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A B S T R A C T   

Inhalation exposure to elevated concentrations of airborne particulate matter is a public health concern. 
Assessment of exposure can be enhanced through better knowledge of source-receptor relationships, which can 
be characterized through the inhalation intake fraction metric. This case study provides new insights on varia-
tions in particle inhalation intake fractions for indoor sources associated with common human activities in 
residential buildings. In a controlled climate chamber (air temperature: 24 ± 1 ◦C, relative humidity: 50 ± 5%), 
we investigated size-resolved intake fractions for particles in relation to four scripted activities performed by a 
human volunteer: sitting, walking, cooking, and vacuuming. We measured size- and time-resolved particle 
number concentrations at the volunteer’s breathing zone to characterize intake fractions. In addition, we 
measured particles at four different stationary locations across the climate chamber to assess the degree of spatial 
heterogeneity in particulate matter concentrations. The results show that particles released from human skin and 
clothing during sitting were associated with the highest total inhalation intake fraction (13‰), followed by 
cooking (9‰), vacuuming (5.7‰), and walking (3.9‰). These results highlight how breathing zone proximity to 
localized emission sources and low indoor air mixing can enhance inhalation exposure to particles. Sitting and 
cooking caused a maximum inhalation intake fraction in the size range of 1–3 μm. Findings also show that the 
assumption of a perfectly mixed environment could lead to an underestimation of the inhalation intake of 
particles by up to 3.2-fold. The results of this case study provide a basis for achieving more accurate personal 
inhalation exposure assessment and improved indoor air quality management.   

1. Introduction 

Inhalation exposure to elevated concentrations of coarse (≤10 μm) 
and fine (≤2.5 μm) airborne particulate matter (PM) is a major envi-
ronmental health challenge that is associated with an increase in 
morbidity and mortality [1–3]. Personal exposure to particles in 
enclosed environments is especially important as people spend the 
majority of their time indoors [4,5]. As modern buildings with advanced 
ventilation and filtration systems have become more effective in pro-
tecting against exposure to PM of outdoor origin, humans and their 
activities have emerged as one of the most prominent contributors to the 
particle burden of the indoor atmosphere [6–10]. Episodic indoor 
emissions of airborne particles can be associated with exogenous sources 
related to human activities, including smoking and vaping [11,12], 
common household activities such as cooking [13–15], candle/incense 

burning [16,17], vacuuming [18,19], making a bed [20,21], and other 
general activities that induce the resuspension of indoor dust from 
flooring and furniture surfaces [22–28]. Particles can also originate from 
the human body envelope through direct shedding from skin and 
clothing [29,30], and aerosol release from respiratory activities, such as 
breathing, talking, and coughing [31–33]. Such emissions from the 
human envelope can be referred to as endogenous human emissions and 
have been found to be highly relevant in contributing to personal 
inhalation exposure to indoor particles, especially biological and abiotic 
coarse particles larger than 1 μm [34,35]. 

Establishing a quantitative relationship between localized endoge-
nous and exogenous emission sources and human inhalation intake is a 
crucial step to assess the relative contribution of emission sources to 
personal exposure to airborne particles in indoor environments [36]. A 
direct approach suggested by Lai et al. [37] consists of using a 
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dimensionless metric referred to as the inhalation transfer factor or the 
inhalation intake fraction (iF). The inhalation intake fraction is defined 
as the ratio of the inhaled mass of a pollutant to the total mass ascribed 
to its given source. iF can be calculated for particles and gases, such as 
volatile organic compounds [38], and can be determined through both 
laboratory and field measurements. The inhalation intake fraction is a 
useful metric that describes the emission-to-inhalation relationship and 
allows for comparisons among sources with respect to their exposure 
potential. In addition to age- and activity-specific inhalation rates, iF is 
dependent on particle transport processes, such as deposition, coagula-
tion, filtration, and ventilation [36], the first three of which vary 
strongly with particle size. Establishing a database of size-resolved 
inhalation intake fractions for a diverse array of indoor particle sour-
ces and airflow distributions is needed to support exposure and epide-
miology studies on the human health implications of indoor-generated 
particles. 

Prior exposure studies have used mathematical models and numer-
ical simulations to estimate the inhalation intake fraction associated 
with indoor sources, such as tobacco smoking or cooking [15,36]. A 
common approach among these studies is an assumption of a uniformly 
mixed indoor atmosphere. In reality, inhalation exposure to indoor air 
pollutants is often not well characterized using the assumption of 
perfectly mixed indoor air and uniformly distributed indoor particle 
concentrations [39,40]. Additional factors that influence evaluation of 
short-term inhalation exposures from localized indoor PM sources 
include airflow patterns around the human body [41,42] and the 
proximity of indoor particle sources to the breathing zone [43,44]. Due 
to the nature of many household activities, people are often located near 
emission sources (from a few cm to m) for the duration of the activity, 
such cooking on a stovetop, cleaning or disinfecting an indoor surface, or 
physically disturbing settled particle deposits on clothing, flooring, and 
furniture. Licina et al. [45] found that a well-mixed representation could 
underestimate the total inhalation intake of coarse particles deliberately 
released near the body by up to 1.4–1.9-fold. Wu et al. [27] demon-
strated that airborne concentrations of resuspended particles in the in-
fant breathing zone can be greater than those in the bulk indoor air by 6 
to >10-fold. The ratio of the breathing zone to bulk indoor air concen-
tration was found to increase with particle size from 3 to 11 μm, 
demonstrating that the high gravitational settling velocities of coarse 
particles can lead to non-uniformly distributed particle concentrations 
in indoor microenvironments. The inherent short-duration of episodic 
indoor particle sources also prevents establishment of uniform particle 
concentrations throughout an indoor space. In order to better under-
stand the relevance of various particle-phase emission sources associ-
ated with human occupancy for indoor exposures, further empirical 
evidence linking size-resolved inhalation intake fractions with particle 
emission sources is needed. 

