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A B S T R A C T   

Using respiratory protective equipment is one of the relevant preventive measures for infectious diseases, 
including COVID-19, and for various occupational respiratory hazards. Because experienced discomfort may 
result in a decrease in the utilization of respirators, it is important to enhance the material properties to resolve 
suboptimal usage. We combined several technologies to produce a filtration material that met requirements set 
by a cross-disciplinary interview study on the usability of protective equipment. Improved breathability, envi
ronmental sustainability, and comfort of the material were achieved by electrospinning poly(ethylene oxide) 
(PEO) nanofibers on a thin foam-formed fabric from regenerated cellulose fibers. The high filtration efficiency of 
sub-micron–sized diethylhexyl sebacate (DEHS) aerosol particles resulted from the small mean segment length of 
0.35 μm of the nanofiber network. For a particle diameter of 0.6 μm, the filtration efficiency of a single PEO layer 
varied in the range of 80–97 % depending on the coat weight. The corresponding pressure drop had the level of 
20–90 Pa for the airflow velocity of 5.3 cm/s. Using a multilayer structure, a very high filtration efficiency of 
99.5 % was obtained with only a slightly higher pressure drop. This opens a route toward designing sustainable 
personal protective media with improved user experience.   

1. Introduction 

The COVID-19 pandemic showed how important various protective 
actions by individuals, scientifically informed policies by government, 
and high-quality technological devices are for the reduction of harm in 
society. Limiting physical contact is the most effective way to prevent 
the spread of pathogens. However, loneliness and isolation have been 
identified as serious public health concerns, regardless of the pandemic 
(Heinrich & Gullone, 2006; National Academies of Sciences, Engineer
ing, and Medicine, 2020). Effective preventive measures that do not 
disrupt everyday life, such as respirators, can enable close social contact 
safely. However, such tools do not prevent the spread of the virus if they 
are not used. In randomized controlled trials investigating the effec
tiveness of interventions, the effectiveness of masks and respirators has 
been found to be weak (Jefferson et al., 2023). This is for the most part 
due to poor adherence, i.e., relatively low numbers of people followed 
the guidance about wearing masks in these studies (Kollepara et al., 

2021). 
The (non-)use of masks and respirators is influenced by numerous 

factors. Both protecting others and oneself from infection have been 
found to be a particularly important motivation for wearing a face mask 
(Abboah-Offei et al., 2021; DeJonckheere et al., 2021). Belief in the 
effectiveness of face masks in fighting the SARS virus is associated with a 
greater likelihood of using them (Tang & Wong, 2004). However, ex
periences of discomfort when wearing a mask are reported often (Kwok 
et al., 2021; Mills, Rahal, & Akimova, 2020; Shelus et al., 2020). Saurio 
et al. (2023) found that experienced discomfort, difficulty breathing, 
and perceptions of producing unnecessary waste while using a mask 
were common. In contrast, the majority of respondents reported that 
they feel safe and responsible while wearing a mask. 

Reports of perceived difficulty breathing while wearing a mask or 
respirator are common (Serresse et al., 2021), but more objective met
rics like blood oxygen saturation show no difference between wearing 
and not wearing a mask or a respirator (Spang & Pieper, 2021). In some 
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studies, state anxiety has been a strong predictor of respiratory distress 
while wearing a respirator (Morgan & Raven, 1985; Wu et al., 2011). On 
the other hand, the type of respirator has been found to affect anxiety 
levels (Wu et al., 2011). Respirators therefore do not directly cause 
breathing difficulties such that oxygen intake is compromised, but the 
technical properties of the respirator affect the experience of breathing. 

By developing the technical properties of the respirators, they can be 
made more comfortable to use without compromising efficacy (Baig 
et al., 2010). The perceived difficulty in breathing can be influenced by 
the respirator's filter material. This means minimizing the flow resis
tance over the material, which is typically characterized by the 
measured pressure drop, while maintaining required filtering perfor
mance. A wide variety of mask materials and concepts have been tested 
(Tcharkhtchi et al., 2020), and there are great differences in protective 
devices and materials. For example, filtration efficiency for particles of 
0.03–2.5 μm in size is 80–90 % for nonwovens, while with cloth masks 
the efficiency is 39–65 % (Shakya et al., 2017). Professional N95 and 
FFP2 respirators seem to be much more efficient than non-standard 
masks especially at small particle sizes (Rengasamy et al., 2009; Van 
der Sande et al., 2008). Despite some of their weaknesses, in combina
tion with other measures the personal protection devices seem to be 
effective (Abaluck et al., 2020). Moreover, it is possible to enhance their 
performance by added functionalities and improved product(ion) 
quality. 

The most common and popular masks are often made of polypropene 
and are intended for single use. Littering and excess waste has become 
one of the side effects of the use of masks. This led us to develop novel, 
sustainable and more acceptable face mask designs that would lower the 
barrier to comfortably use them. One aspect of our cross-disciplinary 
project was to meet common expectations related to material breath
ability and efficiency. Additionally, we investigated common challenges 
of wearing face masks in daily life and gained more fine-grained insight 
into consumer wishes for better face mask user experience from an in- 
depth interview study. 

