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A B S T R A C T

Spurred by the SARS-CoV-2 pandemic, there has been a considerable increase in research on 
human respiratory particle characterization using diverse methodologies. Our objective was to 
review previous methods used and to develop a highly controlled method for measuring human 
respiratory particle emissions during breathing, coughing, and voice production. A systematic 
search from three databases (Ovid Medline, Web of Science, and Scopus) was carried out in 
January 2024 according to the PRISMA 2020 principles. 77 original studies were included in the 
qualitative analysis. Considerable variation was noted in the methodology of previous particle 
measurement studies regarding setups, instrumentation, protocols, and reporting. We identified 
six key setups and discuss factors such as relative humidity, particle losses, and dilution for each.

We also present our novel setup, comprising a measurement chamber with particle-free air 
supply, funnel-type sample inlet, and real-time particle measurement instruments to investigate 
the absolute and time-resolved exhaled aerosol emission rates. The drying and dilution processes 
of particles, as well as particle losses, are well controlled. CO2 measurements are utilized for 
sample dilution and exhaled flow estimation. Optional sound pressure measurement provides 
calibrated absolute values. Fundamental frequency and electroglottography registration are also 
included as optional tools for studying voice production. Our setup reports accurate data on 
particle number concentration, mass concentration, particle number emission, and mass emission 
rates during breathing, coughing, speaking, and singing in the size range 0.004–10 μm, therefore 
succeeding in measuring ultrafine particles. We also report a positive effect of sound pressure and 
CO2 on particle emissions.

Enhanced methods for particle emission measurements improve our understanding of airborne 
transmission and human physiology, providing tools to minimize the risk of airborne 
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transmission. We propose a set of key methodological parameters for improved reporting, 
including the documentation of dilution, particle drying, sampling losses and sound pressure.

1. Introduction

There is a perceived connection between an individual’s respiratory particle emissions and the transmissibility of airborne path
ogens such as respiratory and some gastrointestinal viruses (Alsved et al., 2020a; Lai et al., 2023; Wang et al., 2021; Yan et al., 2018). 
All respiratory activities, including breathing, generate respiratory particles. Elevated particle production likely enhances the spread of 
infectious agents into the environment (Alsved et al., 2022; Lindsley et al., 2016). Therefore, elucidating the factors influencing an 
individual’s respiratory particle production improves understanding of airborne transmission.

Previous studies have demonstrated that singing generates more particles than speaking or breathing (Alsved et al., 2020b), and the 
greater the sound pressure, the more particles are generated (Asadi et al., 2019; Bagheri et al., 2023; Good et al., 2021; Gregson et al., 
2021; Mürbe, Kriegel, et al., 2021; Sanmark et al., 2024). Additionally, significant variations have been observed between individuals, 
even when performing the same activity (Bake et al., 2017). This is likely due to anatomical and physiological variations, however, the 
precise reasons for individual variations remain unclear.

The mechanisms underlying particle generation are hypothesized to be fluid film, filament, or bubble breakage or bursting (FFBB) 
and turbulent aerosolization. Research has suggested that <5 μm particles (wet diameter) are generated mainly in the lung, some of the 
5–15 μm particles in the larynx/pharynx, and the largest particles in oral area (Bagheri et al., 2023; Johnson et al., 2011). Bagheri et al. 
(Bagheri et al., 2023) even suggested in their study on a wide variety of activities, that larynx/pharynx were the main source for the 
particles with diameter of 5–15 μm (Bagheri et al., 2023). It should be noted that the boundaries between these modes are not strictly 
tied to a single particle size but rather overlapping.

While particle size and concentration provide important insights into aerosol transmission — especially allowing addressing of the 
possible overall risk — the biological and chemical composition of exhaled aerosols directly determines their infectious potential. 
Respiratory aerosols are complex mixtures composed of respiratory fluids containing proteins, salts, surfactants, mucins, and other 
organic molecules, as well as potentially pathogens originating from the respiratory tract (Morawska et al., 2022; Pöhlker et al., 2023; 
Wang et al., 2021). These chemical and biological components, along with environmental factors, can significantly influence the 
stability, viability, and infectivity of pathogens within respiratory particles.

Multiple studies have directly identified infectious agents within respiratory aerosols. For example, infective influenza virus has 
been detected from aerosol samples generated during exhalation and coughing (Lindsley et al., 2016). Similarly, viable SARS-CoV-2 
has been collected from exhaled air (Alsved, 2023b; Zhou, 2023). The majority of RNA positive SARS-CoV-2 aerosol particle samples 
have been found in fine aerosols (e.g. (Coleman et al., 2022; Groma et al., 2023; Oksanen et al., 2022),). According to Fenelly’s study 
on infectious aerosol size, most positive samples for Mycobacterium tuberculosis bacilli, Pseudomonas aeruginosa, and influenza virus 
were also detected in fine aerosols (<5 μm) (Fennelly, 2020). The importance of small particles especially in lower airway transmission 
has been supported by computational modeling suggesting that the upper respiratory tract filters larger particles, allowing only 
particles <10 μm — originating at the level of the glottis or below — to exit the mouth (Vuorinen et al., 2025). However, pathogens can 
be found across a wide range of aerosol particle sizes, reflecting differences in both the anatomical location of infection and the 
mechanisms of particle generation related to different respiratory activities. Particle size influences the likely deposition area in 
exposed subjects’ respiratory tract and may also affect the disease severity and the infectious dose required (Thomas, 2013). Due to this 
complexity, it is essential to understand human particle emissions in great detail.

