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Abstract
Respirator face masks (RFMs) as a personal-level intervention is increasingly being utilized to reduce ambient particulate
matter (PM) exposure, globally. We tested the effectiveness of 50 commercially available ones in reducing the exposure of
ambient particle number concentrations (PNC), PM10, PM2.5, and PM1 (PM ≤ 10, 2.5, and 1 μm in diameter, respectively) in
a traffic-affected urban site in Tehran. To examine the efficiency of RFMs, we applied a specific experimental setup
including vacuum pumps, dummy heads, connecting tubes, glass chambers, and GRIMM Aerosol Spectrometer to measure
all metrics after dummy heads. The average effectiveness of RFMs was in the range of 0.7–83.5%, 3.5–68.1%, 0.8–46.1%,
and 0.4–32.2% in reducing ambient PNC, PM10, PM2.5, and PM1, respectively. Considering all metrics, the highest
effectiveness was observed always for Biomask, followed by 3M 9332, due to their well-designed physical characteristics
(e.g., adjustable nose clip for any face/nose shape, and size, soft inner material in the nose panel to provide a secure seal
against leakage, adjustable or elasticated straps/ear loops to better adjust on any face). Biomask reduced ambient PM10 with a
mean value of 94.6 μg m−3 (minimum–maximum: 51.7–100.3 μg m−3), whereas it filtered on average just 29.0 μg m−3

(25.7–43.5 μg m−3) of ambient PM2.5 and 18.2 μg m−3 (14.7–21.8 μg m−3) of PM1. A fuzzy analytical hierarchy process to
find the most important design-related factors of RFMs affecting their effectiveness, which showed the exhalation valve and
its diaphragm (20.4%), nose clip (19.7%), and cheek flaps (18.6%) are ranked as the main design-related variables. The
fuzzy technique for order preference by similarity to ideal solution indicated that Biomask and 3M 9332 had scores of 1 and
0.97, the highest scores compared with other RFMs. This study provides crucial evidence-based results to elucidate the
effectiveness and design-related factors of RFMs in real-environmental circumstances.
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Introduction

More than 3 million of cardiovascular (CV) disease deaths
were attributed to traffic-related PM2.5 exposure in 2016,
globally [1–6]. The majority of premature deaths from
exposure to PM2.5, as the most notable marker of ambient
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air pollution, have occurred in developing countries
[3, 4, 7–12]. Given this sobering reality, there are two main
approaches to reduce chronic and acute exposures to this
global leading risk factor; ambient PM; firstly implementing
population-level interventions such as shifting to clean
fuels, transportation reform, reduce traffic emission(s), and
secondly using personal-level interventions such as
respirator FMs (RFMs) and air purifiers [3, 5, 13–24].
Wearing RFMs has been increasingly becoming as one of
the most common individual-level interventions to protect
against ambient PM exposure because it is impossible to
implement population-level interventions in a short-time or
even long-time, especially in highly polluted megacities of
developing countries [1, 3, 17, 19, 25–33]. We reported that
the annual concentrations of ambient PM2.5 far exceeding
the World Health Organization Air Quality Guideline
(10 μg m−3), U.S. EPA and national standard levels (12 μg
m−3) during the period 2006–2017 [34–37]. Extreme air
pollution episodes, particularly in the autumn and winter
months, are becoming all too routine in Tehran [34, 38].
During this period, it is common to see people wearing
various commercial brands of RFMs in outdoor to protect
themselves against ambient PM exposure.

