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ARTICLE INFO ABSTRACT

Keywords:
Face masks

As a consequence of the large demand of face masks due to the COVID19 pandemic, cheap, fast and non-
destructive tests that can verify in-line the variability of the filtration capacities, prove the potential disinfec-
tion and/or evaluate the performance of new filtering materials are needed. Using two different approaches
based on air-coupled ultrasounds (0.15-1.6 MHz) with equivalent results, this work shows that each face mask
presents a distinctive ultrasonic signature that enables the classification and the evaluation of their performance.
Moreover, it is shown that the ultrasonic propagation through the face masks and the main filter layers takes
place through the pore space and that low frequency response of the attenuation and the velocity is highly
dispersive and is dominated by the interaction between the air in the pores and the fibers in the filters. Hence, the
parameters that describe ultrasonic velocity, attenuation and dispersion can be related with their filtration ef-

Non-destructive test
Air-coupled ultrasound

ficiency and breathability. These techniques are fully contactless, non-invasive and fast.

1. Introduction

The global pandemic of coronavirus disease (COVID-19) that hit the
world at the beginning of 2020 dramatically increased the demand of
face masks [1]. These among other personal protective equipment
(PPE), have been used as a physical barrier against the spreading of the
virus whose transmission it is thought to rely fundamentally on three
mechanisms: droplets, aerosols and contact [2]. Therefore, many
countries took actions recommending hygiene, social distancing and the
use of face masks in order to slow down the spread of the pandemic [3].
As consequence, the supply chain on these products was under high
stress and during first stages of the COVID-19 pandemic, the market was
not able to meet the demand. Then, for instance, the US Centers for
Disease Control and Prevention (CDC) and the European Union, relaxed
the existing standards, gave public guidance to use alternatives made of
clothing fabric [4,5] and issued use guidelines intended to prevent
shortage [6].

In the context of COVID-19, the following types of face masks are
available according to World Health Organization (2020): (i) respirators
or Face Filtering Piece (FFP), which protect the wearer from aerosols or
particles that might be infectious or harmful on its surroundings
(included as PPE); (ii) Medical Mouth-Nose Protection (MNP) or surgical
masks, which are intended to protect others from exhaled potential
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harmful particles; (iii) masks for everyday use, which grant no protec-
tion for the user to be infected but it is assumed that provide a reduction
of potential viral spread [7].

Face masks have to balance two main features: breathability and
efficiency, while other important factors are: cost, time of use, and the
possibility to reuse and disinfect them [8,9]. Regarding the efficacy of
the face masks there are two main considerations: the performance of
the material at filtering and the fitting of the design to the user [3].
Filtration is achieved by forcing the air to pass through a membrane that
has the capability to retain the target particles or droplets. This mem-
brane is made of a porous material with open porosity. Filtration effi-
ciency depends on the type and the strength of the interaction between
the solid material in the membrane and the particles to be retained in it
(mechanical, electrostatic, chemical, biochemical, etc.) and on the fac-
tors that can enhance the possibility of this interaction. These factors
depend on intrinsic pore properties as the porosity, the pore size, the
pore tortuosity and sinuosity, the internal surface area and on other
external factors as the thickness of the membrane and the use of several
layers. Clearly, they also depend on the particles to be retained: size,
shape, state (solid or fluid), concentration, electrostatic charge, etc. In
some aspects, filtration efficiency and breathability can be opposite.

There are different standards to classify face masks efficacy: In the
case of respirators, US National Institute for Occupational Safety and
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Health (NIOSH) established 9 categories (N95, N99, N100, P95, P99,
P100, R95, R99, R100) taking into account whether they resist oil
droplets (N, not resistant; R, somewhat resistant; P, strongly resistant)
and their filtration efficiency (95, 99, 100%). The European Standard
(EN 149:2001) classified the respirators into three main categories:
FFP1, FFP2 and FFP3 regarding its minimum filtration efficiencies (80,
94, 99%). According to Lee et al., [10], other existing standards as the
Chinese (KN95, GB2626-2006), the Korean (AS/NZ P2) and the Japa-
nese (DS2 FFRs) were proven to be approximately equivalent to N95 and
FFP2.

To assess the performance of the masks some features are tested such
as filter penetration (NaCl aerosol at a determined flow rate -upstream/
downstream- and particle size), flammability, extended exposure,
breathing resistance and Total Inward Leakage (TIL) [11]. According to
the American Society of Testing and Materials (ASTM) F2100 standard,
(see, for example, [12]), five performance characteristics have been
identified: particulate filtration efficiency (PFE), bacterial filtration ef-
ficiency (BFE), fluid resistance, differential pressure, and flammability.
According to Chua et al. [12], the viral filtration efficiency (VFE) is
another parameter used for certain N95 filtering respirators, although it
is not currently recognized as a standard test method by ASTM. In this
respect, it should be noted that even though the different certifications
aforementioned are widely recognized, the test protocols employed are
not completely similar. Furthermore, the final certification of the face
masks for each territory must be achieved at an accredited laboratory.
Also, some inconsistencies between face masks of different manufac-
turers certified by EN norms were reported by Serfozo, Ondracek,
Zikova, Lazaridis, & Zdimal [13]. These procedures might become an
issue when a rapid manufacturing response is needed as it was in 2020.
In this sense, new, rapid and efficient testing methods that can give
valuable information regarding filtering performance and guide along
the mask selection process are needed, see for example Fischer et al.,
[14,13].

The breathability of the face masks is normally characterized by
measuring the Maximum Breathing Resistance (MBR) for exhalation (at
30 and 95 l/min) and inhalation (at 160 l1/min) or the Differential
Pressure (previously mentioned), that measures the ability of the mask
material to restrict airflow through it, giving an objective indication of
the mask’s breathability.

The large demands of face masks in the wake of the worsening and
prolonging COVID-19 pandemic, raises some other issues (see Chua
etal. [12]), like the use of masks made of household materials, the use of
decontamination methods [8,9], the research in new filtration materials
and some environmental issues related to the consumption of natural
resources and disposable of waste material. Recently, professionals from
different fields where the use of PPE has dramatically increased during
the pandemic are raising their voices about the upcoming sustainability
and environmental issues that this might represent and claim for further
research towards the impact mitigation of those (see for example, [15]).
In this context, there is also a demand of scientific advice on the reuse of
face masks in the private environment (see, [16]).

Together with the necessity to determine the filtration capability,
breathability and durability of the selected materials according to the
approved standards, there is also a demand to develop cheap, fast and
non-destructive tests that can, among others activities: (i) verify in-line
that the variability of the produced filtration material is within the
acceptable tolerance, (ii) verify face mask integrity after disinfection
[8,9], (iii) test the performance of new filtering materials and mem-
branes, (iv) optimize the use of materials to reduce waste [8,16].