Achieving these targets required a combination of different material- 
forming technologies such as electrospinning (Zhou et al., 2022) and 
foam forming (Hjelt et al., 2022) that act on different spatial scales. In 
electrospinning, nanosized fibers are drawn out of a polymer solution 
with an electric field. Air filtration applications are based either on self- 
standing electrospun filters (Bian et al., 2018; Li et al., 2021; Patil et al., 
2021; Wang et al., 2022a, Wang et al., 2022b) or on an electrospun 
layer, formed on a porous substrate such as a nonwoven fabric (Heikkilä 
et al., 2008). The efficiency of such a filter increases by minimizing the 
mean pore size and maximizing the surface area used for the particle 
capture. Both of these features are achieved by decreasing the mean 
diameter df of the electrospun fiber. The resulting pressure drop scales 
like 1/dα

f where the value α = 2 predicted by continuum flow models 
(Maze et al., 2007) is reduced for df < 300 nm because of the Knudsen 
effect (Barhate & Ramakrishna, 2007; Bian et al., 2018). Further 
decrease in the pressure drop is gained by making the coating thinner or 
more porous. This usually requires using a stronger substrate material 
underneath the filtration layer. Heikkilä et al. (2008) studied the opti
mum coating thickness of polyamide (PA) nanofibers deposited on a 
cellulose nonwoven. They found that a thin 0.5 g/m2 coating of PA66 
nanofibers provided over 95 % filtration efficiency of the particles 
having a diameter of 0.16 μm and above. Further increase in the coat 
weight was not beneficial because the pressure drop exceeded 200 Pa 
and thus became too high for practical applications. Similar filters ob
tained by electrospinning of PA6 were studied by Hung and Leung 
(2011). They observed an increased filtration efficiency when the 
nanofiber coating layer on a coarse substrate was increased from 0.042 
to 0.333 g/m2. When the fiber diameter was reduced from 185 nm to 94 
nm, particles of 50–500 nm could not be filtrated without a significant 
increase in the pressure drop. 

In this work, our hypothesis was that a high filtration efficiency of a 

cellulose-based material could be achieved without charging of fibers, 
using an interception mechanism provided by very thin electrospun and 
substrate layers. The studied materials were obtained by electrospinning 
a layer of poly(ethylene oxide) (PEO) nanofibers on a thin cellulose 
fabric. PEO is a nontoxic, biocompatible, biodegradable, and water- 
soluble polymer used in many pharmaceutical and cosmetic products 
(Kai et al., 2014; Ma et al., 2014). One such application of PEO has been 
found in a drug delivery system, which requires that polymers degrade 
to small molecular weight compounds in the body (Park et al., 2005). An 
in vitro study of a series of PEO/poly(ethylene terephthalate) co
polymers has shown that the mechanism of degradation is by hydrolysis 
(Reed & Gilding, 1981). Electrospinning of PEO produces bead-free 
nanofibers for varied molecular weights and electrospinning condi
tions (Faldu, 2021; Polaskova et al., 2019; Tsai et al., 2002). Sufficient 
homogeneity of the thin substrate was obtained by using aqueous foam 
as a suspending medium (Hjelt et al., 2022) when forming a network of 
viscose fibers with low linear mass density. The basis weight of this fiber 
network was only 10 g/m2, which made the nonwoven partly trans
parent and easily foldable to follow varied face topographies. These 
features provide significant advantages for the design of a face mask that 
would meet the required functional properties and user experience. 

2. Materials and methods 

2.1. Materials 

The nonwoven substrate was made of 3-mm long viscose staple fibers 
(Danufil, Kelheim Fibres GmbH, Germany) with a mean diameter of 8.0 
± 1.0 μm. This corresponded to a low linear mass density of 0.5 dtex 
(corresponding to 0.5 g of fiber per 10,000 m). According to the pro
ducer, the intrinsic viscosity of dissolved viscose fibers in cuen (ISO 
5351) corresponded to the degree of polymerization of 290, resulting in 
an estimate of 46,980 for the molecular weight. The fibers were bound 
together with polyvinyl alcohol (PVOH, Poval 28–98, Kuraray Europe, 
Germany), which also acted as the foaming agent when preparing the 
carrier phase needed in forming the fabric sheets. The molecular weight 
of the used PVOH grade was 181,400 as determined by gel permeation 
chromatography by the producer. 

For electrospinning, PEO with a molecular weight of 100,000 was 
purchased as powder (Sigma-Aldrich, USA), see (Sigma-Aldrich, 2024). 
This was dissolved at a concentration of 19 wt-% into deionized water by 
stirring the mixture overnight at room temperature. The PEO solution 
exhibited a mild shear-thinning behavior, with an average viscosity of 
1100 mPa⋅s within the shear rate range of 0.1–1000 1/s (measured using 
an Anton Paar MRC301 with a cone and plate CP-50 setup). 

2.2. Preparation of a thin nonwoven fabric by foam forming 

The nonwoven fabric was made with the so-called foam forming 
method (Hjelt et al., 2022), where aqueous foam was used as a carrier 
phase to form a homogeneous fiber network. First, 3 L of aqueous so
lution with a PVOH concentration of 1.0 g/L was prepared. The solution 
was stirred with a foaming impeller at 4400 rpm for 3 min (Fig. 1a) so 
that the foam volume stabilized. After that, 1.0 g of the viscose fibers 
soaked in 100 mL of water were added into the foam. To ensure good 
dispersion, this was done in five (0.2 g fibers, 20 mL of water) sets with a 
5-s interval between the subsequent additions. The mixing was 
continued for 2 min. The final air content of the fiber foam turned out to 
be around 50 %. 