RFMs are used in occupational and non-occupational
settings [20, 32, 39]. For occupational settings, the use of
professional RFMs is supported by legal enforcement, and
their manufacturers/producers are required to meet the
national and international standards/guidelines (e.g., 42
CFR 84 in the US or EN 149:2001+A1:2009 in the EU)
[19, 21, 40, 41]. Commercially available RFMs, used by
people are not mainly supported by the national and inter-
national regulations compared with professional ones.
Therefore, their producers mostly follow market laws rela-
ted to the trends of fashion rather than human health
[19, 32, 42]. Consequently, people particularly in devel-
oping countries wear mainly the non-certified commercial
RFMs [42]. Given the aforementioned concerns, the stricter
inspections are being recommended to produce, distribute,
and sell the commercially available RFMs in developing
countries [19–21]. To date, numerous studies have been
published on the investigation of RFMs’ effectiveness
against particles/aerosols [17, 19–21, 27, 29, 32, 40, 43–
48]. Nevertheless, largely all investigations, with the
exception of two studies [32, 44], have investigated their
effectiveness under laboratory conditions against lab-
generated and non-exhaust particles, including sodium
chloride [17–19, 21, 43, 45, 46, 48, 49], dioctyl phthalate
[17], biological aerosols [47, 50, 51], polystyrene latex
[17, 46], aluminum oxide and volcano ash [20, 21], titanium
dioxide, iron oxides, and silicon dioxide [28, 49], yellow
dust [20, 21], and paraffin oil [40]. Since nearly all indi-
viduals in urban areas of developing countries are exposed
to high levels of traffic-derived PM in the various size

fractions [1, 11], which its physiochemical and tox-
icological properties are greatly differ from lab-generated
and non-exhaust particles [52]. As such, addressing the
following question is extremely urgent [17, 32, 44, 53].
How much is the effectiveness of commercially available
RFMs against ambient PM under real-environmental con-
ditions [17, 32, 44]?

In this challenging context, we conducted this study to
investigate the effectiveness of (1) 50 RFMs based on
ambient PNC in a traffic-affected urban site in Tehran; (2)
all RFMs against ambient PM10, PM2.5, and PM1 (PMX)
mass concentrations; (3) the most effective RFMs against
above-mentioned metrics over the time (about 6 h); (4) the
most effective RFM (one out of 50 RFMs) in terms of
ambient PNC and PM mass concentrations in twenty-three
various size fractions from 0.25–10 μm; and (5) the effect of
the design-related factors of RFMs on their effectiveness
using two-step methodology (the fuzzy analytical hierarchy
process (AHP) and technique for order preference by
similarity to ideal solution (TOPSIS)).

Materials and methods

Identification of RFMs

We assessed the effectiveness of 50 various commercial
brands of RFMs (Fig. S1 from Supplementary material)
against ambient PNC and PMX mass concentrations under a
real-environmental condition. To identify a variety of uti-
lized RFMs by Tehran citizens, we selected 225 pharmacies
across different districts of Tehran megacity, mainly den-
sely populated and highly polluted areas (Fig. S2)
[35, 37, 54], and identified 40 various commercial brands.
Moreover, we examined 27 medical equipment and supplies
in Tehran, as well as a national e-commerce company in
Iran (www.digikala.com), and then identified eight other
ones. We also investigated the effectiveness of two inter-
national RFMs; namely 3M™ AuraTM 9332+ Disposable
Face Mask, FFP3, Valved (3M 9332), and 3M™ Particulate
Respirator 8210V, N95 (3M 8210V); purchased from an e-
commerce website (www.amazon.com).

Experimental setup to evaluate the effectiveness of
RFMs

A specific experimental setup was developed to monitor
ambient PNC and PMX mass concentrations after dummy
heads with and without RFMs (Fig. S3). The setup consists
of two dummy heads (a) similar to adult human’s head
which were connected to the vacuum pumps (b) (SPAR-
MAX TC-501-V, Taiwan) through anti-electrostatic con-
necting tubes (c), with a flow rate equal to 16 L min−1. The
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outdoor air was pumped into two glass chambers (d) (90
(length) × 30 (width) × 30 (height) cm) and two internal
baffles were used inside the chambers in order to better
distribution of the air flow. Two real-time instruments (e)
(GRIMM Aerosol Spectrometer, model 1.108 and 11E,
Grimm Aerosol Technik GmbH, Ainring, Germany) were
used to monitor the ambient PNC and PMX mass con-
centrations after dummy heads (with and without the
RFMs) at a flow rate of 1.2 L min−1 [55–57]. The experi-
mental setup was located on the balcony (<3 m above the
ground) of the Exceptional Talents Development Center at
Tehran University of Medical Sciences.