Ultrasonic methods have been previously used to study, test and
characterize filtration membranes [17-21]. A general formulation of the
wave propagation problem in fluid-saturated porous materials was
produced by M.A. Biot (see [22,23]), with the main assumptions of open
porosity and wavelength larger than typical pore size. In general, this
formulation predicts the propagation of two longitudinal waves (first
and second types or fast and slow longitudinal modes). Under some
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approximations, these modes can be understood as fluid-borne and a
structure-borne propagation modes. The observability of these two
modes depends on the possibility to generate them (which depends on
boundary conditions), on the attenuation coefficient and the propaga-
tion length. Biot distinguished between two different frequency regimes.
In the low frequency range, viscous skin depth is larger than the pore
size and the wave propagation in the fluid is dominated by this inter-
action between the fluid and the pore walls. In this case, the fluid-borne
propagation is strongly dispersive with velocity and attenuation coeffi-
cient varying with the frequency (f) as: f>°. In the high frequency range,
the fluid-borne propagation is mostly free of this viscous friction and the
propagation is mainly affected by pore space geometry (tortuosity).

A well-known example in this context is the study of sound propa-
gation in fibrous-porous materials saturated by air as these materials are
widely used as acoustical absorbers (see, for example [24,25]). In these
cases, only the fluid-borne propagation is observed and the low fre-
quency limit is many times valid. In such cases, Biot’s formulation is
reduced to the “modified fluid approach”. Ultrasonic propagation in air-
saturated fabrics was studied in Alvarez-Arenas [26]. This work dem-
onstrates that in this case, only the fluid-borne propagation is observed.
Other examples of the use of ultrasonic techniques to the study of air-
saturated membranes and filters correspond to Alvarez-Arenas et al.
[19,27], where only the solid-borne wave was observed and ion-track
membranes, where both wave types were observed, and the role of the
surface porosity in the possibility to generate the fluid-borne propaga-
tion mode was investigated (see, [28,29]). These works show the po-
tential of this technique as an alternative for non-invasive
characterization of filters or even as an integrity test in the light of the
high correlations obtained against membrane properties such as
porosity, permeability, pore size and other filtration parameters. In the
context of face mask characterization, it is then clear that the mea-
surement of the ultrasonic propagation in the face mask have the po-
tential to provide information about both filtration efficiency and
breathability.

In this work, we report the results of the study of the propagation of
ultrasonic waves (in air) through face masks and face mask component
layers with the purpose to determine the possibilities of this approach to
characterize or test these materials. The studied frequency range is
0.15-1.6 MHz and two different techniques were employed. We have
measured transmission coefficient spectra (magnitude and phase) and
analyzed the results to obtain some parameters like attenuation coeffi-
cient, ultrasonic velocity and dispersion. The correlation between ul-
trasonic parameters and other face mask properties is discussed as well
as the possibilities to develop and use a fast and simple ultrasonic test for
in-line quality control in face mask fabrication or as a rapid test to study
modifications of face masks with the use or after being treated.

2. Materials and methods
2.1. Face masks

We tested 9 different face masks of different type and from different
manufacturers. Face masks description and available information is
listed in Table 1,. With the exception of reusable face masks, made of
fabric, in general, face masks are made of two external and very thin
layers and between then one to three inner layers. One significant dif-
ference observed between the reusable fabric face masks and the rest of
the face masks studied here is that fabric face masks are stretchable.
Therefore, it can be anticipated that any stretching (either in use or
during testing) can affect the face mask properties and efficiency. In this
case all face masks were tested without any stretching. In general (see
for instance, [12]), the outermost layer is waterproof and helps to repel
fluids and droplets. The inner layers (one or more) are the filter layers,
which prevents particles or pathogens above a certain size from pene-
trating in either direction. The innermost layer is similar to the outer-
most one and is made of absorbent materials to trap droplets and to
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Table 1
Description of the face mask used in this study and information obtained from
manufacturers.

Name Description Other data
Hygienic UNE 0064-1:2020 By Asia Biomed
Three layers : woven PP / blown PP / woven  Technology
PP
Hygienic, One layer, fabric, By Abbacino
reusable UNE 0065/20 y OEKO-TEX 100
Fabric Two layers n.a.
Surgical Three layers n.a
KN95 Three layers By Xiamen
PinzTech Standard GB2626-2006, NK95 PinzTech
FFP2 Aura FFP2 —NR, four layers, EN149:2001, Aura™ 9320+, by

CE2797 3 M*
Maximum breathing resistance:

Inhalation 30 l/min: 0.7 mbar

Inhalation 95 1/min: 2.4 mbar

Exhalation 160 1/min: 3.0 mbar

FFP2 Biofield  FFP2 -NR, four layers, EN149:2001 + Biofield, by
A1:2009 Zhejiang Lily
CE2163, filtration efficiency > 94%

FFP2 Palens FFP2, three layers PP/PP/nanofiber layer Palens PLNS1619

(external), EN 149: 2001 + A1l: 2009,
COVID-19.

CE 0370-4080-PPE/B

Mean filtration efficiency: 96,4%
Maximum breathing resistance:

Inhalation 30 l/min: 0,37 mbar

Inhalation 95 1/min: 1.54 mbar

Exhalation 160 1/min: 2.2 mbar

FFP3, Five layers, EN149: 2001 + Al: 2009
Filtration efficiency > 99%

by Bioinicia'

FFP3 Sicura Sicura P30 by

Metalsud lo gatto

" Technical data sheet available in: https://multimedia.3 m.com/mws/
media/8423380/aura-9300-series-respiratory-technical-datasheet-pdf.pdf

T Further information in: https://bioinicia.com/comunicado-sobre-la-masca
ra-filtrante-palens-plns1619/

absorb the moisture from exhaled air to contribute to improve the user
comfort and the face mask durability.

External layers are, normally, membranes made of blown poly-
propylene and the main function is to protect the filter layers located
between them and avoid direct contact between the filter layer and the
mouth. Inner layers are, normally, made of non-woven fibers. The
different layers in the face masks can be easily separated.

Surgical masks and FFP respirators can be differentiated by the time
of use (<4 h and < 8 h, respectively) and by the filtering efficiency: FFP2
masks, filtering > 94% of aerosols (total inward leakage < 8%) and FFP3
masks, filtering > 99% of aerosols (total inward leakage < 2%) [6].

