.
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In both turbulent aerosolization and FFBB, particles originate from the airway’s surface liquid film, which is a

bilayer with the top layer a mucus gel consisting of water (97%) and a mixture of mucins, non-mucin proteins,

salts and cellular debris (3%), and the bottom, low-viscosity periciliary layer containing the cilia.

Turbulent aerosolization in the conventional sense is thought to be most active in large bronchi and the larynx

owing to airflows that are partly turbulent even during breathing and with increasing velocity during speaking

and coughing owing to partially adducted vocal folds.

In the deepest small airway bronchioles, FFBB is the dominant mechanism for particle generation.

It is unlikely that the diameter of generated particles will exceed the thickness of its parent fluid film.

The airway epithelial thickness is greatest, of the order of hundreds of micrometres, in the oral cavity where it

also includes an overlying salivary layer.

This thickness decreases on moving deeper into the respiratory tract.



Particle quantities and composition 

Particles derived from the film of airway lining fluid contain components of the film

itself, such as the aforementioned non-volatile material including mucins, non-mucin

proteins, salts and cellular debris.

Adding to the complexity of the composition, the particle mixture also contains saliva,

nasal secretions, serum and blood from oral lesions, and even food debris and may

contain pathogens such as bacteria, viruses and fungi.

In total, the typical mass or volume proportion of non-water content in a particle

generated in the respiratory tract is 1–10%.

Measurements have indicated there are of the order of 105 particles of 2–4 μm and 107

particles of 0.2–0.4 μm for a single average cough.

With respect to the SARS-CoV-2 virus, when considering that viral loads in respiratory

fluids can exceed 109 RNA copies per millilitre in certain infected individuals, a single

cough can potentially generate thousands of 3-μm particles containing a virion that

would be emitted into ambient air.



In the field of aerosol science, the convergence towards developing an

understanding of the initial instant of emission of respiratory particles has

been long and has not yielded definitive answers, mainly owing to the complexity

of physical processes such as evaporation and the difficulty of measuring the

particle

emission in situ.

In addition, different techniques are used to measure somewhat different

parameters, often making comparisons of the outcomes difficult.

Furthermore, when considering airborne disease transmission, the interaction of

the respiratory particles with the airflow is a crucial issue, which makes the

process more complex.



Measurement techniques

The exhaled airflow measurement techniques can be divided into two

categories: global flow-field measurements (high-speed photography,

schlieren photography and PIV), and pointwise measurements.

The global flow-field measurement techniques provide information on

the whole flow field and help us to understand the interactions between

the exhaled flow, the thermal plume and the room airflow.

The pointwise measurements are instead used to measure the initial

temperature, initial humidity and velocity.





















Intensive endurance exercise can increase respiratory particle emission by over 100-fold and there is

evidence that SARS-CoV-2 has spread during indoor group exercise.

Many exercisers do resistance exercise (i.e. weightlifting) in gyms and data on respiratory particle

emission during resistance exercise and for “real life” endurance or resistance training sessions do not

exist.

To fill this knowledge gap, we measured respiratory particle emission during resistance exercise and

“real life” exercise sessions.

We used measured respiratory particle emission data to calculate the infection risk for a “real life”

spinning class (i.e. cycle ergometer exercise)



We conducted an observational, monocentric human cohort study with the main aim to

continuously measure respiratory ventilation, the concentration of aerosol particles in the

expired air and aerosol particle emission at rest and during a realistic spinning class and a

realistic resistance exercise with three exercises, each with three sets at 80% of the

maximal voluntary contraction.





We found that during a set of isokinetic resistance exercise the increase in aerosol particle emission is 1.3-fold

lower compared to the value at maximal exercise in an endurance graded exercise test.

Comparing “real life” exercises the difference is even bigger with 4.9-fold higher aerosol particle emissions

during the endurance spinning session compared to a resistance exercise.

This is mainly due to 2.7-fold lower ventilation rates and different training intervals.

Maximum aerosol particle concentration values measured are 2-fold higher during resistance exercise, when

comparing isokinetic resistance exercise to the values at maximum intensity at the graded exercise test, but

when comparing the “real life” exercises, aerosol particle concentrations during endurance exercise are 1.9-

fold higher.

Even though exercise seems to impose a higher risk of getting infected, exercise holds many health benefits

and should not simply be avoided. Thus, during periods with many consequential infections, the first focus

should be to, for example, limit the number of people in endurance exercise classes, increase the air exchange

rate of the facility or to perform high intensity workouts such as training outdoors.
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Aims of the study

More than 400 children attending primary and secondary schools (aged 6 to 12) were involved in an

experimental study aimed at providing emission rates of respiratory particles while speaking at two

different intensity levels—“speaking” and “loudly speaking”. To this purpose experimental apparatus and

testing protocol were optimized and, indeed, respiratory particle emission rates were obtained by directly

measuring respiratory particle concentration and exhaled flow rate while subjects pronounced a

phonetically balanced word list.