The fiber foam was decanted into the forming mold (Fig. 1b) and 
filtrated through a papermaking wire (Hifi, Tamfelt, Finland) with 
vacuum of ca. 0.6 bar. The area of the formed sheet (Fig. 1c) was 0.1 m2 

(385 mm × 265 mm). The wet sheet was carefully sandwiched between 
two pieces of baking paper (SAGA, Metsä Group, Finland) and placed 
between a ferrotype plate and a fabric cover. After overnight air-drying, 
the final sheet basis weight was about 10 g/m2. 
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2.3. Electrospinning of the filtration layers 

Electrospinning was conducted using a horizontal electrospinning 
setup equipped with a high voltage generator Simco CM5–30 (Simco- 
Ion, Netherlands). The PEO solution was pumped at a rate of 0.6 mL/h. 
The relative humidity of the surrounding air was between 16 % and 22 
%. Electrospun PEO-nanofibers were produced over a viscose nonwoven 
sheet to prepare a set of different coating thicknesses for the filtration 
layer. Electrospinning times of 3, 6, and 12 min were used. In addition, 
multilayer filtering structures were constructed by placing two or three 
PEO-nonwoven sheets on top of each other, see Fig. 2. A calibration 
sample was prepared by electrospinning PEO on the viscose sheet for 60 
min. This calibration sample could be used to obtain reliable estimates 
for the basis weight and thickness of the PEO-nanofiber coatings with 
shorter electrospinning times. The other PEO-electrospinning conditions 
are given in Table 1. 

2.4. Physical characterization of the samples 

The structural, mechanical, and optical properties of the substrate 
material and PEO coated sheets were measured according to ISO stan
dards (Table 2). Ten parallel measurements were included for each case. 
Opacity was measured using a spectrophotometer (L&W Elrepho, Swe
den) with a surgical commercial mask (Lifa Air Finland Oy Ltd) as a 
reference. 

2.5. Scanning electron microscopy and related image analysis 

Surface imaging was carried out with a Merlin® FESEM (field 
emission scanning electron microscope, Carl Zeiss GmbH, Jena, Ger
many) using a secondary electron detector at an acceleration voltage of 
3 kV and a probe current of 60 pA. Sample surfaces were sputtered with 
gold before imaging. Nanofiber diameter measurements were carried 
out from the outmost filtering layer using an ImageJ 1.53 t image 

processing program. The average diameter was calculated from 50 
parallel measurements. 

2.6. Characterization of filtration efficiency and pressure loss 

In the filtration efficiency measurement, the airborne particles in 
surrounding air were filtered with a high efficiency filter (HEPA) and 
test particles were added into the air flow. The flat filter material was 
placed between two annular plates and air was drawn through the filter 
material. The inner diameter of the annular plate was 100 mm. The used 
airflow rate of 25 L/min over the area of 79 cm2 corresponded to the face 
velocity of 5.3 cm/s at the filter, which was within a normal breathing 
range (Kwong et al., 2021). 

The filtration efficiency was measured with a test system consisting 
of an aerosol generator, a mixing chamber, sample lines, a sample holder 
and particle size analyzer (Kulmala et al., 2021). The aerosol generator 
was a container with diethylhexyl sebacate (DEHS) liquid and a multiple 
spray nozzle. The DEHS aerosol was generated by feeding compressed 
particle-free air through the nozzle, and the aerosolized droplets with a 
size range of 100–4000 nm were introduced into the mixing chamber, 
from which air was led to the tested filter material. 

The particle concentrations were measured both upstream and 
downstream of the filter material (with PEO coating facing upstream) 
with an optical particle counter (PMS LAS-XII, Particle Measuring Sys
tems, UK). The filtration efficiency of particles with an optical size of Dp 

was determined from the measured concentrations as 

E
�
Dp

)
=
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�
Dp

)
� C2

�
Dp

)

C1
�
Dp

) , (1) 

Fig. 1. Foam forming of the nonwoven fabric that formed the substrate layer of the filtration material: (a) Preparation of aqueous fiber foam by mixing. (b) Pouring 
of the foam into a special mold (Hjelt et al., 2022). Figure (c) shows the wet sheet formed on a wire after sucking out the foam. The sheet area was 385 mm ×
265 mm. 

Fig. 2. Single-layer (a) and multilayer (b) filtration structures consisting of 
electrospun PEO nanofibers on a nonwoven substrate. 

Table 1 
PEO electrospinning conditions.  

Polymer Solvent Solids 
content 
(w-%) 

Needle 
gauge (G) 

Distance 
(cm) 

Voltage 
difference 
(kV) 

PEO Deionized 
water 

19 20 15 22  

Table 2 
Test methods of structural, mechanical, and optical properties.  