2.2. Ultrasonic measurements

All measurements were performed in the ITEFI-CSIC during
December 2020 at constant conditions of temperature (25 °C) and hu-
midity (35%). All measurements were taken in a short period of time
after removing the face mask from their envelope. It can be anticipated
that temperature will affect in some extent to the measured ultrasonic
response, while the presence of humidity trapped in the face mask can
modify the face mask properties so we have avoided these effects by
keeping temperature constant and humidity constant and as low as
possible.

2.2.1. Wideband ultrasonic measurements

Three pairs of ultrasonic transducers specifically optimized for its use
in air with centre working frequencies of 0.25, 0.65 and 1.1 MHz were
employed [30]. These transducers were designed and fabricated by our
group and are intended to optimize both sensitivity and bandwidth
simultaneously for ultrasonic air-coupled operation. Usable frequency
range is 0.15-0.35 MHz, 0.3-0.9 MHz and 0.6-1.6 MHz, for the 0.25,
0.65 and 1.1 MHz transducers, respectively. Therefore, it is possible to
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Table 2
Thickness and density of face masks and their component layers.
Facemask Thickness Density
(hm) (kg/m®)
Hygienic
Whole facemask 360 + 30 220 + 30
External layer (outwards) 125+ 15 215+ 30
Filter layer 120 + 15 230 + 25
External layer (inwards) 120 + 15 225 + 30
Hygienic, reusable
Whole facemask 585 + 40 345+ 30
Reusable
Whole facemask 520 + 40 335+ 30
Surgical
Whole facemask 370 + 40 210 + 40
External layer (outwards) 130 + 20 200 + 50
Filter layer 115+ 20 250 £ 55
External layer (inwards) 130 +£ 15 200 + 40
KN95 PinzTech
Whole facemask 735 + 60 230 + 30
External layer (outwards) 240 + 20 220 + 30
Filter layer 255 + 30 235 + 50
External layer (inwards) 230 + 15 230 + 30
FFP2 Palens
Whole facemask 660 + 60 215 + 40
External layer (outwards) 190 + 15 205 + 25
Filter layer 275+ 15 230 + 20
External layer (inwards) 195 + 25 200 + 55
FFP2 Aura
Whole facemask 1200 + 100 265 + 50
External layer (outwards) 205 + 35 220 + 60
Filter layer 490 + 20 215+ 15
Additional filter layer 371 + 50 365 + 110
External layer (inwards) 120 £ 15 240 + 30
FFP2 Biofield
Whole facemask 780 + 60 230 + 35
External layer (outwards) 220 £ 25 230 + 50
Filter layer 190 + 20 280 + 20
Additional filter layer 205 + 20 205 + 15
External layer (inwards) 170 £ 15 220 £ 25
FFP3 Sicura
Whole facemask 830 + 45 311 + 36
External layer (outwards) 220 £ 10 298 + 20
Filter layer 154 + 10 322+35
Additional filter layer 187 + 10 325 + 30
Additional filter layer 142 +10 360 + 30
External layer (inwards) 124 +£ 10 245 + 75

combine these three pairs to obtain measurements in the frequency
range 0.15-1.6 MHz. All measurements in the face masks and the
component layers were taken in through transmission configuration: the
transducers were placed facing each other while the sample under test
was located in between, assuring normal incidence of the ultrasonic
wave. Both face masks and layer components are placed flat on this
cavitiy avoiding any stretching, especially in the case of reusable
stretchable fabric face masks For these measurements, transducers
mounted on U-shaped holders, previously used and described (see, for
example, [31]) were used, transducers were fixed and a slot is provided
to introduce the sample, this facilitates the measurements. A picture of
the devices with the face masks is shown in Supp. Mat.

A commercial pulser-receiver (5077PR, Olympus, Houston, TX, USA)
was used to drive a 200 V-semicycle-square-wave tuned at the corre-
sponding central frequency of the transmitter. The received signal was
amplified (20 dB), averaged (12 samples) and digitalized at 10 MS/s
using a commercial digital oscilloscope (7054, Tektronix, WA, USA).
Then, magnitude and phase spectra of the transmitted signal were
calculated. Prior to every test, a blank measurement was taken in order
to compute the transmission coefficient spectra, following the same
procedure as in [29]. Three different face masks for each type listed in
Table 1 were used, and each one of them was measured in two or three
different points. With the exception of reusable face masks where there
was only one sample available and they were measured at five different
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locations. The different measurements obtained for every type of sample
were averaged and standard deviation calculated. Finally, and for the
purpose of a clearer display of the measurements in the figures, all
measured spectra were resampled at a lower frequency to reduce the
number of points in the figures.

2.2.2. Narrowband measurements

The two pair of air-coupled ultrasonic transducers whose center
frequencies is 0.25 and 1.1 MHz were used for these measurements.
They were excited with a sine tone burst of 15 cycles with 20 V ampli-
tude using a commercial function generator (Agilent 330A; Santa Clara,
USA). A reference signal was acquired to every measurement. In all
cases, the received signal was averaged, digitalized and stored by using a
commercial digital oscilloscope (5072, Tektronix, WA, USA). Selected
frequencies for these measurements were 0.3, 0.7 and 1.4 MHz. For the
0.3 MHz frequency, the transducers centered at 0.25 MHz were used
while for the measurements at 0.7 and 1.4 MHz, the pair at 1.1 MHz
were used. The same U-shaped holders were used in this case. The
amplitude ratio of the measurement to the reference signal was used to
compute the transmission coefficient magnitude, while the phase shift
between measurement and reference signal was employed to calculate
the phase of the transmission coefficient. The results are shown in
Table 4. These values were then compared with those obtained using the
wide band signals and the spectrum analysis (Fig. 1).
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B B FFP2 Palens
[ KNS o
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[~ > FFP2 Aura (B2
<H < FFP3 Sicura

80 0z 04 06 08 1o 12 14
Frequency (MHz)

Magnitude (dB)

16 18

¥ ¢ Hygienic
-+ - Surgical
b &b FFP2 Palens B
[ KN9S Tt
Kb<p FFP2 Biofield
> [ FFP2 Aura
<H <5 FFP3 Sicura

_%.0 02 04 06 08 10 12 14
Frequency (MHz)

Phase (rad)
A

16 18

Magnitude (dB)

Ultrasonics 117 (2021) 106556

2.3. Thickness and density

A micrometer (+0.01 mm; Mitutoyo, Kawasaki, Japan) was used to
measure the thickness of the face masks studied as well as the thickness
of every layer within them. Thickness was measured at four different
points of each face mask, the mean value and the standard deviation was
then computed. Additionally, density of the samples were calculated
using excised circles (40 mm diameter, obtained using a punch holder),
that were weighed in a precision balanced (XT 220A; Precisa Gravi-
metrics AG, Dietikon, Switzerland).