The findings of this study are of great significance as they could be applied to existing models to provide

predictive estimates of the risk of infection in indoor environments and/or in close-proximity

configurations.



Materials and methods
Human subjects
371 measurements/children were considered valid for data post-processing children attending primary and

secondary schools (aged 6 to 12) in Cassino (FR), Central Italy (in accordance with relevant guidelines and

regulations of the ethical committee).

PAPA’

BABBO

TETTO

DADO

COCCO

LAGO

CICCIO

GIGI

MAMMA

NONNA

FIFA

VIVA…

Children read the phonetically balanced word list at “speaking” and 

“loudly speaking” levels:

Entire 

population
371

Gender
Male

49.9

%

Female
50.1

%

Age 

(yrs)
6

11.1

%

7
11.3

%

8
14.8

%

9
10.2

%

10 9.4%

11
27.5

%

12
15.6

%



Materials and methods
Evaluation of the exhaled air flow rate (test a)

• Measurement of exhaled air velocity (at a distance of 40 cm

from the inlet) with a Testo 450i Smart Probe hot-wire

anemometer (measurement range 0-30 m s-1 ; resolution 0.01 m

s-1;

• Duct characteristics: diameter 0.045 m; lenght 1 m;

• The children were asked to read the word list twice

consecutively at their normal intensity level (referred to as

“speaking”) and twice at a higher intensity level (referred to as

“loudly speaking”).



Materials and methods
Measurement of the respiratory particle concentration (test b): experimental set-up

• The respiratory particle concentration exhaled by children

while speaking (test b) was measured by an aerodynamic

particle sizer spectrometer (APS 3321, TSI Inc.);

• A fan filter unit (FFU) to reduce the background particle

concentration level HEPA H14 filter plus an F7 pre-

filtration stage and characterized by an adjustable flow

rate (up to 850 m3 h−1);

• Phonometer Delta Ohm Class 1 HD2110 (Geass; declared

uncertainty < 0.7 dB) to record the voice intensity level

during the tests.



Aerodynamic Particle Sizer - APS 3321 TSI

Measurement range: 0.5 – 20 µm

Principle of measurement: time-of-flight

Particle size measurement is performed

according to the time-of-flight (TOF)

technique by which the acceleration of the

particle is measured following an

acceleration imposed on the sampled

aerosol.

Materials and methods
Measurement of the respiratory particle concentration (test b): experimental set-up 



Materials and methods
Measurement of the respiratory particle concentration (test b): experimental set-up 

Aerodynamic Particle Sizer - APS 3321 TSI



Materials and methods
Measurement of the respiratory particle concentration (test b): testing procedure

(i) the FFU was run at the maximum flow rate for 3 min to reduce the airborne particle background

concentration in the chamber;

(ii) the FFU was switched off and a 30-s background concentration measurement (with a 1-s sampling

frequency) was carried out;

(iii) particle concentrations and distributions were measured with a 1-s sampling frequency while the child

being tested read the word list twice consecutively at his/her normal intensity level (speaking);

(iv) the FFU was run at the maximum flow rate for 3 min to reduce the airborne particle background

concentration in the chamber;

(v) the FFU was switched off and a 30-s background concentration measurement (with a 1-s sampling

frequency) was carried out;

(vi) particle concentrations and distributions were measured with a 1-s sampling frequency while the child

read the word list twice at a higher intensity level (loudly speaking). The children were asked to speak and

loudly speak with the same sound pressure level as during test a. The median duration of each air velocity

(test a) and particle concentration/distribution measurement (test b), i.e. reading the word list twice

consecutively, was 56 s (with corresponding 5th–95th percentile range of 44–143 s). Nonetheless, the

length of the measurement is not expected affecting the results as both, air velocity and particle

concentrations/distributions, are measured with a 1-s sampling frequency.



Materials and methods
Measurement of the respiratory particle concentration (test c): corrections for non-

isokinetic sampling and particle losses

• The air velocity while speaking can vary significantly

amongst children, so corrections for non-isokinetic

sampling need to be considered; the correction factor is a

function of the difference between the actual speaking

velocity and the sampling velocity and the Stokes number

(ranging between 0.8 and 4.0%);

• Sampling particle losses (diffusion, sedimentation,

turbulent inertial deposition, inertial deposition due to bend

and contraction) occurring in the entire sampling line were all

< 1%.



Results and discussion
Air flow rate and sound pressure level

• The median exhaled air flow rate values for speaking activities were 0.28 (females) and 0.31 (males) m3 h−1;

• no significant differences between females and males in the exhaled air flow rate values for loudly

speaking (median values of 0.31 and 0.34 m3 h−1);

• a slight age effect was recognized: older children (11 and 12 years old) recorded statistically higher flow

rates than younger children (6 years old);

• Sound pressure levels were significantly different between females and males for both speaking (median

values 79.4 and 80.9 dB, respectively) and loudly speaking (85.5 and 88.1 dB, respectively).