Instrumentation

Prior to each sampling campaign, two real-time devices and
the experimental setup were run in parallel and ambient
PNC measured by two portable instruments to normalize
data across instruments, minimizing any possible measuring
differences [32]. For this goal, both dummy heads were not
wearing any RFM over the first 30-min of a 60-min test. As
shown in Fig. S4, a high correlation was observed between
two instruments with an R2 value of 0.98 and a slope of
0.94. Table S1 (from Supplementary material) illustrates the
correction factors (on average 0.96) used for effectiveness-
related test of RFMs and their R2 (0.86) based on ambient
PNC. Furthermore, a simple linear regression was used to
compare 24-hourly averaged ambient PM10 and PM2.5

measured by the portable instruments with the 24-hourly
filter samples measured using Tisch Environmental high-
volume air samplers to modify ambient PM10 and PM2.5

mass concentration data measured by the portable instru-
ments [56]. There were high correlations between real-time
instruments and high-volume air samplers’ data, with an R2

value of 0.92 and 0.94 for ambient PM10 and 0.90 and 0.93
for ambient PM2.5 (Figs. S5 and S6). Since the lack of PM1

high-volume air sampler, we corrected ambient PM1 mass
concentration data from the real-time instruments based on
our previous studies in Tehran [56, 58, 59].

Evaluating the effectiveness of RFMs

A total of 108 effectiveness-related tests of RFMs were
conducted: 54 tests were conducted for evaluating the
effectiveness of RFMs against ambient PNC, whereas the
rest of tests were carried out for PMX mass concentra-
tions. All tests were conducted during the autumn
and winter months based on the Iranian calendar
(from December 15, 2018 to March 10, 2019). The
effectiveness-related test of each of RFMs lasted 60 min
in time intervals of 1-min. To evaluate the effectiveness
of RFMs, over the first 30 min, both dummy heads were
not worn any RFM, and then the selected RFM was worn

on the face of one of dummy head during the second 30-
min. In fact, to assess the efficiency of each RFM, we had
30 1-min records for before and 30 1-min records after
RFM. To evaluate the effectiveness of the most efficient
RFMs (3 out of 50 ones) against all experimental metrics
under investigation, we evaluated their effectiveness
during ~6 h (380 min); 40 min for inter-comparing and
correcting data measured by two real-time instruments
and 340 min for evaluating their effectiveness in time
intervals of 1-min. The effectiveness of the most effective
RFM against ambient PM size fractions was determined
during seven consecutive 30-min test of wearing and
removing/doffing RFM using the glass chamber with
GRIMM model 11E. We considered the average of all PM
data throughout the period of wearing and removing/
doffing RFMs as PM after and before them, respectively.
To better avoid face-seal leakage and simulate the real
situation, we attempted that RFMs were fitted well on
dummy head according to the standard fitting instruction
of one of 3M RFMs (https://multimedia.3m.com/mws/
media/1546533O/3m-aura-9300plusgen3-technical-data-
sheet-english-uk.pdf). We used a flow rate equivalent to
16 L min−1 and 11 L min−1 to simulate adults and chil-
dren inhalation rates. The applied air flow rates were
considered based on the 95th percentile inhalation rate
recommended by EPA’s Exposure Factors Handbook for
adults and children aged 21-<61 and 6-<11 years old,
respectively [60, 61]. Air flow was regularly checked
before and after each performance-related test of RFMs
using rotameter (3–30 L min−1, SKC company) (Fig. S7).
The effectiveness of RFMs was calculated as following
[32]:

Effectiveness ¼

1� Ambient PMXmass concentrations or PNC in chamber with RFM
Ambient PMXmass concentrations or PNC in chamber without RFM

� �
� 100:

Quantifying the effect of the design-related factors
of RFMs on their effectiveness

The fuzzy AHP and TOPSIS were used to quantify the
effect of the design-related factors of RFMs on their
effectiveness and to rank RFMs based on their scores,
respectively [62, 63]. We conducted the levels of two-step
methodology exactly similar to the previously conducted
studies (Fig. 1) [62–64] and eight criteria were considered
(Table S2) as the most important factors affecting the effi-
ciency of RFMs. These factors include exhalation valve and
its diaphragm, nose clip, chin tab, cheek flap, soft inner
material in the nose panel or bridge, adjustable or elasti-
cated straps/ear loops, how to connect the straps/ear loops
with the body of RFM and how to design of the RFM
edges. Linguistic scales and their numbers for the rating of
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each design-related factor were presented in Table S3. Data
on weighting sector criteria of RFMs were collected using a
weighting form according to point of view of five scientific
experts on environmental health/epidemiology (Table S2).
Finally, we computed a score for each of RFMs and then,
the correlation between the score of RFMs and their
effectiveness against PNC as well as PMX was investigated
using the Pearson correlation.

Results

Effectiveness of RFMs

Figure 2 compares the average effectiveness of RFMs
against ambient PNC (a), PM10 (b), PM2.5 (c), and PM1 (d)
mass concentrations. Figure 2a and Table S4 reveal that the
average effectiveness of all RFMs, with the exception of
K300, 3M 9332, and Biomask, was lower than 50% in
terms of ambient PNC. For ambient PNC, the average
effectiveness of RFMs ranged from 0.73 to 83.5%. More-
over, the highest effectiveness for ambient PNC was found
for K300, 3M 9332, and Biomask with a mean value of
67.6%, 71.1% and 83.5%, respectively. The effectiveness of
children’s RFM in the matter of PNC ranged from 36.95%
to 42.03%, with a mean value of 40.42%.

With reference to ambient PM10, PM2.5, and PM1 mass
concentrations, the average effectiveness of RFMs was in
the range of 3.5–68.1%, 0.8–46.1% and 0.4–32.2%,
respectively (Fig. 2b–d and Tables S5–S7). Except for
Biomask, the average effectiveness of all RFMs against
ambient PM10, PM2.5, and PM1 was lower than 50%, 45%
and 30%, respectively. Regarding PM10, the highest effec-
tiveness was found for Biomask with values in the range of
64.9–71.6% and average equal to 68.1%, followed by 3M
9332 with the effectiveness in the range of 40.7–49.9% and
average equal to 46.2%. Furthermore, during 30-min
effectiveness-related tests for Biomask, ambient PM10 was
in the range of 124.0–154.8 μg m−3, with a mean value of
~139.0 μg m−3, whereas ambient PM10 after Biomask
(unfiltered PM10) ranged from 41.2 to 51.7 μg m−3, with a
mean value of 44.3 μg m−3. In fact, Biomask reduced
ambient PM10 in the range of 51.7–100.3 μg m−3, with a
mean value of 94.6 μg m−3. The results of children’s RFM
showed that the effectiveness in terms of PM10 was between
15.3 and 23.0%, with a mean value of 19.4%. On the other
word, children’s RFM decreased ambient PM10 between
10.7 and 16.9 μg m−3, with a mean of 13.8 μg m−3. Detailed
information regarding all RFMs’ effectiveness-related tests
for ambient PM10 is presented in the Fig. 2b and Table S5.

