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On the durability of surgical masks 
after simulated handling and wear
Vincent Varanges1, Baris Caglar1,2, Yann Lebaupin1, Till Batt3, Weidong He4,5, Jing Wang4,5, 
René M. Rossi3, Gilles Richner6, Jean‑Romain Delaloye7 & Véronique Michaud1*

After the spread of COVID‑19, surgical masks became highly recommended to the public. They tend 
to be handled and used multiple times, which may impact their performance. To evaluate this risk, 
surgical masks of Type IIR were submitted to four simulated treatments: folding, ageing with artificial 
saliva or sweat and washing cycles. The air permeability, mechanical integrity, electrostatic potential, 
and filtration efficiency (FE) of the masks were measured to quantify possible degradation. Overall, 
air permeability and mechanical integrity were not affected, except after washing, which slightly 
degraded the filtering layers. Electrostatic potential and FE showed a strong correlation, highlighting 
the role of electrostatic charges on small particle filtration. A slight decrease in FE for 100 nm particles 
was found, from 74.4% for the reference masks to 70.6% for the mask treated in saliva for 8 h. A strong 
effect was observed for washed masks, resulting in FE of 46.9% (± 9.5%), comparable to that of a 
control group with no electrostatic charges. A dry store and reuse strategy could thus be envisaged for 
the public if safety in terms of viral and bacterial charge is ensured, whereas washing strongly impacts 
FE and is not recommended.

The novel coronavirus disease (COVID-19) has recently spread worldwide. The virus, 65–125  nm1 in diameter, 
infects the respiratory tract and leads to symptoms such as cough, fever, dyspnea and  tiredness2. Spreading of 
the disease is therefore eased from human to human through respiratory droplets and  aerosols3 that are pro-
duced, among other ways, by coughing or sneezing. In order to hinder airborne virus propagation, surgical 
mask-wearing has become highly recommended to the population, rapidly leading to a global mask  shortage4 
during the first months of the pandemic. Alternative solutions such as textile masks, including homemade and 
improvised masks, were quickly developed, but these tend to show a reduced filtration  efficiency5,6. The short-
age of surgical masks partly resulted from their initial purpose reserved for hospital use, recommending not to 
wear the mask for more than 4 h and to dispose it after  use7. With the increasing adoption of surgical masks by 
the public, who is generally less directly exposed to the virus, the question of the durability of masks in terms of 
mechanical resistance and filtration efficiency needs to be further evaluated. Indeed, many users tend to wear 
masks intermittently during the day, to fold and store them in various forms, whereas some have even started 
to wash them for further reuse, following recommendations in the press and the urge to limit plastic waste.

The filtration of airborne droplets relies on gravity sedimentation, inertial impaction, interception, diffusion 
and electrostatic  attraction8. These combined mechanisms make it possible for the multi-layered non-woven 
polymer structure to reach, for pristine masks, a filtration efficiency of 99.5% for particles larger than 300 nm 
and 75% for particles smaller than 300  nm9. During use, handling and potentially washing, surgical masks 
may be subject to loss of mechanical integrity or to electrostatic charge decay that would reduce their filtration 
 performance10. The effect of washing has been recently evaluated by a consortium of researchers in France, by 
quantifying the change in bacterial filtration efficiency (BFE), which correspond to a particle size of 3 ± 0.3 µm, as 
recommended by the EN 14683 norm for surgical masks. They concluded that washing had an effect on electro-
static interactions, but had no quantifiable effect on BFE and  breathability11. They however did not focus on the 
effect of mechanical handling and folding, as well as contact with body fluids on the performance of the masks.