An important aspect in characterizing human inhalation exposure in 
indoor spaces is cross-contamination between occupants, i.e., 

transmission of particles from one occupant to another. A large body of 
literature shows that viral aerosol transmission between humans can 
facilitate the spread of infectious diseases in residential and commercial 
buildings [46–48]. An empirical study by Licina et al. [30] and a 
computational fluid dynamics (CFD) modeling study by Al Assaad et al. 
[49] suggest that the cross-contamination effect can be detected be-
tween occupants, but the effect is relatively small in terms of total ex-
posures. However, this effect could be more pronounced with vigorous 
activities or close distances between occupants. 

The aim of this empirical case study is to explore the contribution of 
human occupancy — through both exogenous and endogenous emis-
sions — to personal inhalation exposures and inhalation intake fractions 
of fine and coarse particulate matter. Using simultaneous measurements 
in the occupant’s breathing zone and room-average particle concentra-
tions throughout the bulk indoor air, we investigate the variation of the 
inhalation intake as a function of typical human activities indoors. 

2. Materials and methods 

2.1. Experimental site 

The experiments were conducted in a climatic chamber at the École 
Polytechnique Fédérale de Lausanne (EPFL) (Switzerland) with a floor 
area of approximately 25 m2 and a volume of 60 m3. The chamber walls 
are made of painted stainless steel. The ceiling is made of stainless steel 
panels covered with aluminum foil whereas the floor is made of vinyl. 
The total internal heat loads were low, consisting of two occupants (200 
W), measurement equipment (120 W), and lighting (30 W). The cham-
ber had a dedicated Heating, Ventilation and Air-Conditioning (HVAC) 
system, which allowed full control of ventilation flow rates, air tem-
perature, and relative humidity (RH). In addition, the chamber had an 
airtight envelope and conditioned air was supplied and exhausted 
through two air diffusers located on the ceiling. A 3-stage filtration 
system (F7 + F9 + high efficiency particulate air (HEPA)) in the supply 
air duct eliminated nearly all airborne particles from outdoors. This 
ensured that the measured aerosol signals were exclusively attributed to 
the presence and activities of the occupant in the chamber. The floor of 
the chamber is covered with hard vinyl tiles, which is suitable for 
minimizing particle resuspension [50]. 

Throughout the experiments, the air temperature was kept at 24 ± 1 
◦C and RH in the comfortable range of 50 ± 5%. The air exchange rate 
was maintained constant at 0.7 1/h, common to naturally ventilated 
family dwellings, throughout all experiments [51]. The air exchange 
rate was evaluated using the CO2 tracer gas concentration decay method 
[52]. 

2.2. Experimental design and aerosol instrumentation 

Table 1 summarizes the experiments designed to investigate the 

Table 1 
Detailed description of the experiments.  

Occupant activity Scenario/Variable Clothing condition Time intervals (min) and activity description 

Sitting with moderate movement Clothing coverage area Long clean (reference) (0–5), (10–15), (20–25): working on computer; 
(5–10), (15–20), (25–30): stretching head, hands, and legs Short clean 

Cleanliness of clothing Long worn 

Walking Walking on a clean floor Long clean (0–30): walking between four marked points at a constant pace (80 steps/min) 
Walking on a used residential carpet 

Cooking Breakfast Long clean (0–25): French toast fried with butter on electric stove; 
(25–30): mixed eggs with cheese fried on electric stove 

Lunch (0–20): boiling pasta on electric stove; 
(10–30): making a Bolognaise sauce on electric stove 

Vacuuming Vacuuming floor Long clean (0–30): vacuuming a floor area corresponding to a single carpet area 
Vacuuming carpet (0–30): vacuuming a single carpet  
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inhalation intake fraction of airborne particles associated with human 
endogenous and exogenous emission sources. A healthy non-smoking 
male volunteer (Age: 29; height: 174 cm, weight: 83 kg) performed 
the different scripted experimental scenarios. The volunteer showered 
the night preceding each experimental day and did not use any skin 
lotions or moisturizers. Four activity types were included in the exper-
imental design (Table 1): sitting with moderate movement, walking, 
vacuuming, and cooking. Each activity covered two distinct scenarios. 
Each experiment was performed for 30 min followed by a 1 h unoccu-
pied period to monitor the decay in particle concentrations. Prior to the 
experiments, except those including the use of carpets, the floor was 
thoroughly cleaned with water to minimize particle resuspension. 