Similar two previous metrics mentioned above; ambient
PNC and PM10; the highest effectiveness in terms of

Level 2: Establishing the triangular fuzzy numbers 

Level 1: Defining the design-related factors of RFMs

Level 3: Establishing each fuzzy positive reciprocal matrix

Level 4: Calculating the eigenvalue and eigenvector

Level 5: Performing the consistency test

Level 6: Computing the weights of the design-related factors of RFMs

Level 7: Starting TOPSIS procedure using the calculated weights 

Level 8: Calculating the weight of RFMs based on their design-related factors

Level 9: Ranking RFMs based on calculated their weights 

Delphi method 

Step 1: AHP

Step 2: TOPSIS

Fig. 1 The levels of the fuzzy
AHP-TOPSIS approach.
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ambient PM2.5 and PM1 was observed for Biomask with the
average effectiveness equal to 46.1% (43.5–50.6%) and
32.2% (28.7–35.4%), followed by 3M 9332 with the

average effectiveness equal to 38.0% (34.4–41.6%) and
24.0% (22.1–25.8%) (Fig. 2c, d). In terms of ambient mass
concentrations, the average concentrations of ambient PM2.5
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Fig. 2 The average (±SD)
effectiveness of RFMs in terms
of ambient PNC (a), PM10 (b),
PM2.5 (c), and PM1 (d).
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before and after Biomask were 62.9 μg m−3 (58.8–67.1 μg
m−3) and 33.9 μg m−3 (32.6–36.8 μg m−3) (Table S6), while
ambient PM1 before and after Biomask ranged from 51.1 to
62.1 μg m−3 and 36.3 to 41.8 μg m−3, with the mean value
of 56.2 and 38.0 μg m−3 (Table S7). Besides, Biomask fil-
tered just on average 29.0 μg m−3 (25.7–43.5 μg m−3) of
ambient PM2.5 and 18.2 μg m−3 (14.7–21.8 μg m−3) of PM1.
As can be seen from Fig. 2c, d, Tables S6 and S7, the
children’s RFM exhibited an average effectiveness of 9.5
and 7.1% in the range of 7.6–11.4 and 6.1–7.9% in terms of
ambient PM2.5 and PM1. Descriptive statistics of ambient
PM2.5 and PM1 before and after RFMs, as well as ambient
PM2.5 and PM1 reduced by all RFMs and their effectiveness
are shown in Tables S6 and S7 in detail.

Temporal variability of effectiveness of the most effective
RFMs

The top three of RFMs with the highest effectiveness in
terms of ambient PNC was selected to see the temporal
variation of their effectiveness (Biomask, 3M 9332 and
K300) against all experimental metrics for ~6 h. For
instance, Fig. 3 illustrates the effectiveness of Biomask
against ambient PNC (Fig. 3a) and PMX mass concentra-
tions over the time (Fig. 3b–d). In addition, Fig. S8 indi-
cates the effectiveness of other RFMs (3M 9332 and K300)
against preceding metrics over the time. At the beginning of
the effectiveness-related tests during the first 40-min, with
both dummy heads without RFMs, we observed a similar
trend for all metrics under investigation (Figs. 3 and S8).
However, ambient PNC and PMX mass concentrations
decreased immediately after wearing RFMs. For ambient
PNC, the effectiveness of Biomask, 3M 9332 and
K300 showed a fluctuating trend in the range of
78.5–83.4%, 71.6–78.3%, and 62.4–70.2% during a 340-
min investigation, respectively. Regarding ambient PM2.5

and PM1, their effectiveness was always <50% and 40%.
Furthermore, the effectiveness of 3M 9332 and K300 in
terms of ambient PM10 was in the range of 37.1–57.7% and
36.5–54.9%, respectively. We observed an interesting
results regarding the effectiveness of Biomask against
ambient PMX mass concentrations (Fig. 3b-d) compared
with other RFMs. The effectiveness of Biomask that was in
the range of 29.0–64.1% revealed a considerable rising
together with the increase of ambient PMX mass con-
centrations, possibly related to higher contribution of larger-
sized particles in the increase of ambient PMX compared
with the smaller-sized particles. The significant increase of
ambient PM10 was mainly related to the larger-sized fraction
of PM10; PM10–2.5 (PM with an aerodynamic diameter
between 2.5 and 10 μm); compared with another fraction;
PM2.5 (Fig. S9a). In addition, PM2.5 was mainly made up of
submicron particles; PM1; when the ambient PM2.5