OPEN

1Laboratory for Processing of Advanced Composites (LPAC), Institute of Materials (IMX), Ecole Polytechnique 
Fédérale de Lausanne (EPFL), Station 12, 1015 Lausanne, Switzerland. 2Aerospace Manufacturing 
Technologies, Faculty of Aerospace Engineering, Delft University of Technology, Kluyverweg 1, Delft 2629HS, 
The Netherlands. 3Biomimetic Membranes and Textiles Laboratory, Swiss Federal Laboratories for 
Materials Science and Technology (Empa), 9014 St. Gallen, Switzerland. 4Laboratory of Advanced Analytical 
Technologies, Swiss Federal Laboratories for Materials Science and Technology (Empa), 8600 Dübendorf, 
Switzerland. 5Institute of Environmental Engineering, ETH Zürich, 8093 Zürich, Switzerland. 6Spiez Laboratory, 
Federal Office for Civil Protection FOCP, Spiez, Switzerland. 7Department of Surgery, Clinic of Orthopaedics and 
Traumatology, Kantonsspital, Winterthur, Switzerland. *email: veronique.michaud@epfl.ch

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-09068-1&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |         (2022) 12:4938  | https://doi.org/10.1038/s41598-022-09068-1

www.nature.com/scientificreports/

We thus propose to quantify the influence of handling and wearing on mask integrity and filtration efficiency, 
using laboratory-scale protocols which mimic extreme scenarios of masks’ manipulation and wear, including 
repeated folding experiments, storage in artificial sweat and saliva and finally washing events. These worst-case 
scenarios are summarized in Table 1 and Fig. 1 provides micrographs of the mask structure with three layers 
and a visual summary of the performed tests.

Results
Air permeability. Figure 2a displays the permeability values as a function of input pressure for masks with 
the various treatments. The figure shows little scatter for all five different mask types and a linear dependency 
on the test pressure, with a correlation coefficient of 0.98 and 1. The air permeability values lie in the same range 
for all the treatments, except for the washed masks which show a slightly higher permeability overall. Data thus 
indicate that the severe folding and ageing treatments endured by the masks do not modify the air permeability 
of the fabric.

Table 1.  List of all the configurations performed during this study classified by type of treatment with the 
number of masks treated.

Folding

Ageing Ageing + Folding Combined in-situ

IsopropanolSaliva Sweat Saliva Sweat Saliva Sweat

10 Cycles (1 mask) 1 Hour (1 mask) 1 Hour + 10 Cycles (1 mask) 10 Cycles (1 mask)

1 h (1 mask)
20 Cycles (1 mask) 4 Hours (1 mask) 4 Hours + 20 Cycles (1 mask) 20 Cycles (1 mask)

50 Cycles (1 mask) 8 Hours (1 mask)
8 Hours + 50 Cycles (1 mask) 50 Cycles (1 mask)

100 Cycles (3 masks) 1 week (3 masks)

Figure 1.  Schematics of mask durability characterization methods: (a) three layer configuration of a Type IIR 
surgical mask along with the micrographs of the (1) outer layer, (2) the middle layer and (3) the inner layer; (b) 
locations of the permeability measurements performed on each mask; (c) dimensions of the samples for the 
mechanical (tensile) test punched out from the masks along with pictures (1) before, (2) during and (3) after the 
test; (d) mask electrostatic potential measurement method and (e) filtration efficiency measurement method.
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Table 2 reports the pressure drop induced by the masks according to EN14683. For all configurations, the 
average ΔP was between 41.4 and 46 Pa  cm−2, below the 60 Pa  cm−2 stated in EN14683 with the lowest value in 
the case of the washed masks. Figure 2b displays the micrographs obtained after each treatment, whereas Fig. 3 
displays SEM micrographs of a reference and washed mask. A clear impact of washing is observed on the middle 
layer whereas the inner and outer layers remain identical before and after washing.

Mechanical performance. Figure 2c–e report the mechanical properties as a function of the layer and 
treatment. Young’s moduli (as defined in the “Methods” section) of inner and outer layers (40.9  MPa and 
35.8 MPa) are slightly higher than that of the middle layer (28.8 MPa), in the range reported by Ekabutr et al.12. 
This pattern repeats itself for the treated masks as observed in Fig. 2c and in Table 2. The middle layer of the 
washed masks shows a slightly lower strain at break when compared to the other treatments (Fig. 2e), whereas 
folding and ageing treatments do not significantly alter the mechanical properties of the three layers forming 
the mask structure.