During the seated activity (Table 1), the influence of clothing 
coverage area and cleanliness (clean vs. worn) were explored. However, 
the role of clothing material properties (e.g. thread count, surface 
roughness) on particle intake fractions was not evaluated in this study. 
The corresponding chamber configuration is presented in Fig. S1. The 
long clothing consisted of a long-sleeve t-shirt (100% cotton), trousers, 
and calf socks (60% cotton, 40% polyester). The short clothing scenario 
corresponded to short-sleeve t-shirt (100% cotton), shorts, and ankle 
socks (60% cotton, 40% polyester). Clothing was laundered, tumble- 
dried, and then exposed for 12 h to indoor residential air. The long 
clothing ensemble was used as the base clothing condition for the rest of 
the activities. 

The walking activity consisted of two scenarios: the volunteer 
walking on a clean bare floor with minimum particle resuspension and 
walking on used un-washed residential carpets. Two used identical 
carpets (each 170 × 240 cm) located in the same apartment and exposed 
to the same residential air were utilized in the study. The pile of the 

carpets is made of 100% polypropylene and the backing from synthetic 
latex. The carpets were joined to obtain a walking area of 240 × 340 
cm2. Four walking points were marked on the floor and on the carpets on 
each of the four far corners as illustrated in Fig. 1. The floor walking area 
was the same as the joined carpets area. The participant walked between 
the four points at a pace of 80 steps/min regulated by means of a 
metronome. 

For the cooking activity, two experimental runs were conducted 
using an electric stove during preparation of breakfast and lunch. 
Making breakfast included making French toast and a cheese omelet, 
while preparing lunch included boiling pasta and preparing a Bolognaise 
sauce. The pan used for cooking was made of stainless steel, and there 
was no exhaust hood present. A detailed description of the scripts of 
different experimental scenarios is summarized in Table 1. In order to 
probe the possible effect of cross-contamination between occupants, a 
breathing thermal manikin was installed in the chamber to mimic the 
presence of a passive second occupant. The manikin inhalation rate was 
set to 0.5 m3/h. During the sitting scenarios, the manikin was placed 2 m 
away from the occupant. The climate chamber configuration corre-
sponding to cooking activity scenario is shown in Fig. S2. 

The vacuuming activity included two scenarios: vacuuming a clean 
floor and vacuuming used un-washed residential carpets using a dry 
vacuum cleaner (Model INTERTRONIC Cyclone Cleaner). Vacuuming 
was performed on the same carpets as used in the walking scenario. To 
be able to replicate the vacuuming scenarios at different flooring sur-
faces (bare floor versus carpet), one single carpet and a bare floor area 
corresponding to dimensions of the carpet were vacuumed in the 
experimental runs. For the walking, cooking, and vacuuming activities, 
particle release from the clothing of the volunteer is expected to 

Fig. 1. Climate chamber configuration and particle sampling locations corresponding to the walking scenarios (BZ1 and BZ2: Breathing zone monitors placed within 
15 cm from the volunteer’s and manikin’s mouths, respectively; RA: Room average monitor placed at 1 m above the floor; SM1, SM2 and SM3: Stationary monitors at 
three heights above the floor: 1.4, 1.2 and 1.7 m, respectively). 
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influence the measured particle concentrations and size distributions in 
the breathing zone. However, we expect the influence to be small as the 
volunteer wore clean clothing during these experiments. 

An aerosol spectrometer (Model MiniWRAS 1371, GRIMM Aerosol 
Technik GmbH; >97% accuracy for the optical measuring range >0.253 
μm) was placed in the middle of the chamber to measure room-average 
particle number concentrations and size distributions. The MiniWRAS 
measures particles from 0.01 to 35.15 μm across 40 size fractions at a 
time-resolution of 1 min. Particle measurements in the breathing zone 
(BZ1) of the occupant were performed using a portable aerosol spec-
trometer (Model 11D, GRIMM Aerosol Technik GmbH; >95% accuracy 
for single particle counting). The Model 11D detects particles from 0.253 
to 35.15 μm across 31 size fractions at a time-resolution of 1 min. A 
second aerosol spectrometer (Model MiniWRAS 1371) was installed in 
the breathing zone of the breathing thermal manikin (BZ2). Three sta-
tionary Optical Particle Counters (OPCs) (Model Met One HHPC 6+, 
Beckman Coulter Life Sciences; manufacturer-specified accuracy ±
10%; counting efficiency: 50% at 0.3 μm and 100% for particles >0.45 
μm (per ISO 21501)) were installed at three peripheral locations of the 
chamber at different heights (1.2 m, 1.4 m, 1.7 m) to assess the spatial 
uniformity in the emitted particle concentrations within the chamber 
(Fig. 1). The OPCs measure particles from 0.3 to >10 μm across 6 size 
fractions at a time-resolution of 1 min. As particles from 0.253/0.3 to 
>10 μm were optically detected by the aerosol instruments (MiniWRAS, 
Model 11D, Met One HHPC 6+), the measured particle size can be 
considered as an optical diameter, and thus, is sensitive to the optical 
properties (e.g. refractive index) of the measured indoor particles [53]. 

CO2 concentrations were continuously monitored during the exper-
iments using a calibrated CO2 analyzer (Model 820, LI-COR Bio-
sciences). The height of the sample inlet to the CO2 analyzer was located 
at 1 m. Both air temperature and RH were continuously monitored 
during the experiments using a data logger (Model MX1102, HOBO). 

2.3. Data analysis and interpretation 

Particle emission rates (E) were calculated based on a well-mixed 
indoor environment assumption. Equation (1) is used to calculate 
emission rates and is based on the mass balance equation assuming no 
penetration of particles from outdoors, and ventilation and deposition as 
the only loss processes for indoor-generated particles. 