remarkably increased 70 min after the start of investigating
the effectiveness of Biomask; approximately at 110th
minute (Fig. S9b). Besides, unfiltered PM10, PM2.5, and
PM1 by Biomask had approximately a steady trend in
the range of 37.0–46.0, 32.0–35.0, and 27.0–29.0 μg m−3

during a 340-min investigation. On the other hand,
these concentrations that not filtered by Biomask are more
likely related to the smaller-sized fractions of particles
(Fig. S9a, b).

Effectiveness of the most effective RFM against ambient PM
size fractions

Figure 4 illustrates the effectiveness of Biomask against 23
ambient PM size fractions between 0.25 and 10 μm. The
effectiveness of Biomask in terms of various size fractions
of ambient PNC and PM mass concentrations gradually
increases with rising size fractions of ambient PM. This
size-dependent effectiveness may be due to the larger-sized
particles being more likely to capture/deposit by particle
collection processes such as electrostatic attraction, impac-
tion, and interception as compared with the submicron
particles [17]. Regarding ambient PNC, the effectiveness of
Biomask ranged from 78.82% (0.25–0.28 μm, PM0.25–0.28)
to 92.75% (8.5–10.0 μm, PM8.5–10), while its effectiveness
in terms of ambient PM mass concentrations in various size
fractions was in the range of 34.0% (for PM0.25–0.28)–80.1%
(for PM8.5–10). Tables S8 and S9 report detailed information
on ambient PNC and PM mass concentrations in various
size fractions before and after Biomask, as well as the
amount of ambient PNC and PM mass concentrations fil-
tered by Biomask.

The effect of design-related factors of RFMs on their
effectiveness

We also quantified the effect of eight design-related factors
of RFMs on their effectiveness based on the fuzzy AHP
method and ranked the RFMs using the fuzzy TOPSIS
approach (Figs. 5 and S10). The priority of the design-
related factors of RFMs followed in the order of exhalation
valve and its diaphragm (20.4%) > nose clip (19.7%) >
cheek flaps (18.6%) > soft inner material in the nose panel
or bridge (16.9%) > chin tab (14.8%) > how to design of the
RFM edges (4.7%) > adjustable or elasticated straps/ear
loops (2.4%) > how to connect the straps/ear loops with the
body of RFM (2.4%). In addition, Fig. 6 shows the scatter-
matrix, histogram, and Pearson rank correlation-matrix for
the score of RFMs and their effectiveness against PNC,
PM10, PM2.5, and PM1. Interestingly, there were the high
statistically significant correlations between the score of
RFMs and their effectiveness against PNC (Pearson’s cor-
relation= 0.8), PM10 (0.7), PM2.5 (0.8), and PM1 (0.7).
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Fig. 3 Temporal variation of the effectiveness of Biomask in terms of ambient PNC (a), PM10 (b), PM2.5 (c), and PM1 (d) over the time.
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Detailed information on the score of all RFMs is presented
in Fig. S10.