Electrostatic potential measurements. Surface potential results are displayed in Fig. 4 and Supplemen-
tary Fig. S1. High variability is observed in most of the studied cases, attributed to the measurement technique 
and multiple sample handling, from the manufacturing, boxing, shipping and  unboxing13. The reference masks 
(Supplementary Fig. S1a) themselves also display a strong standard deviation. The mean value varies between 
− 484 and − 375 V with a global standard deviation of 127 V. These values were used as the point of comparison 
for the rest of the measurements, represented by a dashed blue line for the mean and a light orange shaded area 
for the standard deviation in the figures. The results of the different folding treatments indicate a slight shift in 
the level of the electrostatic potential (Fig. 4a), which does not increase with the number of folding cycles. The 
saliva and sweat treatments had a greater impact on the electrostatic charge of the masks; the effect increases 
with the duration of immersion, as shown in Fig. 4b, c. The combination of two treatments (i.e., saliva or sweat 
plus folding) has a similar impact as sweat and saliva treatments only. On the other hand, in-situ treatments have 
a considerable effect on the electrostatic potential of the masks considering that they were not directly immersed 

Figure 2.  Characterization of the mask integrity after strong treatments: (a) Fitted curves of air permeability 
as a function of input pressure for reference and treated masks; (b) Micrographs of the outer (1) (4) (7) (10), 
middle (2) (5) (8) (11) and inner (3) (6) (9) (12) layers for the four treatment types; from mechanical testing: 
Young’s modulus (c), the ultimate tensile strength (d) and the strain at break (e) were derived for each layer of 
the reference (untreated) and treated masks.
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in the solution, but only sprayed (Fig. 4d; Supplementary Fig. S1d). The electrostatic potential of the washed 
samples was not measured as the treatment was expected to remove all the charges from the  masks10.

Filtration Efficiency (FE). Figures 5 and S2 display FE results for each treatment. Figure S2a shows the FE 
of the reference masks together with the deviation within the same batch. Mask FE follows a similar trend as 
the surface potential modification after the various treatments. The folding cycles have a small effect on the FE 
(Fig. 5a) whereas sweat and saliva ageing induce a decrease of FE for sub-micron particle sizes (Fig. 5b, c). The 
same effect is noticed on the FE analyses performed after in-situ treatments, with a decrease from 97 to 92% and 
93% at 1 µm for sweat and saliva, respectively. The results of the washing cycles on Fig. 5d show a strong effect on 
the global FE of the mask: a large drop comparable to that induced by the discharge storage in liquid isopropanol 
is noticed with a global loss of 35% in filtration efficiency.

Discussion
Based on the breathability tests, microstructural observation, and mechanical test results (Fig. 2), we show that 
folding and body fluid treatments do not significantly impact the microstructure nor the mechanical integrity of 
the mask. All results on the treated masks, however, show an increased variability as compared to reference data; 
this is attributed to handling and manipulation of the masks. The micrographs confirm these results, showing 
a similar fiber distribution and pore size. The mechanical integrity of the whole mask is provided by the outer 
and inner layers as the middle layer can sustain significantly lower levels of stress. While most treatments do not 
yield any statistically significant change, the 100 folding cycles led to a degradation of Young’s modulus by 25% 
with respect to the reference values, indicating a loss in connectivity of the fiber network. The washed masks 
exhibit a slight increase in air permeability (8.5% at 200 Pa), implying a change in their integrity. The micrographs 
of the middle layer of the washed mask in Fig. 3, show a non-uniform fiber distribution and a larger pore size 
compared to the reference; likely this is the cause for the observed increase in air permeability and lower strain 
at break of the layer.