2.4. Microscopic images

A Leica DM750 (Leica Mycrosystems, Wetzlar, Germany) trans-
mission microscope fitted with a Leica ICC50 HP camera were used. All
images were obtained at x10/0.22. The LEICA DM750 microscope is
fitted with an Abbe condenser whose aperture was used to optimize
image brightness and contrast and to avoid light saturation. The larger
the layer opacity of the sample, the larger the Abbe condenser aperture
used. It was changed from x4 (typically for external membranes), up to
x48 for some of the FFP2 filters.

Hygienic
FFP2 Aura

| ¥ Reusable, hygienic
# & Reusable

_78.0 02 04 06 08 10 12
Frequency (MHz)

14 16 18

D

Phase (rad)
A

Hygienic

FFP2 Aura
' W Reusable hygienic
A & Reusable

—%.0 02 04 06 08 10 12
Frequency (MHz)

14 16 18

Fig. 1. Air-coupled ultrasonic transmission coefficient spectra for the whole face masks: (A) magnitude and (C) phase of the transmission coefficient vs
frequency of non-reusable face masks. (B) magnitude and (D) phase of the transmission coefficient of reusable face masks: the upper and lower limits shown (gray
symbols ‘+’ and dash dotted line) correspond to the upper and lower limit observed in non-reusable face mask (that is: hygienic or surgical and FFP2 Aura) to make
comparison easier. Solid lines correspond to the calculated transmission coefficient using Egs. (1), (2), (6), and (7), with n = 0.5 (Eq. (7)), that correspond to the low-
frequency Biot’s poroelastic losses. Only for the reusable face masks (B) this approach (n = 0.5) shows a very poor fitting (dashed gray lines). In this case, the n factor
is allowed to change to find the best fitting (solid line, B). The parameters obtained from the fitting of phase and magnitude spectra are in Table 2.
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3. Results

3.1. Thickness and density measurements: Whole facemasks and
component layers

As a preliminary and basic characterization of the face masks, both
thickness and density of the whole face masks and their component
layers were measured. Table 2 summarizes the results. The errors in
Table 2 reflect both the variability of the measurement within one
sample and within different samples from different face masks of the
same type.

3.2. Wideband ultrasonic measurements

3.2.1. Whole facemask results

Fig. 1 shows the measured ultrasonic transmission coefficient
spectra, magnitude and phase, for the whole face masks. A similar trend
is observed for all face masks with the exception of the face masks made
of woven textile (reusable and hygienic reusable), whose results are
plotted separately for more clarity (Fig. 1B and 1D).

These measurements reveal four fundamental results: i) it is possible
to measure the ultrasonic transmission coefficient spectra for the all the
face masks using air-coupled ultrasound in the frequency range 0.15 —
1.6 MHz and the equipment described in the Materials and Methods
section; ii) there is a clear difference in both the magnitude and the
phase of the transmission coefficient spectra for the different face masks
tested. In particular, with the face mask type and with the thickness and
the density of the face masks (see Suppl. Mat. Section I, Fig. 1); iii) there
is no evidence of ultrasound reverberations within the face masks (like
results presented in [21,26,28,29,32]), these reverberations would give
rise to thickness resonances that are not present here (as observed in
other filtration membranes see [19,27]); iv) the observed ultrasonic
transmission through the face masks correspond to the Biot’s slow wave
(as observed before in air-saturated ceramics and rocks [33], open cell
foams with large pores [34,35], fabrics [26] and ion track membranes
with pore size > 500 nm [21,28,29,32]), or second compressional wave
that is, mainly, a fluid-borne propagation mode. This later result is
relevant for this work as this implies that the transmitted ultrasonic
wave through the face masks have the potential to provide information
about the pore space: pore size, porosity, pore tortuosity, permeability,
etc. that will be clearly related with face masks filtration efficiency and
breathability (as discussed in [19,21,27,29,32,34,35]). This later result
requires of a better explanation that is provided below.

Given the experimental set-up, and the fact that there are no thick-
ness resonances, the effective ultrasound velocity of the propagation
across the face masks is obtained directly from the phase spectrum
measurement (4¢), the face mask thickness, t, and the velocity of ul-
trasound in the outer medium (air: v, = 340 m/s) [36]:

t

T Apjo+ /v, W

Vs

Some examples of the variation in the ultrasonic velocity with the
frequency obtained from measurements in Fig. 1 and Eq.1 are shown in
Fig. S2. Obtained velocity shows a strong dispersive behavior at low
frequency (velocity goes to zero as frequency goes to zero) and a rather
constant value at high frequency. It is interesting that we can use this
velocity data to verify that there are no thickness resonances in the face
masks. Thickness resonances for through transmission and normal
incidence appear at frequencies (fr.s(n)) given by: fres () =v/ (2t x n,
where n is the order of the resonance, n = 1,2,3... For example, for the
hygienic face mask, f..s(n = 1) is expected at 330 kHz, while for KN95
PinzTech fr.s(n = 1) is expected at 185 kHz. These frequencies are within
the experimental range, however, no resonances are observed. This can
be explained by a large attenuation coefficient, or a significant surface
roughness and/or thickness variability.

The variation in the measured ultrasonic velocity with the frequency
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in the frequency range < 400 kHz can be described by Eq. (2.a) (see
Suppl. Mat. Section II), that coincides with the variation in the velocity
of the slow wave mode in the low frequency limit of the Biot’s theory (2.
b):

veef03 (2.a)

12

v (f (ouon *fﬁz))
Y _ (ol ouo= ~ on) 2.b
Ve ( foo (rutrn) @

where, cj; are the Biot’s normalized elastic modulus for the solid (ij
= 11), the fluid (ij = 22) and for the mechanical coupling between them
(ij = 12), y; are normalized densities for the solid (ij = 11), the fluid (ij
= 22) and the inertial coupling between them (ij = 12), v, a reference
velocity and f; is a reference frequency given by: (u¢*/k)/(275,4)
where y is the fluid viscosity, ¢ is the porosity, k is the permeability and
Puigis the density of the fluid.