Property Standard 

Grammage (g/m2) ISO 5270 (2012), ISO 534 (2011) 
Single sheet thickness (μm) 
Apparent sheet density (kg/m3) 
Tensile strength (N/m) ISO 5270 (2012), EN ISO 1924-2:2008 
Strain at break (%) 
Tensile energy absorption (J/m2) 
Tensile stiffness (kN/m) 
Opacity (%) ISO 2471:2008  
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where C1
�
Dp

)
is the particle concentration upstream and C2

�
Dp

)
that 

downstream from the filter material. 
The flow rate through the filter material was measured with a stan

dard orifice, and the pressure drop ΔP over the filter material was 
measured with a micromanometer. Five parallel samples of each PEO 
coat weight and two parallel samples of the multi-layer PEO laminates 
were measured. The filtration efficiency and pressure drop results are 
given as the averages of these parallel measurements. The pressure drop 
(or differential pressure) ΔP is not expected to depend significantly on 
the tested area for a given face velocity. However, pressure drops ob
tained with very different face velocities should not be compared, as 
there is no simple general relationship between ΔP and the airflow rate 
(Kwong et al., 2021). 

Based on the measured filtration efficiency and pressure drop, we 
also calculated the so-called quality factor 

Q = �
ln

�
1 � E

�
Dp

) )

ΔP
. (2) 

To compare our results with conventional medical masks, we also 
measured the differential pressure in the standardized conditions with 
the material with an area of 4.9 cm2 and a flow rate of 8 L/min, corre
sponding to a face velocity of 27.2 cm/s. 

2.7. Interviews on face mask use among young adults during the COVID- 
19 pandemic 

Individual semi-structured interviews were conducted among a 
sample of young adults (n = 21) during June and July 2021. The study 
participants were recruited through a brief survey, which was dissemi
nated through social media platforms, email newsletters of various or
ganizations, as well as through an educational institution's website. 
Qualitative content analysis (Mayring, 2000) was used as the analytical 
approach. Framework analysis (Ritchie & Spencer, 1994) was applied as 
an analysis tool. The reading was data-driven and sought to identify 
sections where participants described facilitators for or barriers to mask 
use. See Supplementary material for a more detailed description of the 
methods. 

2.8. Design methods 

The user data from the behavioral studies was used as a guideline in 
the design process. A design workshop was organized together with 
designers and material researchers where the problems and material 
properties were presented. Based on this, various design concepts of face 
masks were created with a human-centered design process (Norman, 
2013). After the exploration with actual materials, another workshop 
was organized, and the two final facemask concepts were defined. 

3. Results 

The material development was based on semi-structured interviews 
on barriers to and facilitators of mask and respirator use. From the in
terviews, several factors were identified (Table 3). Major barriers were 
general discomfort of mask wearing, lack of fit, breathing difficulties, 
price, and environmental impact. Mask use was perceived to hinder 
normal everyday life, such as exercise and communication. An ideal 
mask was described as light, comfortable, effective in virus protection, 
easy to clean and carry, and enabling all kinds of activities. While some 
participants stressed that masks should be simple and discreet, others 
highlighted the possibility to underline one's own personality and style 
by choosing from several colors and designs. See Supplementary mate
rial for a more detailed description of the results. 

The focus of the current study was to develop a material that was 
more breathable, environmentally friendly, and effective. Our solution 
was based on a multi-scale structure with a nanoscale filtration layer on 

a substrate with microscale pores. Here the quality of the filtration layer 
was sensitive to the physical properties of the substrate. Thus, the se
lection of materials and structure forming methods (i.e., foam forming) 
were essential in achieving the above targets. 

Fig. 3a shows the foam-formed viscose-PVOH 28–98 substrate before 
electrospinning. The measured basis weight, 10.1 ± 0.4 g/m2, and 
average thickness, 49.2 ± 1.8 μm, gives the density ρ = 205 kg/m3 for 
the substrate material. With the density of ρf = 1530 kg/m3 for the 
viscose fiber, we obtain an estimate of 1 � ρ/ρf = 0.87 for the substrate 
porosity. The high porosity and low thickness ensure an effective air 
flow through the substrate, despite visible micro-sized PVOH mem
branes that bind the viscose fibers together. The type of PVOH is 
essential in strength generation. 

After electrospinning (Fig. 3b–d), the PEO nanofiber network looked 
quite uniform for all spinning times, although some beads were also 
formed. A denser coverage of the viscose sheet with PEO fibers was 
clearly seen as the spinning time got longer. The coat weights and 
thicknesses for varied spinning time (Table 4) were obtained by a linear 
interpolation based on a calibration sample with a spinning time of 60 
min, for which these properties could be measured accurately. For the 
calibration sample, the density of the coating was 280 kg/m3, corre
sponding to a porosity of 0.75 (with a PEO fiber density of 1130 kg/m3). 
The PEO fiber diameter distribution was determined from the SEM im
ages (Fig. 3e). The calculated mean diameter was 140 ± 40 nm. The 
added PEO coating increased opacity but did not significantly change 
the mechanical properties from those of the substrate material (Table 4). 