As the electrostatic potential is one of the main filtering mechanisms for particles of diameter below 300  nm14, 
the filtration performance of the masks and the measured electrostatic potential are strongly correlated. The fold-
ing treatment has no effect on the mask’s mechanical integrity and no charge exchange could have occurred, so 
the FE is not impacted. Adversely, sweat and saliva impacted both the electrostatic potential and the FE after 8 h 
of ageing. Neither of the two solutions is pH neutral; the saliva is acidic with a pH of 6 while the sweat is more 
basic within the range of 8, implying that respectively excess  H+ and  OH- ions are present in these solutions. 
Biermann et al.15 suggested that charge exchange between the charges of the mask and the ions of the solu-
tions could take place; this could also be due to an increase in the charge mobility caused by a higher electrical 
conductivity of the  solution16. The in-situ treatment has a considerable effect on the electrostatic potential and 
the FE (Figs. 4, 5). This could be induced by the spraying while exposing the pores during folding, and by the 
liquid being pushed into the mask during the compression phase, inducing a full coating of the mask fibers by 
the solution/body fluid.

The washed masks and the isopropanol treated ones are comparable in their strong loss in FE. Isopropanol is 
known to suppress all the electrostatic charges; by comparison with the FE of the washed masks, it is confirmed 
that the charges are also annihilated in this  scenario10. Washed mask fabrics become inefficient for the filtration 
of fine aerosols. Washing is thus not recommended, due to the loss in fine particles filtration, even if the filtration 

Table 2.  For each type of treatment, list of the coefficient of determination  R2 of the permeability fitted curves 
in Fig. 2a along with the derived Pressure drop for an airflow of 8 L  min−1. In the last three columns, details of 
the derived mechanical properties for each treatment and layer: Young’s modulus, ultimate tensile strength and 
strain at break (also presented in Fig. 2c–e).

Treatment Layer
Air permeability coefficient of 
determination  R2 [–] Pressure Drop [Pa  cm−2] Young’s modulus [MPa] Ultimate tensile strength [MPa] Strain at break [%]

Reference

Inner

0.996 44.9 ± 1.9

40.9 ± 3.9 7.5 ± 1.2 104.8 ± 17.4

Middle 28.8 ± 3.5 4.0 ± 0.4 60.0 ± 13.0

Outer 35.8 ± 5.1 10.2 ± 1.5 135.5 ± 13.2

Folded

Inner

0.993 43.8 ± 2.5

31.5 ± 5.6 7.6 ± 1.7 112.2 ± 25.3

Middle 24.2 ± 3.6 3.7 ± 0.4 61.2 ± 14.6

Outer 28.5 ± 2.9 10.3 ± 1.4 137.4 ± 13.0

Sweat

Inner

0.984 45.3 ± 4.0

42.6 ± 11.9 7.0 ± 1.5 103.3 ± 26.1

Middle 30.0 ± 4.4 3.6 ± 0.5 52.3 ± 8.2

Outer 35.7 ± 9.5 8.5 ± 1.1 117.2 ± 16.6

Saliva

Inner

0.989 43.8 ± 3.0

35.0 ± 6.2 6.5 ± 1.3 101.3 ± 19.2

Middle 29.4 ± 4.4 3.8 ± 0.7 55.9 ± 8.8

Outer 36.1 ± 4.9 8.8 ± 0.9 114.2 ± 19.7

Washed

Inner

0.994 41.4 ± 2.1

36.8 ± 7.3 7.5 ± 1.4 107.6 ± 18.2

Middle 26.9 ± 5.6 3.6 ± 0.7 46.2 ± 5.8

Outer 32.8 ± 3.1 9.5 ± 1.2 126.0 ± 18.4
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of larger particles, above 3 µm as recommended in the BFE measurement is not  affected11, whereas prolonged 
wear and handling can be accepted if the risk of viral contamination is not high.