However, for frequencies over 400 kHz, this approach is no longer
valid and the velocity approaches a constant value as it is also predicted
in the Biot’s high frequency limit, where velocity is given by:

Vair
V=— 3
NG 3
where 7 is the pore tortuosity.
In the transition from the low to the high frequency limits, the
variation in the velocity with the frequency can be represented by a
general power law:

vogf" @

with 0 < m < 0.5. This variation in the velocity with the frequency
suggests that the observed propagation corresponds to the Biot’s slow
wave or second compressional wave or slow wave that is mainly related
to the wave traveling through the air in the pores. Stronger evidence that
supports this hypothesis can be obtained from the analysis of the
magnitude of the transmission coefficient (Fig. 1). According to Biot’s
theory for the propagation of acoustic waves in fluid saturated porous
media, transmission coefficient through the face mask, considering it as
a slab of porous material, under normal incidence can be described as:

T=¢T +(1-¢)T° (5)

where T° and T are the solid-borne (fast wave) and fluid-borne (slow-
wave) contributions and ¢ is a factor that takes into account the mode
conversion phenomena at the surface of the porous material [37]. As
made by Nagy [33], a simple estimation of the relative contribution of
each propagation mode to the transmission coefficient can be obtained
by the calculation of the loss due of the reflections at the face mask/air
interfaces. The reflection coefficient (R) at the interface between two
media (I and 2) is given by: R = ((Z2 - Z1) / (Z2 + Z1))2. Where Z is the
acoustic impedance and subindexes 1 and 2 stand for the two media. We
know that mean ultrasound velocity in the face masks is about 240-275
m/s (see Table 2 and Fig. S2). As the solid phase is mainly made of
polypropylene (density = 1100 kg/m?), and the fluid in the pores is air
(density = 1.2 kg/m®), then if the observed propagation (v ~ 240-275
m/s) corresponds to the fast longitudinal, or solid-borne propagation
mode, the acoustic impedance for this mode would be about 0.3 MRayl.
On the contrary, if the observed propagation corresponds to the slow
longitudinal mode, or pore-borne propagation, the acoustic impedance
would be about 330 Rayl. As the acoustic impedance of the air is 408
Rayl, we can calculate the expected reflection coefficient for both
modes: 0.9945 and 0.011 for the solid-borne and the fluid-borne prop-
agation, respectively. That is, the expected loss in the transmission co-
efficient due to the reflection at the surfaces of the faces masks is about
—45 dB and —0.1 dB for the solid-borne and the fluid borne propagation
modes, respectively. Therefore, no contribution of the solid borne
propagation mode above —45 dB is expected, and as already explained
by Nagy [33], the large impedance mismatch between the fast-wave
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impedance and the air, is the responsible for the poor or negligible
generation of this mode. It must be underlined the fact that this simple
analysis only considers the energy loss due to the reflection at the sur-
face of the face masks and the contribution of the attenuation in the face
mask is neglected. Therefore, any effect of the attenuation will push
further down this contribution of the solid borne propagation. Given the
observed values of the transmission coefficient magnitude loss (see
Fig. 1) it is then clear that the contribution of this mode can be
considered negligible. Moreover, given the reduced loss of the fluid
borne propagation mode due to reflection at face mask/air interfaces
(0.1 dB), this means that practically all the observed loss in Fig. 1 is due
to the attenuation in the material. Therefore, a large attenuation coef-
ficient in the material is expected. This large attenuation coefficient and
the almost perfect impedance match between the slow-wave and the
surrounding air are consistent with the fact that no thickness resonances
are observed.
Therefore, we can assume that:

T =¢T (6)

where Tf, for a flat layer, normal incidence and uni-modal propa-
gation is given by (see [38]):

T =2/(2coskt + i(m + 1/m)sinkt) )

where m is the ratio of the impedances of the layer to the air, t the
layer thickness and k the complex wave vector: k(w) = oV(w) + ia(w),
where «a is the attenuation coefficient, v the phase velocity and w the
angular frequency. Clearly, face masks are made of several layers with
different properties and the transition from one layer to the next must
affect the propagation of ultrasonic waves, nonetheless this first
approach (considering the face mask as a homogeneous material) can be
useful to quantify some effective properties of the whole face mask. A
more detailed analysis of the individual layers is presented in next
section.

Solid lines in the phase spectra (Fig. 1B) correspond to the calculated
phase spectra (using Egs. (6) and (7)) with a velocity given by:

- G)m{forf < 400kHz : fy = 200KHz,m = 0.5
— Vo\ ~

forf > 400KkHz : fy — |MHz ®)

0

where fitting parameters are vy and m. Solid lines in the magnitude

spectra (Fig. 1A) correspond to the calculated spectra (Egs. (6) and (7))

using the velocity obtained before and an attenuation coefficient given

by Eq. (9.a) where n is set equal to 0.5 as predicted by the Biot’s low
frequency limit Eq. (9.b):

a=aw (fJ:) (9.a)
0

o (L trira) ) o)
Q. 2 f. (61162 — 62,) ’

The fitting parameters in this case are: ¢ in Eq. (6) (that can be
approximated to the surface porosity [28,29,39] and ay. The obtained
fitting is quite good (see Fig. 1A). The exceptions are the woven face
masks where a larger value of n is required to achieve a similar fitting
quality. Fig. 1B shows the obtained fitting for the woven face masks
using n = 0.5 (dashed line) and the obtained fitting using n as fitting
parameter (solid line). All the obtained parameters from the analysis of
the measurements in Fig. 1 are show in Table 3.

3.2.2. Component layers results

The transmission coefficient spectra, magnitude and phase, for each
layer component were also measured using the same technique as in
previous section. Results are shown in Figs. 2 and 3. The filter layers
(Fig. 2 and Fig. 3A and 3B) were analyzed as we did in the previous
section. In the first place, velocity is described by Eq. (8), where vgp and m
are used as a fitting parameter to match phase spectrum calculation to
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Table 3
Obtained parameters from the analysis of the ultrasonic transmission coefficient
measurements.

Facemask ap (Np/ n* ¢ (Surface vo (m/s) m
mm) porosity) @1
fo=1MHz MHz

Hygienic
Whole 3263.9 0.5 0.48 250 0.1
facemask 11421.6 0.5 0.74 230 0.22
Filter

Hygienic
reusable 3703.7 0.67 0.85 260 0.15
Whole
facemask

Reusable
Whole 5791.7 0.74 0.85 235 0.22
facemask

Surgical
Whole 4698.3 0.5 0.61 270 0.11
facemask 12467.1 0.5 0.73 225 0.25
Filter

FFP2 Palens
Whole 2472.1 0.5 0.57 280 0.076
facemask 2586.8 0.5 0.40 280 0.05
Filter

KNO95 PinzTech
Whole 2468.8 0.5 0.53 280 0.08
facemask 5977.2 0.5 0.63 245 0.16
Filter

FFP2 Biofield
Whole 2888.2 0.5 0.41 265 0.09
facemask 11426.1 0.5 0.59 210 0.24
Filter 1502.4 1.32 0.84 305 0.02
Additional
filter

FFP2 Aura
Whole 2084.3 0.5 0.85 275 0.09
facemask 3294.3 0.5 0.72 265 0.1
Filter 2862.1 098 1.0 285 0.16
Additional
filter

FFP3 Sicura
Whole 2109.838 0.5 0.51 280 0.07
facemask 8189.404 0.5 0.56 210 0.1
Filter 1242.572 1.36  0.88 295 0.02
Additional 2231.059 1.37 0.88 295 0.02
filter
Additional
filter

*: n values of 0.5 indicate that this parameter was fixed and not used as fitting
parameter.