As the diameters of the electrospun fibers are on the nanometer scale, 
the air transport in the electrospun layer is not described by the con
tinuum assumption of fluid mechanics. The actual flow condition can be 
estimated with the fiber Knudsen number (Bian et al., 2018): 

Kn =
2λ
df

, (3)  

where λ is the mean free path of the air molecules and df is the fiber 
diameter. The Knudsen number is related to the probability that an air 
molecule passes a nearby fiber without interacting with other molecules 
possibly affected by the fiber. For such a freely passing molecule, the 
fiber appears as non-existent. At room temperature and atmospheric 
pressure, λ ≈ 66 nm (Barhate & Ramakrishna, 2007), leading to the 
Knudsen number of Kn ≈ 0.94 in our case. This means that the air flow 
takes place in the transition regime. Here there is very strong slip flow at 
the fiber surfaces, and the pressure loss is only a fraction of that of the 
continuum limit (Ziarani & Aguilera, 2012). Moreover, the flow field 
inside the nanofiber network can be roughly approximated with a plug 
flow (Maze et al., 2007), i.e., with an approximately constant flow ve
locity inside the fiber network. 

In the transition regime, the pressure loss of electrospun networks 
can be estimated with the semi-empirical formula 

Table 3 
Important features affecting mask and respirator use as revealed by the inter
view study.  

Feature Description 

Comfort Feels comfortable to wear. Does not smell bad, or cause allergic 
reactions, excess moisture, or itching. 

Fit Fits well, does not move out of place or leak from the sides, and is 
not too tight. 

Effectiveness Is effective against virus infections and hygienic to use. 
Breathability Breathing is easy and feels easy. 
Functionality Enables exercise and movement, going to events, and does not 

hinder communication. Does not fog up glasses. 
Convenience Easy to carry, put on, wear, and clean if reusable. 
Affordability Does not cost too much money. 
Style Does not attract too much attention and matches outfit. Selection of 

colors and patterns. 
Sustainability Does not create too much waste.  
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ΔP =
1.364

π
μνL
d2

f

(1 � φ)0.158

φ
Kn� 0.556, (4)  

obtained earlier by Bian et al. (2018) for PA nanofiber filters with df =
60–260 nm. Above, μ= 1.8 × 10� 5 Pas is the air viscosity at normal 
conditions, v = 0.053 m/s is the superficial velocity, L is the thickness of 

the fiber network, and φ= 0.75 is the porosity of the fiber network. For 
the coating weights of 0.32, 0.65, and 1.3 g/m2, Eq. (4) gives the pres
sure losses of 27, 54, and 108 Pa, respectively. These values compare 
quite well with the measured values (Table 4 and Fig. 3f) despite a 
change in the nanofiber type. Notice that without the Knudsen effect, the 
pressure losses would be ca. 20 times higher (Koponen et al., 1998). The 

Fig. 3. a) Substrate nonwoven consisting of viscose fibers that were bonded together with micro-sized membranes of PVOH 28–99. b) PEO nanofiber coating formed 
on the substrate with 3-min electrospinning (weight 0.32 g/m2). (c,d) Similar coatings obtained with longer 6 min (weight 0.65 g/m2) and 12 min (1.3 g/m2) 
spinning times. e) The diameter distribution of the PEO nanofibers based on the image analysis. f) The measured pressure drop for both the single filtration layers 
(orange circles) and for the structures with 2 or 3 layers (orange squares marked as 2 × and 3 ×). The error bars show the standard deviation. The corresponding 
theoretical estimates (blue dashed line and squares) include the effects of the PEO coating (Eq. (4)) and the underlying substrate. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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Knudsen effect thus enables the use of electrospun nanofibers in filters. 
A closer comparison between the theoretical prediction and the 

measured pressure drop revealed slight variations in the structural ho
mogeneity among the different samples. For single layers (Fig. 2a), the 
average pressure drop increased linearly with the coat weight (Figs. 3f 
and S1a), which indicated that both the nanofiber diameter and the 
porosity of the electrospun layer stayed quite constant while increasing 
spinning time. In the thinnest PEO coating layer of Fig. 3b, the regions 
close to the larger substrate fibers were slightly better covered with 
nanofibers than the high-porosity regions where the underlying fibers 
were further apart from each other. This may have led to channeling of 
the air flow to the high-permeability regions, which would explain the 
somewhat lower measured pressure drop than what was predicted 
theoretically (Fig. 3f). Even though the overall distribution of the 
nanofibers looked more even at higher coat weights (Figs. 3c–d), the ca. 
20 % lower pressure drop compared to the theoretical prediction sug
gested no real improvement in the uniformity of air flow for the longer 
spinning times. Moreover, a larger relative variation in the pressure drop 
among parallel measurements (from 7 % at 3 g/m2 to 12–16 % at 6–12 
g/m2) was observed. 

The structures consisting of two or three substrate PEO layers 
(Fig. 2b) led to pressure losses that were clearly closer to the theoretical 
estimate. This estimate included contributions from both the coating 
(Eq. (4)) and the underlying viscose fiber network. The higher measured 
pressure loss indicated the closing of some fast flow channels of the PEO 
coatings when piling up the layers. At the same time, the deviation be
tween parallel measurements was reduced compared to the single-layer 
measurements. In a multi-layer structure, the substrate fibers cover the 
planar surface more evenly, and therefore the overall spatial distribution 
of the nanofibers is also more even. 