This study provides an evaluation of the durability of Type IIR medical masks under prolonged public use, 
above the usual recommendation of 4-h wear time and without an immediate discarding the mask. The methods 
developed for this study are based on our interpretation of potential mask usage adapted to reproducible labora-
tory conditions. To ensure comparison of the masks’ filtration efficiency results for each treatment, all masks were 
taken from the same batch and same provider as this measurement is highly dependent on the mask source and 
lot number. Therefore, this study only highlights the relative effects of handling and wear on the efficiency of the 
mask, for a commercial mask of good initial intrinsic quality. To keep the limit of one batch testing, only one 
mask was tested per scenario for the filtration efficiency and three samples were cut from each mask, restricting 
the statistical value of the study, which was meant to provide first quantifications and evaluation of risks. Finally, 
this study only assessed the role of the polypropylene (PP) non-woven material and did not consider mask fitting 
related issues, or any viral contamination effects.

As a conclusion, we assessed the durability of Type IIR surgical masks after simulated use, probing the pos-
sibility of prolonged use in case of mask shortage, as well as limiting the environmental burden of this single-use 

Figure 3.  SEM micrographs of each layer from a reference and washed mask: (a, b) inner layer made of 
spunbond PP fibers with diameters of 15–20 microns, (c, d) middle layer made of melblown fibers with 
diameters of 1–3 microns, (e, f) outer layer made of spunbond PP fibers as the inner layer.
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plastic by increasing its use  time17,18. The main outcomes of the current study are thus that ageing in saliva or 
sweat and folding only exert a minor impact on the efficiency of the mask. As a result, masks can be worn for 
more than the usually recommended 4 h. Also, provided that any potential viral or bacterial contaminations of 
the mask can be strongly reduced after a given storage time, and that the masks are not visibly soiled or damaged, 
the strategy to store and reuse surgical masks as proposed by several research groups seems feasible, even if the 
masks have been handled without particular care, in contact with sweat and saliva, and folded several times.

In parallel, we evaluated the washability of these masks through the same protocol. The effect of washing 
the mask can be interpreted in light of the European standard EN 14683 and BFE, as reported recently, with 
the conclusion that the mask still comply after 10 cycles of  washing11.On the other hand, our study confirmed 
the risk of reduced efficiency for particle sizes below a few µm19. Considering the extended use of the surgical 
masks and the potential role of fine aerosols in the COVID-19 spread, we suggest that washing the masks should 
be avoided, even though their mechanical integrity is rather well preserved, as their filtration of fine aerosols is 
greatly reduced due to disappearance of all electrostatic interactions.

Materials and methods
Materials. Type IIR, non-woven polypropylene (PP) premium face masks with elastic earloops from Care & 
 Serve® (WIROS Gmbh, Germany)20 were used. They are composed of three layers made of synthetic PP fibres: 
outer, filter/middle and inner (face contact) layer.

The outer layer is made of hydrophobic non-woven spun-bonded PP which prevents the penetration of 
droplets through the mask, avoids the inhalation of droplets by the user, and provides splash resistance. The 
filter, inner, layer is made of a densely packed fine fiber layer of meltblown non-woven PP providing the main 
filtration and barrier functions, resulting in a bacterial filtration efficiency of 98% for a mean particle size of 
3 µm21. Furthermore, this layer is electrostatically charged to block very fine particles and viruses. Finally, the 
inner layer is made of hydrophilic non-woven spun-bonded PP to block the droplets ejected by the user during 
exhaling, speaking, etc.…, and avoid their penetration through the mask. The spun-bond inner and outer lay-
ers also provide the mechanical integrity of the mask. The microstructure of the different layers is presented in 
Fig. 1a highlighting their difference in pore size and structure.