It is noteworthy that there is no standardized method for measuring individual respiratory particle emissions, and existing 
methodologies are diverse. This lack of standard methodology leads to challenges in comparing results from various studies (Hu et al., 
2023; Pöhlker et al., 2023) and can cause biases in the interpretation of experimental data.

Particle-characterizing instruments can be categorized into sampling-based and image-based techniques (Hu et al., 2023). 
Sampling-based instruments, such as Aerodynamic Particle Sizer (APS) and Condensation Particle Counter (CPC), are used for the 
smallest particles, from nanometer to micrometers scale. They analyze the content of a defined volume of air. Imaging-based methods 

Abbreviations

APS Aerodynamic Particle Sizer
CPC Condensation Particle Counter
OPS/OPC Optical particle spectrometer/counter
SMPS Scanning mobility particle sizer
HEPA High-efficiency particulate air
RH Relative humidity
SPL Sound pressure level
EGG Electroglottography
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use a camera and light source to measure droplets emitted from exhalation, and the resolution is usually sufficient for particles larger 
than 1 μm (Hu et al., 2023).

Beyond the instruments, a number of factors such as the chosen setup or measurement protocol contribute to an accurate quan
tification of human respiratory particle emissions. Some previous reviews have discussed measurement methods and their variability 
(Hu et al., 2023; Morawska et al., 2022; Pöhlker et al., 2023), highlighting significant differences, e.g. in detected size range or particle 
hydration status (Hu et al., 2023). Pöhlker et al. reviewed 35 respiratory particle measurement studies, detailing the number of 
participants, studied respiratory activities, sizing instruments or techniques, covered size ranges, relative humidity, and measurement 
temperature. Hu et al. (Hu et al., 2023) compiled a table summarizing 27 studies based on device type (sampling-based, image-based, 
or combined), and provided details of instrumentation, nominal size range, and measured size range across different activities. 
However, a systematic review of human particle emission studies has not been previously conducted.

This paper provides a systematic review of previous studies on human respiratory particle emissions, with a specific focus on the 
methodologies used to measure particle mass, number, and size distributions. We provide a detailed summary across various meth
odological aspects — including experimental setup and measurement protocols, data reporting, and participant-related variables — 
discuss their respective strengths and limitations, and finally propose key parameters for improved reporting. We also introduce our 
own method for respiratory particle measurement and demonstrate its application using exemplary aerosol data from a single subject 
performing various activities: breathing, speaking, singing, and coughing. The results are discussed in the context of accurately 
quantifying respiratory emissions. Given the multidisciplinary nature of this research field, the article is intended for a broad scientific 
audience.

2. Systematic review

2.1. Methods

We conducted a systematic literature survey of studies reporting results on human respiratory particle emission data during at least 
one of the following actions: breathing, coughing, speaking, phonating, or singing. The systematic search was carried out in January 
2024 in three databases: Ovid Medline, Web of Science, and Scopus, and was conducted in adherence to the PRISMA 2020 statement 
principles (Page et al., 2021). The protocol was not registered.

2.1.1. Search sentence and filtering
The search sentence was structured to include terms related to particles, emission, respiratory activities, and human subjects. The 

four main groups of search terms were combined using the AND operator. The NOT-terms were added when formulating the search 
query and reviewing the initial search results to shorten the list of records identified from the databases. The final query was generated 
as follows. 

Fig. 1. Flow chart of the systematic article search and screening process (PRISMA). (n) represents the number of studies.
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Table 1 
Studies reporting human respiratory particle emissions.

Ref. no. Year Author(s) N (1) Activities 
(2)

Setup 
(3)

Instrument(s) (4) Size range, 
μm (5)

Back- 
ground (6)

Dilution 
(7)

Number or 
Mass (8)

Dry or 
Wet (9)

Losses 
(10)

Sound 
pressure 
(11)

Duguid (1946) 1946 Duguid N/A S, C, Sn F Oiled slides +
microscopy

0.25–2000 yes no n wet C no

Loudon and Roberts 
(1967)

1967 Loudon and Roberts 3 S, C A Paper and filter 
+ microscopy

>1 yes yes n N/A C no

Fairchild and Stampfer 
(1987)

1987 Fairchild and Stampfer 5 B, S, C, E B, C LAS 0.1–3 yes yes n N/A C no

Papineni and 
Rosenthal (1997)

1997 Papineni and Rosenthal 5 B, S, C B OPC, AEM >0.3 yes no n wet C no

Edwards et al. (2004) 2004 Edwards et al. 11 B C OPC 0.085- >0.5 yes no n N/A C –
Yang et al. (2007) 2007 Yang et al. 54 C A, B APS, SMPS 0.02–30 yes yes n both C no
Fabian et al. (2008) 2008 Fabian et al. 12* B C OPC 0.3- >5 yes yes n wet C –
Hersen et al. (2008) 2008 Hersen et al. 78 C B ELPI 0.03–10 yes no n N/A A no
Almstrand et al. 