Ei(T)=V
[
(dNi(T) − dNi(0))

T
+(λ+ βi)Ni(T)

]

(1) 

Ei(T) is time-averaged and size-resolved emission rate per occupant 
(particles/h) in the size channel i; V is the volume of the chamber (m3); 
Ni(t) is the time- and size-resolved indoor particle concentration (par-
ticles/m3) in the size channel i; λ is the air exchange rate of the chamber 
(1/h); and βi is the size-resolved particle deposition loss-rate coefficient 
(1/h) for the size channel i. The overbar represents an average time from 
0 to T. The size-resolved particle deposition loss-rate coefficients (βi) 
were estimated for each scenario based on the decay of the particle 
number concentration after the occupant leaves the chamber [54] 
(Table S1). 

The size-resolved inhalation intake fraction was calculated as the 
ratio of the inhaled particle mass, Min, to the emitted particle mass from 
the source, Mrel, as presented in equation (2): 

iFi =
Min

Mrel
=

Qb × Ci,bz(T)
Ei(T)

(2)  

Ci,bz(T) is the time-averaged particle mass concentration in the breath-
ing zone (μg/m3) in the size channel i; Ei(T) is the particle mass emission 
rate of the source (μg/h) in the size channel i; and Qb is the inhalation 
rate (m3/h). For the seated and cooking scenarios, the inhalation intake 
fractions were calculated using the recommended inhalation rate for an 
adult during a light intensity activity from the U.S. EPA Exposure Factors 

Handbook (Qb = 0.7 m3/h) [55]. For the walking and vacuuming sce-
narios, the Qb for an adult during a moderate intensity activity (Qb = 1.5 
m3/h) was used. Size-resolved particle mass concentrations were esti-
mated based on the measured size-resolved particle number concen-
trations. The mass-weighted size distribution was assumed constant 
within each size bin. Size-integrated particle mass concentrations (PM10, 
PM2.5) were calculated considering particles larger than 0.3 μm in op-
tical diameter (PM10: 0.3–10 μm, PM2.5: 0.3–2.5 μm). Thus, the reported 
PM10 and PM2.5 mass concentrations are underestimates of the true 
values, which account for the mass sub-0.3 μm particles. Particles were 
assumed spherical (dynamic shape factor (χ) of χ = 1) with a material 
density equal to 1 g/cm3 constant across all size bins from 0.3 to 10 μm. 
Given the range of particle material densities commonly encountered 
indoors, this calculation method represents a lower-bound estimate of 
particle mass concentrations [21,56,57]. 

2.4. Quality assurance 

Experiments were randomized and each experiment was replicated 
at least once, aside for the cooking scenarios that were not replicated. 
Data collected with the freshly calibrated OPCs were corrected using 
adjustment factors from side-by-side measurements with all aerosol in-
struments (Table S2); the adjustment factors for the Met One HHPC 6+
ranged from 0.87 to 1.16 for particles between 0.3 and 10 μm. As a 
reference in this analysis, we used the newly purchased and calibrated 
aerosol spectrometer (Grimm 11D). Localized elevations in RH during 
the cooking experiments may have influenced the output from the OPCs. 
OPC performance has been shown to degrade for RH > 75% [58]. 
However, given the tightly controlled RH in the chamber (50 ± 5%) and 
indoor air mixing conditions, it is unlikely such high RH values were 
reached in the breathing zone during the experiments. 

3. Results and discussion 

3.1. Human activities and spatiotemporal variations in coarse particle 
concentrations 

Fig. 2 shows the time-resolved room-average (RA) and breathing 
zone size-integrated PM10 mass concentrations for the occupant (BZ1) 
and the breathing thermal manikin (BZ2) during the seated, walking, 
cooking, and vacuuming activities. In three out of four scenarios, the 
average PM10 breathing zone levels of the occupant were higher than the 
room-average concentrations. During the sitting activities (Fig. 2a), 
there was a substantial increase in PM10 concentrations near the occu-
pant during the stretching periods as compared to the low-activity 
computer work periods. We note that the excess of particles near the 
breathing zone relative to the room-average concentrations; also 
referred to as the personal cloud effect [30,59]; averaged 1.7 μg/m3 

during the 30-min computer activity and 3.4 μg/m3 during the 
stretching activity. During this particular scenario, particles detached 
from the skin and clothing due to occupant movement. Such emissions, 
in conjunction with low air mixing conditions and the efficient transport 
by the thermal buoyancy-driven flow of the occupant, caused elevated 
exposures beyond the room-average levels as similarly found in other 
studies [30,41,60]. 

As the walking person (Fig. 2b) mixed the room air well, the personal 
cloud effect was very low (0.3 μg/m3) compared to the other activities. 
The spatial uniformity level assessed using the three stationary OPC 
monitors (SM1, SM2, and SM3) agreed well with these results. The 
calculated coefficients of variation for the PM10 mass concentrations for 
the sitting and walking activities were 34% (39% during computer work; 
29% during stretching) and 16%, respectively. PM10 mass concentra-
tions in BZ1 were generally consistent between the seated stretching 
(4–6 μg/m3) and walking (4–8 μg/m3) activities. However, the compo-
sition of the inhaled coarse particles is expected to vary between the two 
activities, with the former likely associated with clothing fabric fibers, 
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squames and their fragments, and skin-associated bacteria and yeasts, 
and the latter likely associated with a larger diversity of deposited bio-
logical and abiotic material specific to the residence from which the 
carpet was located. The observed PM10 mass concentrations during 
sitting and walking would likely scale with the surface loading of par-
ticles on clothing and carpet, respectively. 