Results and discussion
Respiratory particle concentrations and size distributions

• Respiratory particle concentrations values for females and males were significantly different for loudly

speaking (median values 0.37 and 0.53 particles cm−3, respectively) but not for speaking (median values

0.29 and 0.33 particles cm−3, respectively);

• Despite different methodologies applied in the experimental studies, a rough comparison with previous

studies reveals that the particle concentrations we measured for children were within the ranges

measured for similar speaking activities performed by adolescents and adults;

• 12-year-old children had significantly lower concentrations than 8-year-old children for speaking, and 

also 6- and 8-year-old children for loudly speaking. This is a novel finding that should be explored in 

future research because the few previous studies involving children.



Results and discussion
Respiratory particle concentrations and size distributions

• Particle size distributions measured for the entire population investigated for speaking and loudly

speaking activities present a main mode at approximately 0.6 μm and a second minor mode at < 2 μm; the

main mode is characteristic of the respiratory particles generated in the bronchioles (and it is present

also in breathing activities), whereas the second mode is generally associated with the generation

occurring in the larynx and pharynx which are more typical of speaking and singing activities;

• a slight age effect was observed in younger children, in whom the second mode (at < 2 μm) was more

pronounced than in older children.



Results and discussion
Emission rates

• The emission rates for speaking and loudly speaking for the entire investigated population were

significantly different, with median values of 26 and 41 particles s−1;

• Males had significantly higher emissions than females both while speaking (median values of 28 and 23

particles s−1, respectively) and loudly speaking (51 and 33 particles s−1, respectively), consistent with the

differences in particle concentrations;

• Differences in emission rates due to the age of the child were not significant due to the balancing of two

opposite effects: the slight increase in the flow rate as a function of age (older children recorded

statistically higher flow rates than younger children) and the slight reduction in respiratory particle

concentration with age (older children recorded statistically lower particle concentrations than younger

children).



Results and discussion
Emission rates

• The emission characteristics clearly highlight an effect of the vocal loudness on the concentrations and

emission rates, as reported in previous studies.



Respiratory particle super-emissive Italian words and effect 

of articulation manner during children speaking 



Methodology

1. Evaluation of the average particle number concentration during
the single reading of the word list, Navg (part. cm-3);

2. Identification of particle number concentrations that exceeded
the average particle number concentrations Navg, expressed as Nw
(part. cm-3);

3. Time synchronization between APS samplings with the audio tracks
recorded during the experimental tests;

4. Association of the exceeding particle number concentration Nw
with corresponding word included in the list;

5. Calculation of the ratio between the particle number
concentrations associated to the super-emissive aerosol words,
Nw, and the average particle number concentration, Navg,
expressed as Nw/Navg;

6. Calculating the cumulative as the sum of all Nw/Navg for each
word list and counting the number of times that each word
exceeded the average particle concentration value.



Results



Results
Word

IPA 

notation

Vowels Consonants

quantit

y
quantity articulation

Voiced/voice

less

papà [paˈpa] 2 (50%) 2 (50%) occlusives voiceless

babbo
[ˈbab.bo

]
2 (40%) 3 (60%) occlusives voiced

tetto
[ˈtɛt.to

]
2 (40%) 3 (60%) occlusives voiceless

dado [ˈdaːdo] 2 (50%) 2 (50%) occlusives voiced

cocco
[ˈkɔk.ko

]
2 (40%) 3 (60%) occlusives voiceless

ciccio
[ˈkɔk.ko

]
3 (50%) 3 (50%) affricates voiceless

Gigi [ˈʤiːʤi] 2 (40%) 3 (60%) affricates voiced

mamma
[ˈmam.ma

]
2 (40%) 3 (60%) nasals -

nonna
[ˈnɔn.na

]
2 (40%) 3 (60%) nasals -

fifa [ˈfiːfa] 2 (50%) 2 (50%) fricatives voiceless

viva [ˈviːva] 2 (50%) 2 (50%) fricatives voiced

sasso
[ˈsas.so

]
2 (40%) 3 (60%) fricatives voiceless

Lulù [luˈlu] 2 (50%) 2 (50%) approximants -



Results

• There is not substantial difference between exceedances and

cumulative due to speaking and loudly speaking tests;

• The words “ciccio, Gigi, mamma, nonna, Nabucodonosor”

present the highest number of exceedances and cumulative

Nw/Navg between all the potentially “super-emissive” words;

• The high respiratory particle emissivity of “Nabucodonosor”

can be due to the presence of various phonemes in the unit

of time;

• Affricate consonants contained in “ciccio” and “Gigi” result

in the highest number of exceedances and cumulative due to

their complex sound (consisting of an occlusive and a

fricative part).