(2009)
2009 Almstrand et al. 12 B C OPC, impactor 0.3–20 yes yes n wet C –

Chao et al. (2009) 2009 Chao et al. 11 S, C E IMI, PIV 2–2000 yes* yes n wet* C no
JohnsonMorawska 

(2009)
2009 Johnson and Morawska 17 B B UV-APS 0.5–20 yes yes n dry C –

Morawska et al. 
(2009)

2009 Morawska et al. 15 B, S, C, W B UV-APS 0.5–20 yes yes n dry C no

Xie et al. (2009) 2009 Xie et al. 7* S, C A, F OPC*, glass 
slides +
microscopy

1–1500 yes* yes m both C no

Almstrand et al. 
(2010)

2010 Almstrand et al. 10 B C OPC, impactor 0.3–2.0 yes yes n wet C –

Haslbeck et al. (2010) 2010 Haslbeck et al. 16 B C CNC, LAS 0.1–5 yes yes n wet C –
Holmgren et al. (2010) 2010 Holmgren et al. 16 B C OPC, SMPS 0.01–2.0 yes yes n wet C –
Schwarz et al. (2010) 2010 Schwarz et al. 21 B C CNC, LAS 0.1–5 yes yes n wet C –
Fabian et al. (2011) 2011 Fabian et al. 22* B, C C OPC 0.3 - >10 yes yes n N/A C no
Holmgren et al. (2011) 2011 Holmgren et al. 3* B C OPC 0.3–20 yes yes n both C* –
Johnson et al. (2011) 2011 Johnson et al. 15* B, S, C B UV-APS, DDA 0.7–20; >20 yes yes n/m wet C no
Lai et al. (2011) 2011 Lai, Bottomley, and 

McNerney
8 Sh, I D OPC 0.5–10 no no n N/A C no

Lindsley et al. (2012) 2012 Lindsley et al. 9 C A WPS 0.35–10 yes yes n/m* N/A C no
Zayas et al. (2012) 2012 Zayas et al. 45 C D LD 0.1–900 no no n N/A C no
Han et al. (2013) 2013 Han, Weng, and Huang 20 Sn E LD 0.1–1000 yes* yes n wet C no
Holmgren et al. (2013) 2013 Holmgren et al. 10 B C OPC, impactor 0.41->2.98 yes yes n wet C –
Wurie et al. (2013) 2013 Wurie et al. 79 B C OPC 0.3–20 yes yes n N/A C –
Bourouiba et al. 

(2014)
2014 Bourouiba, 

Dehandschoewercker and 
Bush

N/A C, Sn E HSC N/A no no N/A wet C no

Schwarz et al. (2015) 2015 Schwarz et al. 67* B C CNC, LAS 0.1–5 yes yes n wet C –
Scharfman et al. 

(2016)
2016 Scharfman et al. N/A C, Sn E HSC N/A no no N/A wet C no

Tinglev et al. (2016) 2016 Tinglev et al. 26* B C OPC 0.3–20; 
0.25–32*

yes yes n/m wet C –

Wurie et al. (2016) 2016 Wurie et al. 188 B C OPC 1-5** yes yes n wet C –
Bake et al. (2017) 2017 Bake et al. 126 B C OPC 0.41–4.55 yes yes n wet C –

(continued on next page)
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Table 1 (continued )

Ref. no. Year Author(s) N (1) Activities 
(2)

Setup 
(3)

Instrument(s) (4) Size range, 
μm (5) 

Back- 
ground (6) 

Dilution 
(7) 

Number or 
Mass (8)

Dry or 
Wet (9)

Losses 
(10) 

Sound 
pressure 
(11)

Larsson et al. (2017) 2017 Larsson et al. 11 B, C C OPC, impactor 0.41–4.55 yes yes m N/A C no
Asadi et al. (2019) 2019 Asadi et al. 48* B, S B APS 0.5–20 yes no n N/A C yes
Lee et al. (2019) 2019 Lee et al. 10 B A, D OPC, SMPS 0.01–10 yes no n dry C –
Alsved et al. (2020b) 2020 Alsved et al. 12 B, S, Si B, E APS, HSC 0.5–10 yes no n/m N/A C yes*
Asadi et al. (2020) 2020 Asadi et al. 56 S B APS 0.5–20 yes no n N/A C yes
Eiche and Kuster 

(2020)
2020 Eiche and Kuster 4 B, S D OPC 1–32 yes* no m* wet C no

McGain et al. (2020) 2020 McGain et al. 1 B, S, C D APS, SMPS 0.01–5 yes no n N/A C no
Smith et al. (1994) 2020 Smith et al. 7 S, C E LD 0.2–2000 no no m* wet C no
Edwards et al. (2021) 2021 Edwards et al. 194 B C OPC 0.3–5 yes no* n N/A C –
Field et al. (2021) 2021 Field et al. 21 B C OPC 0.3–5 yes no n dry C –
Good et al. (2021) 2021 Good et al. 63 B, S, Si B OPC, CPC, SMPS 0.25–33 yes yes n N/A C yes
Gregson et al. (2021) 2021 Gregson et al. 25 B, S, Si B APS 0.5–20 yes no n/m N/A A yes
He et al. (2021) 2021 He et al. 15* B, S, I B APS 0.5–10 yes no n N/A C no
Li et al. (2021) 2021 Li, Niu, and Zhu 1 C D APS, CPC 0.5–20 yes* no n N/A C no
Kappelt et al. (2021) 2021 Kappelt et al. 16 B, S A OPC 0.3–10 yes yes n dry C no
McCarthy et al. (2021) 2021 McCarthy et al. 9 B, S, Si, I B, F APS 0.5–20 yes no n/m N/A A yes
Mürbe, Kriegel, et al. 