The first 10 min of cooking lunch (pasta boiling) (Fig. 2c) were 
characterized by relatively low PM10 mass concentrations. As expected, 
the particle concentrations started increasing as the occupant started 
making the sauce, as similarly found by Buonanno et al. [61]. PM10 mass 
concentrations in the volunteer’s breathing zone fluctuated between 
about 15 and 45 μg/m3 during much of the cooking activity, the highest 
levels observed among the four scripted events in the climate chamber. 
We note that during the sauce making period, the personal cloud effect 
was discernible, averaging at 10 μg/m3, and persisting for much of the 
event. This is due in part to the nature of cooking in modern households, 
where the breathing zone of a standing occupant is positioned above the 
stove and cooking apparatus (pot or pan), coincident with the buoyant 
aerosol-laden frying plume. Preparing the breakfast resulted in similar 
personal cloud magnitude as cooking the lunch, which was relatively 
stable throughout the experiment (mean = 12.4 μg/m3). 

Fig. 2d represents the time-series of the vacuuming activity of a 
residential carpet. Although there was a similarity with the walking 
scenario, the personal cloud effect was more pronounced (2.2 μg/m3) 
due to lower mixing of the room air. A lower personal cloud magnitude 
was recorded during vacuuming of the floor (1.2 μg/m3). During vac-
uuming of the carpet, the measured PM10 mass concentrations in BZ1 
(10–20 μg/m3) exceeded that of walking on the same residential carpet, 
suggesting that the mechanical agitation of carpet fibers, and dust de-
posits along those fibers, by the vacuum cleaner can enhance particle 
detachment and resuspension beyond that achieved via footfalls [24]. 
The range in PM10 mass concentrations are consistent with those re-
ported by Corsi et al. [18] (mean of 17 μg/m3). PM10 loadings in the 
breathing zone are expected to increase for shorter breathing zone 
heights, such as for infants and children [62–65], as demonstrated in 
prior measurements and simulations of the vertical gradient in resus-
pended particle concentrations. 

The particle concentrations measured in the breathing zone of the 
breathing thermal manikin (BZ2) placed 2 m from the occupant during 
the seated scenario were generally comparable to the room-average 
concentrations. The room-average concentration and the breathing 
zone concentration for the breathing thermal manikin were 0.9 μg/m3 

and 1 μg/m3, respectively. In cases such as walking, cooking, and vac-
uuming, the concentrations were even lower than the room-average 
levels due the large distance between the occupant and the breathing 
thermal manikin (>3 m). However, it is expected that if the breathing 
thermal manikin was positioned closer to the emission source, PM10 
mass concentrations in BZ2 would increase. 

3.2. Empirical inhalation intake factions for indoor-generated particles 

Fig. 3a shows the size-resolved inhalation intake fractions of parti-
cles associated with the four investigated indoor activities. The four 
activities exhibited distinct size-resolved intake fraction profiles be-
tween 0.3 and 10 μm. More localized activities, such as cooking or 
sitting with moderate movement, exhibited a similar uni-modal distri-
bution in the size-resolved intake fraction curve, with a peak at the size 
range of 1–3 μm. This mode is associated with the dominant size range 
for human-associated bacteria [66], which might be particularly 
important when considering shedding from skin or resuspension from 
clothing, as reported by previous studies [34,67,68]. Seated and cooking 
activities were also associated with the highest intake fractions of the 
four activities due to the proximity of the exposed person to the emission 
source and the enhanced transport of particles by means of the buoyant 
thermal plume [41,60]. 

For activities with more human motion (walking and vacuuming), 
the intake fraction was consistently lower, particularly for super-micron 
particles between 1 and 10 μm. This is attributed to an absence of the 
buoyant thermal plume around a human body due to constant move-
ments (Licina et al. [45]), and enhanced gravitational settling of resus-
pended particles to indoor surfaces at elevated air speeds (Thatcher et al. 
[54]). However, in contrast to sitting and cooking, the inhalation intake 
fractions for walking on a clean floor and vacuuming a residential carpet 
increased with decreasing particle size between 0.3 and 10 μm, with the 
maximum intake fractions observed in the smallest size fraction of the 
optical-based aerosol instrumentation (0.3–0.5 μm). This unique 
size-dependent trend is consistent with the size-resolved intake fractions 
reported by Boor et al. [21] and Spilak et al. [26] for human 
movement-induced mattress dust resuspension and by Wu et al. [27] for 
infant crawling-induced floor dust resuspension. A number of factors 
can explain the observed size-dependency in the intake fractions, 
including the significant abundance of sub-1 μm particles in floor dust 
and the increase in the size-dependent particle deposition loss-rate co-
efficient with particle size between 0.3 and 10 μm (Table S1). The mean 

Fig. 2. Time-series with 1-min time-resolution of the PM10 mass concentrations for the breathing zone of the occupant (BZ1), the breathing thermal manikin (BZ2), 
and the room-average (RA) for: (a) seated activity; (b) walking at 80 steps/min on a residential carpet; (c) cooking lunch; and (d) vacuuming a residential carpet. 
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deposition rate for 0.3–0.5 μm particles was 0.13 1/h for walking and 
vacuuming, much less than that observed for 5–10 μm particles 
(4.82–5.23 1/h). Thus, a resuspended particle 0.5 μm in size will have a 
greater likelihood of being inhaled, rather than be removed via gravi-
tational settling to horizontal upward-facing indoor surfaces, compared 
to a 5 μm particle. 