Table 4
Transmission coefficient magnitude and phase measured at 0.3, 0.7 and 1.4 MHz
using a 15 cycles sinusoidal tone burst.

Facemask Transmission coefficient
Magnitude (dB) Phase (rad)
0.3 0.7 1.4 0.3MHz 0.7MHz 1.4MHz
MHz MHz MHz (£0.1 (£0.1 (£0.2
(+2 (+2 (+4 dB) rad) rad) rad)
dB) dB)
Hygienic -13.6 —16.1 -21.3 —1.04 -1.5 -3.5
Surgical -17.9 -18.6 -23.8 —1.04 -1.4 —-2.6
KN95 —26 —28.5 -37.39 -2.83 -2.9 —4.6
PinzTech
FFP2 Palens —-17.2 -22.1 —-27.7 —1.41 -2.0 -3.1
FFP2 Aura —24.3 -37.9 —55.0 -1.98 -4.5 —6.2
FFP2 —28.7 -33.6 —44.4 —1.41 —2.86 -5.3
Biofield
FFP3 Sicura -22.3 —-28.5 —38.7 -1.75 —-2.73 —5.63
P30
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Fig. 2. Air-coupled ultrasonic transmission coefficient spectra for the main filter layer of the face masks: (A) magnitude and (C) phase of the transmission
coefficient vs frequency of non-reusable face masks. (B) magnitude and (D) phase of the transmission coefficient of reusable face masks. Since reusable face mask has
no filter layer, the result here correspond to the whole face mask (single layer) and it is shown for comparison purposes. In (B) and (D), the upper and lower limits
shown (gray symbols ‘+’ and dash dotted line) correspond to the upper and lower limit observed in non-reusable face mask (that is: hygienic and FFP2 Aura or
Biofield) to make comparison easier. Solid lines correspond to the calculated transmission coefficient using Egs. (1), 2, 6, and 7, with n = 0.5 (Eq. (7)), that
correspond to the low-frequency Biot’s poroelastic losses. Only for the reusable face masks (B) this approach (n = 0.5) shows a very poor fitting. In this case, the n
factor is allowed to change to find the best fitting (solid line, B). The parameters obtained from the fitting of phase and magnitude spectra are in Table 2.

measurements. The obtained results are similar as for the whole face
mask, with a strong dispersive response below 400 kHz and an asymp-
totic response for higher frequencies (see Fig. S2). Then, magnitude
spectra measurements are used, as before, to obtain ¢ and @y, and n (Egs.
6 and 9). In this case we tried to keep n = 0.5 unless fitting was not
possible (as observed with woven face mask in previous section). In this
case, it is only necessary to consider n > 0.5 for the additional filter
layers. Results are collected in Table 2. First and last layers cannot be
described by this approach, probably loss is too low and material too
inhomogeneous to be reproduced by Eq. (7).

3.2.3. Comparison of whole facemask results with individual layers

The purpose of this comparison is to get some further insight into the
propagation of the ultrasound wave through the face masks. There are
two possibilities: i) the ultrasound wave goes from one layer to the next
passing through a thin air-gap between the layers (loose layers condi-
tion) or ii) the ultrasonic wave pass from one layer directly to the next
(well bounded layers condition). In both cases the phase shift for the
whole facemask and the phase shift obtained by adding the contribution
of all layers must be the same. Quite on the contrary, the loss for the
whole face mask must be smaller if the wave is able to pass directly from
one layer to the next as in this case reflection losses at the air/layer
interfaces are avoided. If the wave has to cross the air-gap between
layers, then the loss measured for the whole facemask and the loss

obtained by adding the loss measured for each individual layer must be
similar.

Main result obtained from this comparison (see data in Fig. 1 and
Fig. 2, also Table S1 to make easier this comparison) is that both phase
shift and magnitude loss are similar (for the whole face masks and the
addition of individual layers). Therefore, from the ultrasonic point of
view, the layer components of the facemask behave as loose layers. This
is an expected result as the separation of the component layers of the
facemask for the measurements revealed no bounding between them.

3.3. Narrowband ultrasonic measurements

Narrowband ultrasonic measurements were also performed. This
technique presents the advantage of being simpler and cheaper to
implement. The transmitter transducer can be driven by a conventional
and general purpose low voltage (<20 V, peak to peak) function
generator, the use of a preamplifier in reception can be avoided and
there is no need of spectral analysis. The main drawback is that mea-
surements are obtained at one single frequency, however, variation in
the face mask response with the frequency can be analyzed by a discrete
set of measurements as presented here. The purpose of these measure-
ments is twofold. First, to determine the feasibility of these measure-
ments. Second, to verify the equivalence of both techniques
(narrowband and wideband). Three frequencies were selected for these
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Fig. 3. Air-coupled ultrasonic transmission coefficient spectra for other component layers of the face masks: (A) magnitude of additional layer, (C) first layer
and (E) last layer; (B) phase of additional layer, (D) first layer and (F) last layer. Markers correspond to the experimental data; Solid lines in A and B correspond to the
calculated transmission coefficient using Egs. (1), 2, 6, and 7, allowing parameter n (Eq. (7)) to be changed for the fitting. The parameters obtained from the fitting of
phase and magnitude spectra are in Table 2. Additional filter layer (only for FFP2 Aura and Biofield and FFP3 Sicura): A and B. First layer (outer layer located

outwards): C and D, Last layer (outer layer located next to the mouth): E and F.
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measurements: 0.3, 0.7 and 1.4 MHz.