Discussion

Among all RFMs under investigation, the average effective-
ness of three of RFMs, namely K300, 3M 9332, and Bio-
mask, in terms of ambient PNC was more than 65%, and
Biomask with an average effectiveness of 83.5% was the
RFM with the highest effectiveness. Compared with other
RFMs, Biomask had the highest effectiveness to decrease
ambient PMX mass concentrations and reduced on average
94.6 μgm−3 (51.7–100.3 μgm−3), 29.0 μgm−3 (25.7–43.5 μg
m−3), and 18.2 μgm−3 (14.7–21.8 μgm−3) of ambient PM10,
PM2.5, and PM1, respectively. Because of the paucity of
studies regarding evaluating the effectiveness of commercial
RFMs against ambient PM under real-environmental condi-
tions, we only compared our results with two studies [32, 44].
It should be highlighted that our study is differ with the
mentioned studies in several parameters such as applied flow

rate, investigated metrics and their concentrations, as well as
type of RFMs. A study conducted by Pacitto et al. [32]
demonstrated that the effectiveness of nine RFMs in terms of
ambient PM2.5 under three breathing rates was in the range of
14–96%, whereas the effectiveness of our RFMs against
PM2.5 was in the range of 0.8–46.1%. Furthermore, they
indicated that the price of RFMs was not an indicator of their
effectiveness, because the RFM with the best performance in
terms of all metrics under investigation was not more
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expensive and the one with the lowest effectiveness was not
the cheapest RFM [32]. Similar to the study of Pacitto et al.
[32], no cost-effectiveness relationship was observed in our
study because Biomask as the most effective RFM was
cheaper compared with nearly all RFMs. Guan et al. [44]
evaluated the effectiveness of six types of RFMs in terms of
ambient PM size fraction of 5.6–560 nm in diameter and the
effectiveness of them was in the range of 48–75% [44].

The effectiveness of RFMs is affected by multiple fac-
tors: almost importantly, the design-related factors of RFMs
(adjustable nose clip/ear loops/straps to adjust RFMs based
on the physical characteristics of wearers’ nose, head, and
face; proper design of exhalation valve and its diaphragm,
extendable chin tab and cheek flaps; proper connection of
ear loops/straps with the body of RFM; type of materials
used in all parts of them; the configuration and size of them;
number of layers applied; thickness and pore size of layers);
the second affected is the wearers-related factors such as the
style of wearing/donning of RFM, the wearer facial char-
acteristics, the type of wearer's activity, the pattern of
inhalation flow rate and time-term use of RFM; finally, the
environmental-related factors such as the mass and number
concentrations of various size fractions of PM [17, 19–
21, 32, 41, 46, 65]. Hereunder, we discussed on the main
reasons for low effectiveness of nearly all RFMs under

investigation in the present study, as well as for higher
effectiveness of Biomask and 3M 9332 as compared with
other RFMs in detail.

In this field study, we observed and experienced the
weak design-related factors of RFMs that may be sig-
nificantly reduced the effectiveness of them against ambient
PM. As illustrated in Fig. S11 (detailed information
regarding the weak design of various parts of RFMs), low
effectiveness of nearly all RFMs may be due to: (1) the
weak design of exhalation valve and its diaphragm; (2) the
lack/weak design of soft inner material in the nose panel or
bridge to provide a secure seal against leakage; (3) the
application of unsuitable material in the external part of
nose panel or bridge; (4) the weak design of RFMs’ edges;
(5) non-adjustable or non-elasticated straps/ear loops; (6)
the lack/weak design of chin tab and cheek flaps; and (7)
improper connection of straps/ear loops with the body of
RFMs that leads to not secure seal against leakage. We
computed the importance weights of the above-mentioned
criteria and ranked them using the fuzzy AHP approach.
Regarding the weights representing the importance of the
criteria, the highest weight was estimated for exhalation
valve and its diaphragm (20.4%), followed by nose clip
(19.7%), cheek flaps (18.6%), soft inner material in the nose
panel or bridge (16.9%), and chin tab (14.8%), whereas the

Fig. 6 The scatter-matrix,
histogram, and Pearson rank
correlation-matrix for the score
of RFMs and their effectiveness.
The p value of all correlations
was ≤0.01.
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lowest weights were observed for how to connect the straps/
ear loops with the body of RFMs (2.4%), adjustable or
elasticated straps/ear loops (2.4%), and how to design of the
RFM edges (4.7%).