Fig. 4a shows the filtration efficiency of the above structures for 
varied particle sizes. The electrospinning process tends to form some 
denser network regions but their impact on filtering efficiency is usually 
minor compared to the overall average structure. Therefore, the filtra
tion mechanism can be analyzed in terms of the mean segment length a0 

of the nanofiber network, which also gives an order of magnitude for the 
mean pore size. For planar isotropic networks of fibers with a circular 

cross-section, 

a0 =
π2df ρf

16ρ , (5)  

where ρ and ρf are the material and fiber densities (Komori & Makish
ima, 1977). For all coat weights, the filtration efficiency in Fig. 4a in
creases most strongly when the particle size is just below the mean 
segment length for the nanofiber network, a0 ≈350 nm. This suggests an 
interception mechanism (Tcharkhtchi et al., 2020) where an aerosol 
particle being close to this size is highly probable to collide with a 
nanofiber when moving along a streamline, and is thus captured if the 
adhesion between the particle and the fiber is sufficient. A minimum for 
the filtration efficiency is usually found in the particle size range of 
0.1–0.2 μm. Smaller particles than 0.2 μm are also captured by a diffu
sion mechanism (Tcharkhtchi et al., 2020), which stops the decay in the 
efficiency. 

The filtration effect of the porous substrate relies on inertial impac
tion, and this effect can be largely neglected for sub-micron-sized par
ticles, as shown in Fig. 4a. Thus, one can focus solely on the PEO 
nanofiber layer when analyzing the effect of coat weight for the filtra
tion of these particles. The linear pressure dependence on coat weight in 
Fig. 3f suggests that a single filtration layer can be seen as a laminate of 
similar independent sub layers. When denoting by Pi

�
Dp

)
the probability 

that a particle of size Dp passes the sub layer i, the filtration efficiency 
E

�
Dp

)
satisfies 

1 � E
�
Dp

)
=

∏
i
Pi

�
Dp

)
=

∏
i

[
1 � Ei

�
Dp

) ]
, (6)  

where Ei
�
Dp

)
is the filtration efficiency of the i’th sub layer. Notice that if 

Eq. (6) holds for an arbitrary sub-layer thickness, filtration efficiency 

Table 4 
Physical properties and the measured pressure drop of the viscose-PVOH 28–98 
substrate and the filtration samples that include a PEO coating obtained with 
varied electrospinning time. The error indicates the standard deviation.  

Property Substrate Structure with PEO filtration layer 

3 min 6 min 12 
min 

60 
min 

2 
layers 

3 
layers 

PEO coat 
weight (g/ 
m2)a 

– 0.32 0.65 1.3 6.5 2 ×
0.32 

3 ×
0.32 

Coat 
thickness 
(μm)a 

– 1.2 2.3 4.6 23 2 ×
1.2 

3 ×
1.2 

Tensile 
strength 
(N/m) 

130 ± 20 120 
± 20 

120 
± 10 

120 
± 30    

Strain at 
break (%) 

1.9 ± 0.4 1.9 
± 0.2 

2.0 
± 0.2 

1.7 
± 0.3    

Tensile 
energy 
absorption 
(J/m2) 

2.3 ± 0.8 1.9 
± 0.4 

2.2 
± 0.2 

2.0 
± 0.7    

Tensile 
stiffness 
(kN/m) 

10.7 ±
2.4 

9.1 
± 1.5 

8.2 
± 0.8 

9.0 
± 1.8    

Opacity (%) 30.8 ±
0.1 

38.8 
± 0.9 

45.9 
± 1.5 

59.2 
± 4.3    

Pressure 
drop (Pa) 

3.5 ± 0.2 23.6 
± 1.9 

46.9 
± 6.2 

88.8 
±
18.4 

716 53.6 
± 7.2 

96.3 
± 3.8  

a Determined by scaling the values of the 60 min sample. 
Fig. 4. a) Filtration efficiency of the single-layer structure of coat weights 0.32 
g/m2 (filled black circles), 0.65 g/m2, (filled red circles), and 1.3 g/m2 (gray 
diamonds), and two-layer (2 × 0.32 g/m2, open circles) and three-layer (3 ×
0.32 g/m2, orange triangles) structures. b) Quality factor for the particle sizes of 
0.14 μm (red curve) and 0.58 μm (blue curve) based on applying the linear 
fittings of Fig. S1 to Eq. (2). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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follows the Kuwabara-type model (Zhou et al., 2022), E = 1 � e� γL, 
where L is the thickness of the filtration layer and γ is a particle size- 
dependent coefficient. 

In Fig. 4a, we illustrate that Eq. (6) effectively predicts the filtration 
efficiency of the thicker coat weights 0.65 g/m2 (as a single layer or in 
two layers) and 0.96 g/m2 (in three layers) based on the measured 
Ei

�
Dp

)
for the lowest coat weight of 0.32 g/m2. However, Eq. (6) is not 

true for the highest single coat weight of 1.3 g/m2, for which the 
filtration efficiency for all particle sizes is even slightly lower than for 
the three-layer structure. As the coat weight increases, the structure of 
the electrospun layer probably undergoes changes, which explains the 
observed phenomenon. It is possible, for example, that new electrospun 
fibers settle along the previous ones, thus shadowing the underlying 
fibers and decreasing the probability of interception. 