As an example, Fig. 4 shows the received signal (15 cycles tone burst)
at 0.3, 0.7 and 1.4 MHz with and without the FFP3 Sicura face mask in
between the transducers. Signals are normalized to facilitate the visu-
alization. Similar results were obtained for the rest of the face masks.
Phase delay is clearly observed as well as the decrease of the SNR due to
the attenuation of the ultrasonic wave in the face mask. Table 4 sum-
marized the amplitude loss and the phase shift measured for all face-
masks with this technique at 0.3, 0.7 and 1.4 MHz. The comparison of
these values with measurements in Fig. 1 show that both techniques
(narrowband and wideband) provide similar results.

3.4. Microscopic images

Fig. 5 shows the obtained images of the filter layers of the face masks.
The appearance of the main filter layer is similar in all cases, with the
main exception of the FFP2 Palens filter layer that appears more porous.
Although the appearance of the filter layer in hygienic and surgical face
masks looks similar to the rest of FFP2, KN95 and FFP3 filter layers, it

0.6 - T
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must be underlined the fact that the light intensity was larger in the
former cases (for example Abbe condenser aperture is x20 for hygienic
face mask filter and x48 for FFP2 Biofield filter layer, where a larger
aperture of the Abbe condenser means a larger intensity of light). This
can be due simply to the fact that filter layers of hygienic and surgical
face masks are thinner (with the main exception of FFP3 Sicura filter
layer that presents a similar thickness), however, other features that
contribute to modify the amount of light transmitted through the face
masks layers are the porosity or the pore size and tortuosity. In all cases,
the additional filter layer (when present) presents a relatively higher
porosity and larger pore size.

Fig. 6 shows the obtained images of the outer membranes of the face
mask. The light transparency of all these layers is similar (in all cases
Abbe condenser aperture is set to x4, which is the minimum amount of
light intensity allowed) and much larger compared with filter layers in
Fig. 5. Also the structure is similar with the main exceptions of the last
layer of FFP2 Aura and FFP3 Sicura. Porosity seems to be larger for outer
layers of hygienic face masks and for the last layer of the FFP2 Biofield
and FFP3 Sicura.
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Fig. 4. Temporal normalized responses of narrowband ultrasonic tone burst excitation (15 cycle, 20 V peak to peak) through FFP3 Sicura face masks: (A)
at 300 kHz; (B) at 700 kHz; and (C) at 1.4 MHz. Black line: signal received without the face mask between the transducers. Gray line: signal received with the face
mask between the transducers. Normalization is performed to facilitate visualization of both signals; amplitude loss is presented in Table 3. Phase shift and reduction
in SNR can be appreciated; tone burst received with the face mask between the transducers is delayed respect to the signal received without the face mask between
the transducers is due to the lower velocity of ultrasound propagation in the face mask compared with the velocity in the free air.
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4. Discussion

Measurements shown in Figs. 1- 4 and Table 4 demonstrate that it is
possible to transmit ultrasonic waves in the frequency range 0.15-1.6
MHz both through face masks and through their layer components using
a completely non-invasive and non-destructive technique based on air-
coupled ultrasound. This can be realized using conventional ultrasonic
equipment (pulser/receiver electronics) and specially developed air-

10
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Fig. 5. Microscopic images of facemasks
filters: in all cases magnification is x10. Abbe
condenser aperture is indicated parentheti-
cally. (A) Hygienic (x20), (B): Surgical (x22),
(C): FFP2 Palens (x20), (D): KN95 (x35), (E):
Biofield, paper like (x48), (F): Biofield, non-
woven fibers (x11), (G): FFP2 Aura main fil-
ter (x48), (H): FFP2 Aura, translucent rigid
fiber plate (x10), (I): FFP3, paper like layer
(x36), (J): FFP3, non-woven fibers layer (x5),
(K): FFP3 non-woven fibers layer (x5). (I):
Fabric (x41).

coupled transducers. Alternatively, this can also be done by using tone
burst excitation. In this case, a conventional low voltage function
generator can be used, no spectral analysis is necessary and no gain in
reception is required. Results from both techniques are coincident
(within the observed variability of the measurements), see Table 4 and
Fig. 1.

A key result of this work is that each face mask type presents a
distinctive ultrasonic signature. Out of the 9 different types of face
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Fig. 6. Microscopic images of outer layers: in all cases magnification is x10 and Abbe condenser aperture is x4. Index 1: first layer (outwards), index 2: last layer
(inwards, closer to the mouth). (A) Surgical, (B): FFP2 Palens, (C): KN95 PinzTech, (D): FFP2 Aura, (E): FFP2 Biofield, (F): FFP3 Sicura.

masks tested, only two of them presented a similar response (with dif-
ferences within experimental variability): FFP3 Sicura and KN95 Pinz-
Tech. This ultrasonic signature can be obtained by the measurement of
the transmission coefficient spectra either by using a wideband tech-
nique (magnitude and phase, see Fig. 1), or, alternatively, by using
narrowband measurements at a discrete set of frequencies (for instance,
our proposal in this work was to use: 0.3, 0.7 and 1.4 MHz, see Table 4).

11

Once this ultrasonic signature of a given face mask type is known, it can
be used to verify if a face mask sample of a given type meets the expected
response. As this measurement is very fast, completely non-invasive and
non-destructive, rather cheap, suitable for operation in industrial envi-
ronments and to be adapted for continuous testing, this can be applied as
an in-line quality control test in face mask fabrication. Alternatively, this
can be used to assess or to monitor face mask properties alteration due to
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their usage or due to the exposure to different environmental conditions
(temperature, aerosols, dust, etc...) or due to the application of disin-
fection methods, etc.

Another result of this work is that the ultrasonic technique can also
contribute to study filtration efficiency or breathability of the face
masks, when used in conjunction with other techniques. Being an indi-
rect measurement, the main value of the technique is given by the
properties mentioned above (non-destructive, non-invasive, fast, cheap,
and suitable for industrial environments). For the purpose of the study of
the face masks filtration efficiency and breathability, it is very inter-
esting the fact that the observed ultrasonic propagation in the face masks
takes place through the air in the pores of the face masks. Therefore,
ultrasonic parameters like velocity of propagation, attenuation coeffi-
cient and variation of these two parameters with the frequency will be
affected by face mask properties like: pore size, pore tortuosity and
sinuosity, porosity, permeability, etc., that are also closely related with
filtration efficiency and breathability.

A first ultrasonic criterion for face mask efficiency can be based on
the variation of the losses in the attenuation coefficient with the fre-
quency, where it can be imposed that it must follow the behavior given
by @ « f", with n = 0.5. The reason for this is that this corresponds to the
attenuation predicted by low-frequency Biot’s theory where attenuation
is determined by the viscous interaction between the fluid in the pores
and the solid as the pore size is smaller than the viscous skin depth. In
addition, this is the case of all hygienic, surgical, KN95, FFP2 and FFP3
face masks studied. However, woven reusable face masks present a value
on n clearly larger and close to 0.7. This is not a good indicator of
filtration efficiency as this indicates that in these face masks pores are
larger and the viscous interaction between the air and the solid is not so
strong.