(2021)
2021 Mürbe et al. 8 B, S, Si B OPC 0.3–25 yes yes n dry C yes

Mürbe et al. (2021b) 2021 Mürbe et al. 8 S, Si, Sh B OPC 0.3–25 yes yes n dry C yes
Sajgalik et al. (2021) 2021 Sajgalik et al. 8 B, E A, B OPC, CPC 0.02–5 yes yes n N/A C –
Stockman et al. (2021) 2021 Stockman et al. 12* S, Si, I B, D APS, UHSAS 0.2–10 yes yes n N/A C no
Wilson et al. (2021) 2021 Wilson et al. 10 B, S, Sh, C, E B OPC 0.5–25 yes no n/m N/A C no
Ahmed et al. (2022) 2022 Ahmed et al. 40 S B APS 0.5–20 yes no n N/A C yes
Archer et al. (2022) 2022 Archer et al. 136* B, S, Si B, C APS 0.5–20 yes no n/m N/A A yes
Firle et al. (2022) 2022 Firle et al. 32* B, S, I A OPC 0.25–35*** yes yes n dry B no
Fleischer et al. (2022) 2022 Fleischer et al. 30 B, S, Si, Sh B OPC 0.3–10 yes yes n dry C yes
Kato et al. (2022) 2022 Kato et al. 20 S, Si D, E OPC, HSC 0.3–18 yes no n N/A C yes*
Mutsch et al. (2022) 2022 Mutsch et al. 16 B, E C OPC 0.2–10 yes yes n N/A C –
Orton et al. (2022) 2022 Orton et al. 15 B, S, E B, C APS 0.5–20 yes no n/m N/A A yes
Pan et al. (2022) 2022 Pan et al. 12 B, S C APS 0.5–20 yes yes n wet C no
Shen et al. (2022) 2022 Shen et al. 1 B, S A, E OPC, HSC 0.3–120 yes yes n/m dry C no
Sheikh et al. (2022) 2022 Sheikh et al. 43 B, C B APS, OPC 0.5–20 yes no n N/A A no
van Mersbergen et al. 

(2022)
2022 Van Mersbergen et al. 17 S D, E HSC N/A yes no n N/A C yes

Volckens et al. (2022) 2022 Volckens et al. 81* Si, I B OPC 0.25–33 yes yes n N/A C yes
Wang et al. (2022) 2022 Wang et al. 18* Si, I B OPC 0.3–25 yes yes* n N/A C yes*
Bagheri et al. (2023) 2023 Bagheri et al. 132* B, S, Si, Sh, 

Hu, C
B, C, E OPC, APS, SMPS, 

HSC
0.01->1000 yes yes n dry A/B yes

Caracci et al. (2023) 2023 Caracci et al. 371 S B APS 0.5–20 yes yes n N/A B yes
Harrison et al. (2023) 2023 Harrison et al. 76* B, S, Si, Sh, 

E
F WSP 20–1000 yes no n/m wet C yes

Moschovis et al. 
(2023)

2023 Moschovis et al. 23 B, S, Si, C, 
Sn

B APS 0.5–20 no no n N/A C no

Rawat et al. (2023) 2023 Rawat et al. 50 B, S, Si B APS 0.5–20 yes yes n N/A C yes
Schuchmann et al. 

(2023)
2023 Schuchmann et al. 250 B C OPC 0.145–10 yes yes n dry C –

Schumm et al. (2023) 2023 Schumm et al. 80 B, E C OPC 0.2–10 yes yes n dry C –

(continued on next page)
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Table 1 (continued )

Ref. no. Year Author(s) N (1) Activities 
(2)

Setup 
(3)

Instrument(s) (4) Size range, 
μm (5) 

Back- 
ground (6) 

Dilution 
(7) 

Number or 
Mass (8)

Dry or 
Wet (9)

Losses 
(10) 

Sound 
pressure 
(11)

Schumann et al. 
(2023)

2023 Schumann et al. 23* B, S, I B OPC 0.3–25 yes yes n dry C yes

Tanner et al. (2023) 2023 Tanner et al. 70 S, Si, I F WSP >35 yes* no n/m wet C yes
Szczepanska et al. 