Figure 4.  Characterization of the surgical mask’s surface potential (electrostatic potential): For each figure the 
reference data are used as a comparison and are represented by the dashed blue line with its standard deviation 
in light orange shaded area: (a) the folded masks; (b) the masks aged in sweat; (c) the masks aged in saliva, (d) 
the in-situ treatment with sweat.
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Methods. Protocols to simulate wear during regular use. Folding. Typical use of masks consists of periods 
of wear often followed by folding and storing the mask in pockets, pouches or elsewhere even if not recom-
mended by the producer. Each cycle of unfolding, use and refolding may cause degradation in mechanical and 
filtration properties. An experimental protocol was conceived to mimic this cycle: both ends of a mask were 
taped onto compression platens connected to a Universal Testing Machine (Walter + Bai AG Series LFL-125kN). 
A transparent plastic cylinder enclosed the mask to ensure it was folded in a random fashion. The folding cycle 
started with a loosely stretched mask fixed on platens with 165 mm distance between them and consisted of 
compression at a speed of 10 mm  s−1 to a final distance of 5 mm. To simulate different extents of use, we varied 
the number of folding cycles from 10, 20, 50–100 cycles.

Ageing. During use, the mask is in contact with body fluids, such as saliva and sweat. To simulate fluid interac-
tion induced mask ageing, a protocol was conceived with artificial sweat or saliva. Artificial sweat was prepared 
according to the formulation by Ferell et al.22, and artificial saliva following Klimek et al.23. The masks were aged 
by immersing in one of the solutions for a pre-determined amount of time that ranged from 1 h to 1 week. Sub-
sequently, the masks were dried at ambient conditions for one day. A set of masks was also subjected to a folding 
treatment after ageing and drying. The compounds and their providers are listed in Supplementary Tables S1 
and S2.

In order to remove all the electrostatic charges and to obtain only a mechanical filtration, some masks were 
discharged according to EN  77924 by isopropanol (IPA) liquid discharging.

Combined in-situ treatment. Folding and ageing treatments were performed on separate sets of masks. How-
ever, in real life the folding and fluid interaction take place successively. To simulate this, we combined the fold-

Figure 5.  Characterization of the surgical mask’s filtration efficiency after a set of different treatments in 
order to assess their degree of degradation and so their durability after a given time of use: For each figure the 
reference data are used as a comparison and are represented by the series of blue points: (a) the folded masks; 
(b) the masks aged in sweat; (c) the masks aged in saliva; (d) comparison of the filtration efficiency at a different 
scale of the surgical masks type IIR after the different treatment, adding the FE after the washing cycles and the 
discharging procedure with IPA.
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ing and ageing treatments as follows: the mask underwent several compression/decompression cycles; before 
each compression step, both sides of the mask were sprayed with either the artificial saliva or the artificial sweat. 
Once the process was performed the masks were dried under a fume hood.

Washing. The washing treatment was performed with detergent powder (10 g/L ECE non-phosphate reference 
detergent) according to the ISO 6330:2012 but with a household washing machine (Adora L from V-Zug AG) 
instead of a standardized testing machine. It consisted of 10 washing cycles at 60 °C, for 45 min. In total, 6 masks 
were washed: three of them were used for the mechanical and air permeability tests; the rest was tested for their 
filtration efficiency. Table 1 gives an overview of performed treatments and the number of masks treated.

Characterization methods. Microscopy. A Keyence VHX-7000 microscope equipped with a 100 × lens was 
used to observe the microstructure of mask layers. Treated and untreated masks were analyzed to assess the 
effects of the different treatments on the microstructure of the spunbond and meltblown PP layers.

A scanning electron microscope GeminiSEM from Zeiss was used in High Vacuum mode to observe the 
structure of a reference and a washed mask. Prior to observation, the samples of individual layers were coated 
with gold to a thickness of 50 nm.

Permeability test/breathability test. Breathability was assessed by air permeability measurement using a Textest 
FX 3320 MOBILAIR test bench. Each specimen was tested at 5 different locations with an area of 5  cm2 as shown 
in Fig. 1b.