The breathing zone size-resolved particle mass concentrations (dM/ 
dlogDp) corresponding to the four activities are presented in Fig. 3b. 
Results of the comparison in the breathing zone PM10 mass concentra-
tions among the three clothing experiments (Table 1) for the seated 
activity is summarized in Fig. S3. The particle mass size distributions for 
cooking exhibited a bi-modal shape and were dominated by sub-micron 
particles (0.3–1 μm). Conversely, those for vacuuming a residential 
carpet were dominated by coarse mode particles, with the highest mass 
concentrations observed in the 3–4 μm size bin. Sitting and walking 
exhibited bi-modal particle mass size distributions, with modes of 2–4 
μm and 5–10 μm. The 2–4 μm mode has been documented in prior ob-
servations of coarse mode particle emissions from occupants, including 
skin shedding and clothing and floor dust resuspension [6,29,30,34,45, 
65,67–70]. This mode is important from a personal exposure perspective 
as it coincides with the local maxima in the size-resolved particle 
deposition fraction curve for the pulmonary region [65]. 

Interestingly, the modes measured for the size-resolved particle mass 
concentrations were not consistent with those observed in the size- 
resolved inhalation intake fraction profiles. This suggests the complex 
nature of the source-receptor relationship, which accounts for the size- 
dependency of the emitted and inhaled aerosol population and associ-
ated transport processes of relevance to indoor environments, along 
with breathing zone proximity effects and indoor air mixing conditions. 
Although size-resolved particle mass concentrations in the volunteer’s 
breathing zone were greater for the exogenous sources, emissions from 
clothing and skin during the seated scenarios were associated with the 
highest total inhalation intake fraction (13‰). It should also be noted 
that even though variation in cooking (breakfast vs. lunch) and vac-
uuming activities (floor vs. carpet) resulted in distinct breathing zone 
concentrations, relative differences in inhalation intake fractions were 
small. 

3.3. Inhalation intake fractions in a perfectly mixed indoor environment 

In order to compare our empirical results to those estimated using a 
perfectly mixed indoor environment, we used a modelling approach 
described by Nazaroff [36] for non-reactive and non-sorbing air pol-
lutants. The calculation considers both removal of particles by ventila-
tion and deposition and considers that the air is instantly perfectly mixed 

in an indoor space: 

iFi =
Qb

Q + βiV

[

1 −
V

QT

(

1 − exp
(

−
(Q + βiV)T

V

))]

(3)  

In equation (3), Qb is the inhalation rate (m3/h); Q is the chamber 
ventilation flow rate (m3/h); βi is the particle deposition loss-rate coef-
ficient (1/h) for the size channel i, V is the volume of the chamber (m3); 
and T is the time until the end of the experiment (h). As for the calcu-
lation of the empirical intake fraction, we used the recommended 
inhalation rate for a light intensity activity for the seated and cooking 
scenarios and the Qb value for moderate intensity activities for the 
walking and vacuuming activities. 

Fig. 4 shows that regardless of the emission source, modelled inha-
lation intake fraction values remained nearly the same (average intake 
fraction = 4‰) when the indoor air is assumed to be instantly perfectly 
mixed. Relative to a perfectly mixed environment, the empirical intake 
fractions were generally greater for most of the scenarios. The greater 
the extent of the personal cloud effect (Fig. 2), the higher was the 
discrepancy between empirical and idealized intake fractions. Although 
activities such as cooking or vacuuming a carpet were associated with 
stronger PM10 emission sources (ER = 1209–2134 μg/h), the inhalation 
intake fractions were not higher than the sitting activity, which had the 
lowest emission rate (ER = 111 μg/h). For the seated and cooking ac-
tivities, the empirical inhalation intake fractions were underestimated 
by 3.2-fold and 2.3-fold, respectively, compared to the well mixed in-
door air assumption. For the walking activity, since the walking occu-
pant mixes the room air efficiently, the predicted intake fraction using 
the perfectly mixed environment assumption was similar to the empir-
ically calculated value. The partially-localized movement of the occu-
pant in one half of the chamber during the vacuuming activity 
contributed to relatively better mixing than the seated activity. The 
empirical intake fraction (5.7‰) was only 1.4 times higher than the well 
mixed value in this case. 

The results presented in Fig. 4 demonstrate the importance of 
directly measuring particle concentrations in the breathing zone and 
using such measurements to derive accurate estimations of particle 
inhalation intake fractions and other exposure metrics, such as the res-
piratory tract deposited dose rate. This is especially true when the 
breathing zone concentration deviates significantly from the room- 
average concentration measured in the bulk indoor air (Fig. 2). How-
ever, real-time breathing zone measurements of particles with conven-
tional aerosol instrumentation is challenging in field conditions due to 
the size and power requirements of the equipment. Recently developed 
low-cost, battery-powered OPCs can track coarse mode particle levels in 

Fig. 3. (a) Size-resolved average inhalation intake fractions of particles during four indoor scenarios: seated with long clean clothing (reference scenario), walking on 
a clean floor at 80 steps/min, vacuuming a residential carpet, and cooking breakfast (French toast and omelet), (b) Size-resolved breathing zone particle mass 
concentrations associated with the same scenarios. 