For a non-continuous filtration medium, as in our case, a threshold 
coat weight may be required before the efficiency E becomes finite (due 
to material heterogeneity or a finite interaction time required for the 
particle capture). Moreover, there can also be effects coming from 
channeling air flow. Therefore, the Kuwabara-type model does not 
necessarily best approximate the changes in E for a discrete nanofiber 
network. Thus, we sought a formula that would better reflect the 
measured relationship between varying efficiency E and coat weight w 
for the single-layer structures. In Supplementary material (Fig. S1b) we 
show that the formula 

1
1 � E

�
Dp

) ≈ a
�
Dp

)
w + b

�
Dp

)
(7)  

describes very well the behavior of E for the studied single-layer struc
tures. The fitted behavior of the coefficients a and b was monotonic so 
that b

�
Dp

)
changed sign at Dp ≈ 0.27 μm, whereas a

�
Dp

)
increased 

smoothly with particle size (Fig. S2). Eq. (7) can be interpreted so that 
for each particle size Dp, a threshold coat weight 

[
1 � b

�
Dp

) ]
/a

�
Dp

)
has 

to be exceeded to significantly capture particles of that size. For the 
particle size of 0.14 μm, for example, one can extrapolate a value of 0.08 
g/m2 for this threshold. The extrapolated threshold increases gradually 
with particle size and levels off at a coat weight of 0.2 g/m2 when the 
particle size reaches the mean segment length of the nanofiber network 
(Fig. S3). It is possible that the interception mechanism requires suffi
cient network strength, which is achieved at this level of coat weight. 
Multilayer structures do not necessarily fall on the same linear re
lationships because of the intermediate substrate layers that affect the 
air flow. 

Fig. 4b shows the quality factor estimated based on the linear fittings 
for the pressure drop (Fig. S1a) and the factor 1/(1 � E) (Fig. S1b). The 
calculated quality factor Q remains above 60 kPa� 1 (20 kPa� 1) for the 
particle diameter of 0.58 μm (0.14 μm) over the whole coat weight range 
of 0.32–0.65 g/m2. These levels are clearly higher than the earlier 
measured value of Q ≈ 5 kPa� 1 for a surgical face mask in the particle 
size range of 0.022–0.259 μm (Zhao et al., 2020). For the three-layer 
structure with higher filtration efficiency, the quality factor remained 
at a similar level as for the single layers of Fig. 4b because of an 
increased pressure drop. 

Different face mask designs were studied based on the developed 
filter material (Fig. 5). It is possible to apply the PEO-nonwoven material 
as a replaceable filter in a durable frame (Fig. 5b), which helps to 
minimize the side air leakage and keep the respirator clean. However, 
the material is also strong enough to be used as such or in a folded form 
so that the attachment is based either on ear loops or skin-friendly glue. 
In both cases, the partial transparency (Fig. 5c) provides additional 
opportunities for the concept design. 

4. Discussion 

The multi-scale structure consisting of a thin cellulose nonwoven 
fabric with a PEO nanofiber coating provides an excellent way to tune 
the performance of a filtration material. In the case of a single electro
spun layer, both the efficiency and pressure drop were dominated by the 
PEO coat weight. Doubling the coat weight from 0.32 and 0.65 g/m2 

increased the filtration efficiency of 0.6 μm particles from 80 % to 94 % 
(Fig. 4a). The resulting linear increase of the pressure drop was from 24 
Pa to 47 Pa (Table 4). For the three-layer structure with higher filtration 
efficiency, the quality factor remained on a similar level because of an 
increased pressure drop. This factor could probably be further improved 
by applying even a thinner PEO coating on a homogeneous substrate 
achieved with tailored regenerated cellulose fibers whose linear mass 
density would be below the studied level of 0.5 dtex. 

The key technical aspects responsible for the above performance can 
be summarized as follows: 1) By using aqueous foam to deposit very thin 
regenerated cellulose fibers, we form a highly porous substrate that 
enables fast parallel air flow (Koponen et al., 2017) with insignificant 
pressure drop. Still, the substrate is homogeneous and smooth over 
scales above a couple of hundred micrometers (Hjelt et al., 2022) and 
therefore has sufficient strength at low basis weight. PVOH acts both as a 
foaming and bonding agent. 2) The smooth substrate is associated with a 
uniform electric field during electrospinning so that the surface is 

Fig. 5. a) Transparent biodegradable filter material after electrospinning. b) Face mask designs that take advantage of the properties of the material and its easy 
foldability (designers: Ekaterina Karvanen, Ada Aalto, Anastasia Järvenpää). c) Measured opacity of the single-layer structures with varied PEO coat weight and of a 
reference commercial surgical mask. 
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covered evenly with the nanofibers. Their dense network enables 
effective filtration of particles at low coat weight. 3) The average 
nanofiber radius is very close to the mean free path of the air molecules, 
imposing a strong Knudsen effect and thus high air permeability for the 
PEO coating. 

Table 5 compares the achieved properties with standards such as EN 
14683 for medical masks and EN149 for face filtering pieces (FFPs). The 
comparison is not straightforward as the conditions and methods vary 
among the different classifications. The medical masks are classified 
according to their bacterial filtration efficiency (BFE) and differential 
pressure, whereas the FFP standard specifies criteria related to the 
particle filtration efficiency (PFE), breathability, leakage, and CO2 
content of inhalation air, for example. Whyte et al. (2022) found a 
correlation between BFE, measured with aerosolized bacteria with a 
mean particle size of 3.0 μm, and PFE with a similar fixed particle size. 
However, the PFE results tended to be higher than the BFE results 
because of the polydisperse particle size distribution in the standard BFE 
measurement. Our filtration measurements were based on polydisperse 
aerosol particles so that one could expect a closer correspondence with 
BFE. The required differential pressures of the medical masks were 
clearly achieved with the PEO coated nonwoven. Moreover, PFE of 3.0 
μm in size was 98.3 ± 0.6 % (0.32 g/m2) or 99.2 ± 1.0 (0.65 g/m2) 
depending on the coat weight, which would suggest 94–96 % BFE ac
cording to Whyte et al. (2022). For the multilayer structure, the BFE 
level could be even higher as the measured PFE was a perfect 100 % at 
the particle size of 3.0 μm. The filtration efficiency in this size range is 
sufficient for preventing the main viral load arising from droplets 
exceeding 20 μm in diameter at the time of emission (Anand & Mayya, 
2020). 