(2024)
2024 Szczepanska et al. 15 B, S, Sh B APS, OPC 0.5–1000 yes no n/m N/A A yes

Tian et al. (2024) 2024 Tian et al. 23* B, S, I B APS 0.5–20 yes no n N/A A yes

Instrument abbreviations.
LAS – Laser Aerosol Spectrometer.
OPC – Optical Particle Counter.
DDA – Droplet Deposition Analysis.
AEM – Analytical transmission electron microscope.
WPS – Wide-range Particle Spectrometer.
APS – Aerodynamic Particle Sizer.
LD – Laser Diffraction.
SMPS – Scanning Mobility Particle Sizer.
HSC – High-speed Camera (High speed imaging or High velocity imaging).
ELPI – Electrical Low Pressure Impactor.
TOF-SIMS – Time-of-Flight Secondary Ion Mass Spectrometry.
UV-APS – Ultraviolet Aerodynamic Particle Sizer CPC – Condensation Particle Counter.
IMI – Interferometric Mie Imaging.
UHSAS – Ultra-High Sensitivity Aerosol Spectrometer.
PIV – Particle Image Velocimetry.
WSP – Water Sensitive Paper.
CNC – Condensation Nuclei Counter.

1 Number of participants. *) Not all participants performed all tasks.
2 Measured activities: B = Breathing, S = Speaking/Sustained phonation, Sh = Shouting, Si = Singing, W = Whispering, C = Coughing, Sn = Sneezing, I = Blowing into an instrument, E = Exercise, Hu 

= Humming.
3 Measurement setup: A Cumulative collection tank or chamber; B Collecting particles near face in a sample tube; C Sealed mouthpiece; D Free environment at a certain distance; E Droplet imaging based 

methods; F Droplet collection on paper, glass etc.
4 Instrument abbreviations, see below. *) The results from the instrument were not reported.
5 Reported size range *) Two experiments. **)Measurement range 0.3–20 μm, but interested in Tuberculosis so size range limited to 1–5 μm ***) “Most droplets larger than 30 μm in diameter have got 

lost due to gravitational settling."
6 Background consideredYes: Background is considered and either subtracted from the results or is so minimal (e.g., HEPA-filtered) that it does not significantly impact the results. Yes*: Background is 

considered, but may affect the reliability of the results. No: Background is not considered/Baseline concentrations significant and the results are not corrected for it.
7 Dilution consideredYes: Dilution is accounted for and appropriately handled (e.g., in a completely closed system). Yes*: Dilution is considered, but there is significant uncertainty that may affect the 

reliability of the results. No: Dilution is not reported or not accounted for.*) Not reported, but as the flow rate is 50 lpm, all particles are collected.
8 The results reported as number (particle count) or mass (particle mass): n/m. m*: volume reported.
9 The results reported as dry or wet: dry/wet/N/A *) Smaller particles may have been dry, larger particles wet. Corrections for evaporation/condensation were made and measured and corrected values 

are reported.
10 Losses: A Measured B Modelled/Calculated C Omitted. C*: Discussed.
11 Sound pressure measured: *) The measurement instrument not mentioned. “-" Activities measured only breathing/excersise. “yes’ involves also protocols where a certain sound pressure level was 

targeted during the measurement.
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diffusion dryer. This method is particularly suitable for low emissions, e.g. when breathing, but requires careful modeling of particle 
losses. Particle losses due to diffusion drying and sampling were reported in the study based on modeling, although losses within the 
mask were not reported. They also employed an imaging method (Method E) to account for large particles (Schlenczek, 2018).

Several real-time particle measurement instruments have been employed to assess respiratory aerosol emissions. The most 
commonly used instrument is the optical particle spectrometer/counter (OPS/OPC, from various manufacturers), utilized in 50 % of 
studies. The aerodynamic particle sizer (APS and UV-APS) was used in 31 % of studies. Less frequently employed instruments include 
the scanning mobility particle sizer (SMPS) and CPC, and laser aerosol spectrometer (LAS). LAS refers to a measuring device in which 
aerosol particles are guided inside a laser cavity with a very high intensity, allowing particle sizing down to 0.1 μm. High-speed 
imaging has predominantly been used for measuring larger particles. For a complete list of instruments and their manufacturers, 
please refer to Supplementary Table S1.

The reported size range varied between studies, depending on the experimental setup and instruments used. In general, in studies 
employing setup types A, B, or C, the lower bound of the measurable particle size range was most commonly reported to be between 0.3 
and 0.5 μm, while the upper bound commonly ranged from 10 to 20 μm, with some measurements extending up to 32–35 μm. Methods 
E and F have been described as capable of measuring larger particles, with upper size limits reaching 1000–2000 μm (1–2 mm).

In previous studies, background conditions were either taken into account or were deemed irrelevant in 92 % of cases (Table 1). 
Dilution was addressed less frequently, being noted in 57 % of studies (Table 1). The drying of particles after emission was not 
consistently addressed; in 46 % of studies, it was unclear whether dry or wet particles were measured and reported. Losses were rarely 
considered; only 14 % of studies measured or calculated losses. For example, Morawska et al. (Morawska et al., 2009) considered 
particle losses and non-isokinetic sampling in their design and Caracci et al. (Caracci et al., 2023) calculated and corrected for the 
effects. Most studies reported results in terms of number concentration or number emissions. However, 16 % also included mass 
concentration and/or emissions, while 5 % reported exclusively mass-based values (Supplementary Table S1). CO2 emissions were 
additionally reported in only a few publications (Good et al., 2021; Kappelt et al., 2021; Stockman et al., 2021).