D. Licina and B.E. Boor                                                                                                                                                                                                                       



Building and Environment 244 (2023) 110763

7

the occupant’s breathing zone, thereby providing a basis for improved 
estimates of inhalation intake fractions in real-world scenarios. 
Furthermore, future studies can pair multi-location OPC measurements 
with computational fluid dynamics (CFD) simulations [71] to better 
characterize spatial variations in personal exposures to particles under 
different ventilation conditions and to quantify the uncertainty in using 
the perfectly mixed environment assumption to evaluate particle intake 
fractions. 

3.4. Variations in outdoor and indoor inhalation intake fractions for 
particles 

Fig. 5 summarizes the range in empirical inhalation intake fractions 
determined in this study for four human activities, along with those 
previously reported for a variety of outdoor and indoor emission sour-
ces. This study contributes to the limited database of empirically-based 
intake fractions derived for personal aerosol exposure measurements in 
the breathing zone. Intake fractions are expressed in Fig. 5 as the 
number of particles inhaled per million emitted from a source (or ppm). 

Thus, an iF of 1 ppm indicates that for every million particles emitted, 
one particle is inhaled, or for every kg emitted, one mg is inhaled. 
Outdoor inhalation intake fractions are generally in the range of 10◦-102 

ppm, whereas indoor intake fractions range from 103 to 105 ppm. The 
three orders of magnitude difference between outdoor and indoor par-
ticle intake fractions has been referred to as the rule of 1000 [37]. Thus, 
a typical particle release indoors due to particle resuspension from 
clothing or flooring, as documented in this chamber study, is about 1000 
times more effective in producing a particle exposure than an outdoor 
source, such as ground-level line sources (e.g. vehicle exhaust). This is 
due in part to the proximity effect inherent to many indoor particle 
sources, whereby the breathing zone is often a few cm to m from actively 
emitting indoor sources that are present in poorly diluted indoor 
atmospheres. 

As demonstrated in Fig. 5, endogenous particle emission sources 
associated with skin and clothing are associated with some of the largest 
reported inhalation intake fractions (105 ppm) among all outdoor and 
indoor sources. Such sources are typically not considered in conven-
tional air pollution risk assessments, yet they are highly efficient at 

Fig. 4. Empirically-derived inhalation intake fractions for particles (0.3–10 μm) compared to intake fractions estimated assuming a perfectly mixed indoor envi-
ronment. All presented activities refer to clean clothing scenario. 

Fig. 5. Summary of ranges in inhalation intake frac-
tions (per million, ppm) reported for (left) outdoor 
emission sources, including a well-mixed air basin, 
elevated point release, ground-level line source (Lai 
et al. [37]), and traffic-induced particle resuspension 
(Taimisto et al. [72]) and (right) indoor emission 
sources, including: residence, 1–5 occupants, interior 
of a moving vehicle, 1–4 occupants (Lai et al. [37]), 
walking indoors, moderate seated movements (Licina 
et al. [45]), mattress dust resuspension (1–5 μm and 
5–20 μm size fractions) (Spilak et al. [26]; Boor et al. 
[21]), infant crawling-induced floor dust resus-
pension (Wu et al. [27]), and the four scripted ac-
tivities evaluated in this study: moderate seated 
movements, walking on carpet, vacuuming carpet, 
and cooking breakfast. Modelling data are shown in 
gray color. (For interpretation of the references to 
color in this figure legend, the reader is referred to the 
Web version of this article.)   
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producing an exposure relative to the magnitude of their emissions. 
Intake fractions for indoor particle resuspension on various surfaces due 
to different human movements can range from <103 ppm on the lower 
end to about 4 × 104 ppm on the upper end (Fig. 5). As the inhalation 
intake fraction scales with the inhalation rate, intake fractions for adult 
walking-induced dust resuspension are greater than those for infant 
crawling-induced dust resuspension. The particle intake fractions pre-
sented in Fig. 5 will vary with age- and activity-specific inhalation rates 
and indoor air mixing conditions specific to a room or building. Such 
factors need to be considered in applying intake fractions when evalu-
ating source-oriented health risks. The indoor inhalation intake fractions 
for particles presented in Fig. 5 can be combined with data on activity 
pattern surveys [4] and source-specific particle number and mass 
emission rates [73] to derive estimates of daily personal exposures as 
total number or mass of airborne particles inhaled per day (Equation 
(2)). Such an analysis can provide a basis to understand how different 
particle sources contribute to personal exposures in residential indoor 
environments. 