Measurement sites were chosen at an adequate distance from the edges of the mask avoiding overlap between 
the test locations; measurements took place after unfolding the plies. Each site had its air permeability meas-
ured at three different pressure levels: 50, 98 and 200 Pa, to fit the permeability as a linear function of the input 
pressure. From the obtained fit, it was possible to derive the breathability, characterized by the pressure drop, 
ΔP, according to EN14683, i.e., at a flow rate of 8 L  min−1 on a surface of 4.9  cm2 which is equivalent to an air 
permeability of the material of 272 L  m−2  s−1. According to this standard, the pressure drop should be below 
60 Pa  cm−2 for Type IIR  masks25.

Three masks for extreme cases of folding (100 cycles) and ageing (1 week in saliva or sweat) were tested as 
compared to reference masks.

Mechanical characterization. Each layer of reference and treated masks were characterized in uniaxial tensile 
mode with a Zwick uniaxial testing machine equipped with a 100 N load cell. The samples were extracted by 
direct die-cutting of the layers in the horizontal direction from individual layers of the studied masks in a dog 
bone shape with a length of 75 mm and a width of approximately 4 mm as shown in Fig. 1c. Prior to the tests, the 
exact width and the thickness of the samples were measured using respectively an optical microscope Keyence 
VHX-7000 and a micrometer screw gauge.

The specimens were tested in tensile mode at a displacement speed of 50 mm  min−1 until specimen failure 
during which both the displacement and the force were recorded. From the data acquired, the engineering 
stress–strain curves of the different specimens were derived. The acquired data were then used to extract the 
mechanical properties of the three layers of the different masks, such as the tangent Young’s modulus taken at 
0.2% of strain, the ultimate tensile strength as well as the deformation that the layers undergo before failure.

As for the permeability tests, the three extreme configurations were tested to assess their impact on the 
mechanical properties of the mask layers. For each configuration and the reference mask, 9 samples from 3 dif-
ferent masks (3 per mask) were cut out.

Surface potential measurement. The surface potential of the masks was characterized using an electrostatic 
voltmeter (Monroe 244A) connected to a computer, as described by He et al.26. To perform the measurements, 
the masks were placed on a grounded metal platform and the probe of the electrostatic voltmeter was set at 5 mm 
above the specimen. Once all was set, the electrostatic potential of the mask was measured at 5 different positions 
on the mask to evaluate the mean electrostatic potential of the entire surface of the mask. Each measurement was 
performed on a circular area with a diameter of 10.5 mm. The side on which the measurement was conducted 
was shown to affect the results. This characteristic is attributed to the different structure and treatments of the 
inner and outer layers (hydrophilic vs. hydrophobic). The electrostatic charge of the mask was thus systemati-
cally measured from the outer layer, for comparison purposes. The five measurements were performed approxi-
mately at the same position as the permeability tests (Fig. 1d).

Filtration efficiency (FE). Circular specimens with a diameter of 60 mm were sampled from masks and her-
metically sealed in a sample holder to obtain an effective test surface of 1.66 ×  103  mm2. An aerosol was drawn 
with an aerosols generator (AGK2000) from a solution at 0.02 g/mL of fructose in demineralized water. Fructose 
particles at a concentration of 35 mg  m−3 in dried air were neutralized in a corona discharging unit (CD2000) 
and driven to the sample. A constant airflow of 8 L  min−1 was exerted through the mask specimen (from outside 
to inside); particle penetration was quantified using the particle analyzer Cambusion DMS500 (see Fig. 1e). This 
“Fast Particulate Spectrometer” uses unipolar corona charging and parallel detection of particles of varying elec-
trical mobility to offer real-time measurement of the particle size spectrum between 5 and 2500 nm.

The FE is determined by comparing a steady flow of particles after a constant concentration is reached dur-
ing 2 min with the mask sample, then measuring the raw gas concentration during another minute without the 
mask sample. FE is expressed as a percentage and is reported in the particle range from 100 to 1200 nm, averaged 
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over triplicates. Therefore, FE here was not measured according to the EN 14683 which requires other particles 
of 0.6–7 µm in size.

Received: 12 September 2021; Accepted: 3 March 2022
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