Compared with other RFMs, higher effectiveness of
Biomask and 3M 9332 might be attributed to the combi-
nation of different well-designed physical characteristics of
these RFMs (Fig. S12) including adjustable nose clip that
make it adaptable for any face or nose shape and size, cheek
flaps, and chin tab, soft inner material in the nose panel or
bridge to provide a secure seal against leakage, well-
constructed exhalation valve and its diaphragm, elasticated
or adjustable straps/ear loops. These well-designed char-
acteristics lead to decrease ambient PM leakage because of
adequate face-fit of them compared with other RFMs.
Considering the results of ranking of RFMs using the fuzzy
AHP-TOPSIS method, Biomask with the score of 1 had the
highest rank, followed by 3M 9332 with the score of ~0.97.
Though these RFMs were much better in comparison to
others, none of them were significantly able to reduce
ambient PM2.5 and PM1, more likely due to type of material
used in filters, number of layers applied, thickness, and pore
size of layers. Fig. S12f shows three different filter layers of
Biomask as the most effective RFM in terms of all metrics
under investigation in this study.

Collectively, our study clearly revealed that the effec-
tiveness of RFMs was significantly less than the values
mentioned and claimed by their manufacturers and sellers.
We observed that RFMs throughout national market in
Tehran were non-certified because there was no regulation
on the certification of the RFMs in our country. Given the
results of this study, we hope the appropriate guidelines/
regulations will be introduced after our study and convince
national agencies to put stricter inspection on the producers,
importers, sellers, and distributors of RFMs.

Strengths and limitations

The strength of our study is that we tested the effectiveness
of large number of RFMs from national and international
market using PM air pollution in real-world condition. Our
study can inform consumers and stakeholders on the most
common personal-intervention product in developing
countries against ambient PM air pollution. However, the
experimental setup used to investigate the effectiveness of
RFMs has several limitations. Importantly, it considered
breathing only as inhalation of ambient air without the
exhalation part. Because a positive pressure is generated
during exhalation, the face-fit of RFMs might be compro-
mised and unfiltered ambient PM could enter in the
breathing zone, this is particularly true for RFMs without
exhalation valve and RFMs with the weak design of
exhalation valve and its diaphragm. Therefore, an

overestimation of the measured effectiveness might have
occurred [32]. In addition, Mahdavi et al. indicated that the
differences between the penetration values, as a function of
effectiveness, for “inhalation-only” setup and “inhalation-
and-exhalation” setup were not statistically significant [66].
Flow rate used may not be representative of actual human
breath rate within different situations (deep breathing, light
exercise, etc.), though Pacitto et al. stated that no clear
relationship between the change in breathing rate (32, 42,
and 52 L min−1) and the effectiveness of RFMs was
observed [32]. Finally, the dummy head is not similar to
human face tissue affecting face-fit of RFMs and under-
estimation of the measured effectiveness might have
occurred.

Conclusion

To the best of our knowledge, the present study is a com-
prehensive field and practical survey of the effectiveness of
RFMs used by Tehran citizens against ambient traffic-
related PM which provides notable scientific results. In
terms of ambient PNC, PM10, PM2.5, and PM1, Biomask
had the highest effectiveness compared with others. Com-
pared with more RFMs under study, Biomask as the most
effective RFM was cheaper. Therefore, no cost-
effectiveness relationship was observed for RFMs in the
present study. Given the wide range of effectiveness
obtained, it is clear that consumers more attention must be
given to the choice of the most effective RFM based on its
design characteristics. In reality, our results indicated that
prior to buying and using the RFMs, the consumers of these
individual-level intervention products have to consider the
design-related factors of RFMs, particularly exhalation
valve and its diaphragm, nose clip, cheek flaps, soft inner
material in the nose panel or bridge. In addition, it is
recommended to the producers of these products that to be
focus more on design-related factors discussed earlier in
detail and also present the standard fitting instruction and
fit-checking procedure.
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