Most studies measured multiple respiratory activities. Specifically, 69 % of articles reported measurements of breathing, 53 % 
measured speaking or sustained phonation, 22 % measured singing, and 31 % measured sneezing or coughing. Among the 44 studies 
that examined speaking, singing, or shouting, 52 % also measured sound pressure, or targeted a defined sound pressure level during the 
measurement.

The number of participants was generally well reported, but it was unclear in three studies. It is worth noting that in 18 studies, not 
all participants completed all tasks; instead, the participants were divided into smaller groups. In many cases, there were deficiencies 
in the description of the protocol: participant position during the measurement was not described, and/or the protocol did not specify 
whether participants received written or verbal guidance (Supplementary Table S1). Also, inadequate description regarding partici
pant instructions or preparation, such as those concerning eating and drinking, were identified in most studies.

In the majority of studies, participants were asymptomatic for any acute infections, and in some cases tested negative for SARS- 
CoV-2. In nine studies, participants had acute infections such as tuberculosis or COVID-19. In 11 studies, the infection status dur
ing measurements was not reported, and in 34 studies the reporting of underlying conditions (or their absence) was missing. This 
breakdown is presented in Supplementary Table S1.

2.2.1. Conclusions of the results from the review
From the methodologies reviewed, we observed that many studies lacked consideration and/or detailed description of key factors 

Fig. 2. Schematic illustration of the sampling setup and a photograph of the aerosol chamber. The participant stands with their face placed 
into the foam-padded facial aperture of the measurement chamber. The distance between the participant’s mouth and the funnel was less than 50 
mm. The funnel inlet diameter was 100 mm, and the depth was approximately 150 mm. An adjustable pedestal (not shown) ensured proper face 
positioning.
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such as the effects of dilution, drying, and particle losses. In the following section, we present in detail the measurement method 
developed by our research group, with specific emphasis on addressing all of these aspects.

At the end of the article, we discuss the methodologies identified in the literature review in comparison to our own approach. 
Additionally, we provide recommendations on key points to consider when planning a methodology for particle measurement.

3. Our measurement setup and case presentation

3.1. Methods

3.1.1. Measurement setup
Our experimental setup consists of an aerosol chamber (Fig. 2 and Supplementary Figs. S1 and S2, volume ~0.5 m3), a funnel, inlet 

and sampling tubes, measuring instruments, and an external display for instructions. A flow rate of 300 L per minute (l/min) of dry, 
pressurized, and high-efficiency particulate (HEPA) filtered air was supplied into the top of the chamber. The chamber air volume 
changed 36 times per hour to maintain a low background concentration and to allow rapid clearing of the chamber between events. 
This enabled the implementation of a versatile study protocol — including multiple tasks and repetitions — within a reasonable 
timeframe. Excess air flowed out of the chamber through an opening at the bottom. The temperature inside in the chamber was 
approximately 22 ◦C, and the relative humidity (RH) of the supply air was kept below 1 % to ensure that the exhaled particles were dry 
when they were measured. We were interested in a well-defined size distribution in order to accurately analyze the number and mass 
emission of particles. We wanted to measure dried droplets, once they were fully dry and stabilized. If the particles are not completely 
dried, the mass emission estimation of the initial droplets can easily be subject to errors. Drying particles quickly to smaller particle 
sizes also helps to minimize losses in sampling.

The exhaled aerosol was drawn through a metal funnel into the conductive metal and Tygon sampling lines with a total volumetric 
flow rate of 40.5 l/min (Fig. 2 and Supplementary Fig. S1). The combined volume of the sampling funnel and tubing up to the flow 
splitter was 1.3 L. In these sampling tubes, the flow velocity was approximately 2.1 m/s and the Reynolds number was 1380, indicating 
that flow was not turbulent in the tubes before the flow splitter, which in general ensures low particle losses. However, by constricting 
the flow cross-sectional area just before the flow splitter and measurement instruments, the mixing of the sample and thus equal 
concentrations for each instrument were ensured. Most of the mixed aerosol was drawn out at 35 l/min perpendicular to the main flow, 
while the actual sample was drawn to the aerosol instruments through a probe coaxial to the main flow and 5 cm before the bypass flow 
vent. A TSI model 3708 four-way flow splitter was used to split the sample between the instruments. A more detailed description of the 
setup is provided in Supplementary Fig. S2.

The aerosol chamber was used to control background aerosol, temperature, and humidity. In this study, it was positioned at VTT 
Technical Research Centre of Finland’s clean air laboratory, ensuring minimal contamination.

3.1.2. Aerosol instrumentation
Aerosol instrumentation was selected to comprehensively cover the key particle sizes generated through breathing, speaking, and 

singing. We focused on particles <20 μm in dry size, as these are central to the airborne transmission of infections (Alsved et al., 2023a; 
Fennelly, 2020; Pöhlker et al., 2023; Wang et al., 2021).

Aerodynamic particle size distributions were measured using APS (APS 3321, TSI Inc., Shoreview, MN, USA), which measures the 
time of flight of accelerating particles to define their aerodynamic diameter on a single-particle basis. The measurement is conducted 
optically and has a lower particle size limit of approximately 0.3 μm, but the lowest size range (<0.52 μm) is unreliable and was 
therefore excluded. APS segregates the particles into 51 size bins in between 0.52 μm and 20 μm with a minimum sampling resolution 
of 1 s and a sample flow rate of 1 l/min.