The comparison for a small particle size of 0.6 μm (Table 5) suggests 
that key requirements of different FFP standards could be met with the 
PEO-coated nonwoven by choosing a suitable coat weight and layered 
structure. At the same time, the breathability of the material would be 
greatly improved. Moreover, by altering the design, it is possible to build 
up concepts that have a very high filtration efficiency with moderate 
pressure drop, or those with high breathability but still significant 
filtration efficiency. 

Compared to the current filter materials often based on polypropene 
fibers, a solution based on biodegradable materials offers a great 
advantage when considering littering, for example. Not only is PEO 
biodegradable (Ma et al., 2014), but also viscose has been shown to be 
biodegradable in various environmental conditions including waste
water treatment plants and lake water (Lykaki et al., 2021; Zambrano 
et al., 2020). Finally, the foaming agent PVOH used in forming and 

bonding of the substrate is biodegradable in both aerobic and anaerobic 
conditions (Halima, 2016). Thus, face masks formed from the developed 
filter material could be disregarded as waste after use, if not reused after 
a couple of days' resting time. 

As for the facilitators and barriers identified in the interview study, 
the produced filter material shows promise in improving user experi
ence. First, the breathability of the material can reduce feelings of 
discomfort and enable mask wearing during many kinds of activities. 
Second, improved filtration efficiency may strengthen justified beliefs in 
the ability to control viruses, thus increasing the likelihood of using 
masks. Third, sustainable and biodegradable components could reduce 
feelings of discrepancy between hygiene and environmental load. In 
total, such properties might contribute to more effective virus preven
tion, not only in exceptional circumstances but also voluntarily during 
seasonal influenza, for example. 

In future, material properties could be improved by forming the 
substrate from tailored regenerated cellulose fibers with even lower 
linear mass density and thus with a higher aspect ratio than in the 
current study. In this way, homogeneity, mechanical properties, and 
transparency of the substrate could be increased further. Moreover, 
other potential choices for the electrospun nanofiber (Kai et al., 2014) 
and their post-processing (Polaskova et al., 2019) could be investigated 
to improve layer adhesion, which is important for frictional contacts. 
Here it is also important to consider the effect of hygroscopic coating 
materials on breathability in long-term use and to study in detail the 
durability and dimensional stability of the nanofiber layer at different 
humidity levels. 

5. Conclusions 

Our cross-disciplinary approach combining behavioral science with 
advanced structure-forming technologies led to a next-generation cel
lulose filtering material consisting of sustainable and biodegradable 
components. Based on the previous research and the interviews, the 
most urgent development needs for materials were breathability, effi
ciency, and sustainability. By forming a multi-scale structure via sub
sequent foam forming and electrospinning processes, we confirmed our 
hypothesis that high filtration efficiency with simultaneous low pressure 
loss was achievable with thin material layers and without fiber charging. 
The studied concept creates a family of mask solutions with different 
balances between filtration and breathability. Thus, the personal choice 
can be based on the usage context. The developed material folds easily 
and is partly transparent, which open up new possibilities for designers. 
Subsequent investigations could evaluate the practical implications of 

Table 5 
Comparison of the developed filtration material with face mask standards based on the measured pressure drop or differential pressure and particle (PFE) or bacterial 
(BFE) filtration efficiency.  

Mask type Pressure drop (Pa) Differential pressurea (Pa/cm2) Particle filtration efficiency, PFE (%) Bacterial filtration efficiency, BFE (%) 

MEDICAL (EN 14683)     
Type I  < 40   ≥ 95b 

Type II  < 40   ≥ 98b 

Type IIR  < 60   ≥ 98b 

FFP (EN 149)     
FFP1 ≤ 210c  ≥ 80  
FFP2 ≤ 240c  ≥ 94  
FFP3 ≤ 300c  ≥ 99  

PEO coated nonwoven     
0.32 g/m2 23.6 ± 1.9d 17.7 ± 3.8 79 ± 5e  

0.65 g/m2 46.9 ± 6.2d 39.4 ± 1.3 94 ± 5e  

3 × 0.32 g/m2 96.3 ± 3.8d not measured 99.5 ± 0.1e   

a Pressure difference required to draw air through the material with an area of 4.9 cm2 with a flow rate of 8 L/min corresponding to air speed of 27.2 cm/s. The 
standardized value is reported as the pressure drop divided by 4.9 cm2. 

b For the mean particle size of 3.0 μm. 
c At the flow rate of 95 L/min over the whole mask. 
d At the air face velocity of 5.3 cm/s. 
e For the particle size of 0.6 μm. 
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