3.5. Study limitations 

There are several limitations associated with the present investiga-
tion. First, only four common human activities were considered under 
the airflow conditions specific to the climate chamber. Future controlled 
chamber studies are therefore needed to develop a database of size- 
resolved inhalation intake fractions for particles released from 
different indoor sources under variable indoor air mixing conditions. 
Second, the inhalation intake fraction analysis only focused on fine and 
coarse particles from 0.3 to 10 μm and may not represent intake frac-
tions for sub-100 nm ultrafine particles due to differences in emission, 
deposition, and transformation processes that can affect the source- 
receptor relationship. Third, most of the scenarios were only conduct-
ed twice by one volunteer and thus, may not provide an accurate 
assessment of person-to-person variability (e.g. due to height, clothing 
type) in inhalation intake fractions. Fourth, the dust loading on the 
carpets was not determined in this study, thus, care should be taken in 
extrapolating the intake fraction results to carpets with variable dust 
loadings. However, human-induced particle resuspension studies have 
found that resuspended particle concentrations do not necessarily 
correlate well with dust loadings due to the complexity of the resus-
pension process from carpet fibers [27]. Thus, relating inhalation intake 
fractions to carpet dust loadings may not be trivial. 

4. Conclusions 

The inhalation intake fraction metric is useful to compare exposures 
to pollutants released under different scenarios and to conduct pre-
liminary health risk assessments. The present study investigates the 
variation of the inhalation intake fraction associated with four scripted 
activities in a controlled climate chamber. Our findings suggest that the 
assumption of a well-mixed indoor environment could underestimate 
inhalation exposures to particles by up to 3.2-fold in spaces typically 
occupied by humans. The results also confirm that the inhalation intake 
fraction depends primarily on the degree of motion related to the indoor 
activity and the proximity of the source to the exposed individual, rather 
than the strength of the source itself. The inhalation intake fraction 
associated with endogenous human emissions, although often under-
estimated, was larger than the intake fraction associated with exogenous 
sources. The analysis showed that emissions from clothing and skin 
during the seated scenarios were associated with the highest total 
inhalation intake fractions (13‰), followed by cooking (9‰), vacuum-
ing (5.7‰), and walking (3.9‰). Additional efforts are required to 
characterize the different endogenous emission mechanisms and their 
influence on personal inhalation exposure to fine and coarse particles. 
The results from this empirical study can help improve our under-
standing on variations in the inhalation intake fraction associated with 

different common indoor activities and corresponding health risk as-
sessments for indoor particles. 
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[27] T. Wu, M. Fu, M. Valkonen, M. Täubel, Y. Xu, E.B. Boor, Particle resuspension 
dynamics in the infant near-floor microenvironment, Environ. Sci. Technol. 55 (3) 
(2021) 1864–1875, https://doi.org/10.1021/acs.est.0c06157. 

[28] S.Y. Yang, H.H. Zhang, T.C. Hsiao, A.R. Ferro, A.C.K. Lai, Evaluation of human 
walking-induced resuspension of bacteria on different flooring materials, Build. 
Environ. 235 (2023), 110218, https://doi.org/10.1016/j.buildenv.2023.110218. 

[29] D. Licina, W.W. Nazaroff, Clothing as a transport vector for airborne particles: 
chamber study, Indoor Air 28 (3) (2018) 404–414, https://doi.org/10.1111/ 
ina.12452. 

[30] D. Licina, Y. Tian, W.W. Nazaroff, Emission rates and the personal cloud effect 
associated with particle release from the perihuman environment, Indoor Air 27 
(4) (2017) 791–802, https://doi.org/10.1111/ina.12365. 

[31] T. Stockman, S. Zhu, A. Kumar, L. Wang, S. Patel, J. Weaver, M. Spede, D.K. Milton, 
J. Hertzberg, D. Toohey, M. Vance, J. Srebric, S.L. Miller, Measurements and 
simulations of aerosol released while singing and playing wind instruments, ACS 
Environ. Au 1 (1) (2021) 71–84, https://doi.org/10.1021/acsenvironau.1c00007. 

[32] M. Alsved, A. Matamis, R. Bohlin, M. Richter, P.E. Bengtsson, C.-J. Fraenkel, 
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Corrigendum to “Size-resolved inhalation intake fractions for particles 
released from human activities in residential indoor environments” [Build. 
Environ. 244 (2023) 110763] 

Dusan Licina a,*, Brandon E. Boor b,c 

a Human-Oriented Built Environment Lab, School of Architecture, Civil and Environmental Engineering, Ecole Polytechnique Federale de Lausanne (EPFL), Switzerland 
b Lyles School of Civil Engineering, Purdue University, West Lafayette, IN, USA 
c Ray W. Herrick Laboratories, Center for High Performance Buildings, Purdue University, West Lafayette, IN, USA 

The authors regret to inform the editorial office about the error identified 
in Fig. 5 of the manuscript. Below, we provide the corrected Figure 5.  

The figure caption remains identical. 
The authors would like to apologise for any inconvenience caused. 

Fig. 5. Summary of ranges in inhalation intake fractions (per million, ppm) reported for (left) outdoor emission sources, including a well-mixed air basin, elevated 
point release, ground-level line source (Lai et al. [37]), and traffic-induced particle resuspension (Taimisto et al. [72]) and (right) indoor emission sources, including: 
residence, 1–5 occupants, interior of a moving vehicle, 1–4 occupants (Lai et al. [37]), walking indoors, moderate seated movements (Licina et al. [45]), mattress dust 
resuspension (1–5 μm and 5–20 μm size fractions) (Spilak et al. [26]; Boor et al. [21]), infant crawling-induced floor dust resuspension (Wu et al. [27]), and the four 
scripted activities evaluated in this study: moderate seated movements, walking on carpet, vacuuming carpet, and cooking breakfast. Modelling data are shown in 
gray color. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)  
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