Optical particle size distributions were measured using an optical particle sizer (OPS; Palas Fidas Frog, Palas GmbH, Karlsruhe, 
Germany), hereafter referred to as ‘OPS/Palas’. The particles are guided to cross a light beam, and the intensity of scattered light, 
which is dependent on the particle optical size and refractive index, is measured on a single particle basis. OPS/Palas segregates the 
particles into 64 size bins between 0.15 μm and 18 μm with a sampling resolution of 1 s.

We found that APS measured 2.5 times larger particle diameters than OPS/Palas (Supplementary Fig. S3), leading to significant 
differences in mass concentrations. Because APS has more accurate aerodynamic diameter data for dry particles and because the 
refractive index of exhaled particles is uncertain, we focused on the APS data to present the results.

Particle number concentrations were measured with two CPCs with different lower particle size cut-points (Dp50 %); TSI 3775 CPC 
(Dp50 % cut-point 4 nm, flow rate 1.5 l/min) and Airmodus A23 CPC (Dp50 % cut-point 22 nm, flow 1 l/min). Both instruments use n- 
butanol as a condensing agent to grow the particles to a size detectable by an optical counter and provide counts in 1 s time resolution.

3.1.3. Particle losses
Particle losses in the sampling lines were characterized in a separate measurement using monodisperse NaCl test aerosol particles 

generated with an Inkjet Aerosol generator (Bottiger et al., 1998; Iida et al., 2014). The sampling losses were calculated by comparing 
the APS concentration measured before and after the sampling lines. The fit function of the sampling losses (y = 1-a*exp (b × x)) was 
used to correct the APS size distribution data in the analysis. Prior to correction, the fitting function was normalized such that the 
transmission efficiency was 100 % for the smallest particle size (~0.5 μm), because we assume that losses for the smallest particle size 
should be close to zero and there was a systematic shift in concentrations due to dilution. The transmission efficiency curves are 
presented in Supplementary Fig. S4. The corrected particle transmission decreased from 100 % for 1 μm particles to 60 % for 10 μm 
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p = p0 10SPL/20dB, (4) 

where p0 is a reference sound pressure (20 μPa) and SPL is a mean sound pressure level (dB).
Additionally, our setup can be equipped with an electroglottography (EGG, Model 6103, Kay PENTAX) device to indirectly assess 

vocal folds’ contact variation during phonation. In EGG measurement, a high frequency (0.3–5 MHz), low voltage (0.5 V), and weak 
current (<10 mA) is passed through the larynx. The contact quotient, which is the percentage of the contact time during the vocal fold 
vibration period, reflects the phonation type (Lim et al., 2006).

3.1.8. Measurement protocol
The participant was asked to abstain from eating and drinking for 1 h before and during the measurement, as a subject’s hydration 

level can affect the size of the particles (Bagheri et al., 2023). Prior to measurements, a suitable-height pedestal was placed to ensure 
the participant’s face was positioned at the correct level relative to the chamber aperture and funnel. The participant followed a 
slideshow of tasks, with each activity guided both visually and temporally. Breaks were provided as needed. A researcher started a new 
task when aerosol concentrations had returned to baseline levels.

The participant performed five respiratory and voice production activities: (1) nasal breathing, (2) mouth breathing, (3) sustained 
phonation of [a:], (4) sustained singing of [a:], and (5) coughing. Breathing samples lasted 20–30 s, with two repetitions for both nasal 
and mouth breathing. During both the phonation and singing activities, the duration of a single sample was 5 s. The participant was 
visually cued with a growing progress bar on the slideshow, ensuring consistent timing across repetitions. In the sustained phonation 
task, the participant phonated the vowel [a:] in three different vocal intensity categories – quiet, intermediate, and loud – described 
verbally in the slideshow. Each intensity category was repeated three times, resulting in a total of nine samples. In the sustained singing 
task, the participant sang the vowel [a:] at three pitch levels one octave apart: E2, E3, and E4, according to pitch notation. The 
corresponding fundamental frequency ranges for this participant were approximately 81.0–82.7 Hz (E2), 160.8–162.6 Hz (E3), and 
315.2–324.5 Hz (E4). Each pitch was sung in three intensity categories (piano, mezzoforte, and forte) and every pitch–intensity 
combination was repeated three times, yielding a total of 27 samples. For the coughing task, the participant was instructed to “cough 
once firmly.’ The task was repeated three times. All activities are described in detail in Supplementary Table S2.

3.1.9. Ethical permission
Procedures followed ethics standards of the 1964 Declaration of Helsinki. The study protocol was approved by the Helsinki Uni

versity Hospital Ethics Committee (HUS/1701/2020 and HUS/1126/2021), with written informed consent from the subject.

3.2. Results

We present the results from one subject to simulate the functionality of our setup.
The subject is a 37-year-old male, a professional classical singer, non-smoker, no diagnoses or medications, and symptomless for 

any infection at the time of the measurements.

3.2.1. Size distributions
Average dry particle number concentration and size distributions during the activities measured by the APS and CPCs are shown in 

Fig. 3a. Particle number was dominated by particles smaller than 0.023 nm. Particle number concentrations between 0.023 and 0.55 

Fig. 3. (A) Average dry particle number size distributions measured by the CPCs and APS; (b) Average dry particle number and mass size 
distributions measured by the APS, during the five activities. 1: nasal breathing, 2: mouth breathing, 3: sustained vowel phonation in the 
speaking mode, 4: sustained vowel phonation in the singing mode, 5: coughing. (a) The dashed lines indicate standard deviation. (b) Wet particle 
mass distribution is calculated based on the factor 4.5 between the original droplet and the dried residual particle diameter. Note the differing x- and 
y-axes in the two panels.
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μm were typically at the same level as the lower end of the APS size distribution. Number concentration decreases rapidly for particles 
larger than 1 μm. The reasons for the low counts in this size range are the lack of emissions and the increased losses in the sampling line. 
Size distributions of breathing showed partly inadequate statistics due to the lower number of detected particles and are not fully 
comparable. The main differences in the size distributions between the activities are shown for particles smaller than 2 μm.

Average dry particle mass and original wet droplet mass size distributions compared with dry particle number distribution are 
shown in Fig. 3b. Wet particle mass distributions were 2.5–25 μm and showed fairly even distributions.

3.2.2. Concentrations and emission rates
The measurement setup was able to detect particles from 0.004 to 10 μm in dry size. However, almost no particles larger than 6 μm 

in dry size were observed. Results of total particle number concentrations (particles/cm3) and emissions (particles/s) measured by 
CPC3775 as well as wet particle mass concentrations (ng/cm3) and emissions (ng/s) measured by APS during the five activities are 
shown in Fig. 4. The variation reflects both repeated samples and, in the case of sustained phonation and singing, intra-activity 
variation (pitch and/or sound pressure), as described in the Measurement Protocol section and Supplementary Table S2.

3.2.3. Relative humidity and drying
The RH values by the two methods explained in the Methods section are shown in Fig. 5a as a function of dilution ratio. Statistics of 

RH values are shown in Fig. 5b, where median RH values were around 50 % for both methods. The dilution ratio affects the final RH 
value in both methods. The variation is due to repeated samples and intra-activity variability, as explained above and in Supple
mentary Table S2.

3.2.4. CO2 and dilution
Exhaled aerosol flow rate and dilution of the measured aerosol sample varied between the respiratory activities. Measured CO2 

concentrations (background subtracted) during the five activities are shown in Fig. 6a. Calculated dilution factors during the activities 

Fig. 4. Particle number concentrations (a) and emissions (b) measured by CPC3775 as well as wet particle mass concentrations (c) and 
emissions (d) measured with APS during the five activities. 1: nasal breathing, 2: mouth breathing, 3: sustained vowel phonation in the speaking 
mode, 4: sustained vowel phonation in the singing mode, 5: coughing. The central mark indicates the median, and the bottom and top edges of the 
box indicate the 25th and 75th percentiles. The whiskers extend to the most extreme data points not considered outliers, and the outliers are plotted 
individually using the ’+’ marker symbol.
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are shown in Fig. 6b. All of the dilution factors are reasonable values and enable respiratory droplets drying in the sampling line as 
shown in Fig. 5. Calculated exhaled airflow rate values during the activities are shown in Fig. 6c. The variation reflects repeated 
samples and intra-activity variability, as noted above and in Supplementary Table S2.

3.2.5. Correlation between CO2 and particle emissions
Particle number and droplet mass emission correlation with measured CO2 concentration during sustained vowel phonation in the 

speech and singing mode is shown in Supplementary Fig. S5. Linear fitting functions were applied to the data, which showed weak 
correlation.

3.2.6. Correlation between sound pressure and particle emissions
Particle number and droplet mass emission correlation with measured sound pressure during sustained vowel phonation in the 

speech and singing mode is shown in Supplementary Fig. S6. Linear fit functions were fitted to the data. The linear fit function showed 
correlation coefficients r = 0.53 and r = 0.50 and p-values of 0.000027 and 0.000052 for particle number and mass, respectively, 
indicating a strong significant correlation.

Fig. 5. (A) Relative humidity (RH) of the exhaled aerosol line as a function of dilution ratio, and (b) statistics of RH, estimated using the 
two methods (explained in the Methods section): 1. based on the absolute water concentration in the CO2 device and 2. based on the dilution 
ratio of ambient conditions. In panel (b), the central mark indicates the median, and the bottom and top edges of the box indicate the 25th and 75th 
percentiles, respectively. The whiskers extend to the most extreme data points not considered outliers, and outliers are plotted individually using the 
’+’ marker symbol.

Fig. 6. (A) Measured CO2 concentration (background subtracted), (b) calculated dilution factor of the aerosol sample, and (c) exhaled 
airflow rate during the five activities. 1: nasal breathing, 2: mouth breathing, 3: sustained vowel phonation in the speaking mode, 4: sustained 
vowel phonation in the singing mode, 5: coughing. The central mark indicates the median, and the bottom and top edges of the box indicate the 25th 
and 75th percentiles, respectively. The whiskers extend to the most extreme data points not considered outliers, and the outliers are plotted 
individually using the ’+’ marker symbol.
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