After checking that behavior of the attenuation coefficient with the
frequency follows a a « f % law another ultrasonic criterion can be
based on the value of the transmission coefficient magnitude and phase
spectra. As phase can be more difficult to measure in an industrial
environment, we can limit this analysis to magnitude loss. For a given
frequency, for example 0.7 MHz, the observed loss is about —16 dB for
hygienic face masks, about —20 dB for surgical face masks, about —28
dB for KN95 (only one type of face mask measured: PinzTech) and in the
range -23 to —39 dB for FFP2 and FFP3 (only one type of FFP3
measured: Sicura). Further studies in this direction could contribute to
determine if such classification is feasible and its potential interest.

On the other hand, the loss in the ultrasonic transmission coefficient
magnitude can also be related to the breathability of the face mask, as
the larger the friction between the air and the solid in the pores of the
face mask, the larger the pressure drop across the face mask. This feature
is normally characterized by measuring the Maximum Breathing Resis-
tance (MBR) for exhalation (at 30 and 95 1/min) and inhalation (at 160
1/min). These data are only available from manufacturers of face masks
FFP2 Palens and Aura. Filtration efficiency can be expected to be similar
in both cases (both face mask types are rated as FFP2) however there are
significant differences in the MBR, which is larger in the case of the FFP2
Aura face mask (see Table 1). In view of the MBR data, it can be expected
a larger loss of the ultrasonic transmission coefficient magnitude for the
FFP2 Aura face mask. This is confirmed by measurements in Fig. 1 and
Table 4. For example, at 0.7 MHz, magnitude loss of the ultrasonic
transmission coefficient is —38 dB and -23 dB for FFP2 Aura and FFP2
Palens, respectively. A huge difference of 15 dB.

Finally, it can be observed in Fig. 1 that the response of FFP3 Sicura
and KN95 PinzTech is very similar (magnitude loss at 0.7 MHz is about
—28 dB in both cases). As in this case filtration efficiency is expected to
be better for the FFP3 Sicura face mask, it could be anticipated, in view
of the ultrasonic results, that breathability of the FFP3 Sicura face mask
is also better. However, this cannot be confirmed as no data are
available.

It is clear that filtration efficiency and breathability as well as ul-
trasonic transmission coefficient depend on both materials properties
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and face mask thickness (and number of layers). So far, we have
analyzed ultrasonic properties that depend on both features (material
parameters and thickness), like magnitude loss and phase shift. On the
other hand, the dependency of the attenuation coefficient and the ve-
locity with the frequency are material parameters and do not depend on
the thickness of the face masks. The analysis of these material parame-
ters can provide some further insight into the material filtration effi-
ciency. In addition to n, it is also possible to obtain vy and m (Eq. (8)),
ap (Eq. 9) and ¢ (Eq. (6)). v is related to pore tortuosity, ag to pore size
and permeability and ¢ to the ratio of open (air) to solid surface at the
face mask / air interface. Therefore all these parameters can be expected
to be related to both filtration efficiency and breathability.

The obtained value of ay (see Table 3) for KN95, FFP2 and FFP3 face
masks is around 2200 Np/m (for fp = 1 MHz), while it is larger for hy-
gienic and surgical face masks (3300 and 4700 Np/m, respectively),
which suggest that the better filtration efficiency of the former face
masks is not obtained by smaller pores (higher ultrasonic attenuation
coefficient) but by thicker filters and the use of additional layers. This
strategy of combining several filter layers can contribute to better
filtration efficiency together with better breathability.

Obtained surface porosity for the non-reusable whole face masks
varies from 0.41 to 0.85, while for reusable face masks it is about 0.85.
No clear relationship between face mask grade and surface porosity has
been observed.

The ultrasound velocity at 1.6 MHz seems to be close to the high
frequency limit (see Figs. 1 and 2 and Fig S2). This value is closely
related to the pore tortuosity (Eq. (3)). The more tortuous the pores, the
more likely a particle (or droplet) will interact with the solid part of the
filter and the more likely it can be trapped. In addition, the more
tortuous the pores the larger pressure drop across the membrane. Ul-
trasound velocity at 1.6 MHz (obtained from Figs. 1 and 2) together with
the estimated tortuosity value are listed in Table S4. Tortuosity values
for the whole face masks varies from 1.28 (FFP3 Sicura) up to 1.59
(Hygienic), while for the main filter varies from 1.40 (FFP2 Palens) up to
2.41 (FFP3 Sicura). It seems that the face mask with a lower filtration
efficiency (hygienic) present a larger tortuosity, hence, the better
filtration efficiency of the other face masks must be provided by either
the larger thickness or the use of more layers or both.

The measurements of the response of the individual layer compo-
nents of the face masks (Figs. 2 and 3) reveal some interesting features.
In the first place, it can be observed that the magnitude loss and phase
shift measured in the whole face masks can be obtained as the addition
of the measured response of the individual component layers, this means
that attenuation coefficient calculation presented before not only
depend on the ultrasonic loss in the layers, but also to the losses pro-
duced in the layers interfaces. These measurements also reveal that the
main contribution to the face mask transmission coefficient loss and
phase shift is due to the main filter layer in the face mask, as it was
expected.

These layers also present a variation in the attenuation coefficient
governed by a power law with exponent equal to 0.5. Some face masks
present an additional filter layer which is thinner (apart from FFP2
Biofield) and presents larger pores (see Fig. 5). In these layers a o f ",
with n between 1 and 1.4, revealing the fact that the presence of bigger
pores in these cases reduces the contribution of the low-frequency
poroelastic losses, and hence increases the value of n.

There is also a clear difference between ultrasonic responses of the
filter layers of the different face masks (see Fig. 2). Let’s take 0.7 MHz as
the reference frequency for this analysis. As observed before, the lower
magnitude loss and phase shift in the transmission coefficient corre-
spond to the filter layers in hygienic and surgical face masks is about (-9
and —11 dB and —0.7 rad, respectively). These layers are also the ones
that required the lowest light intensity to obtain the microscopic images
(see Fig. 5, with Abbe condenser aperture set to x20 and x22, respec-
tively). The largest losses and phase shift correspond to the filter layers
of FFP2 Aura and FFP2 Biofield (-21 and —19 dB; and —1.7 and —2.0
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rad, respectively). These layers are also the ones that required the largest
light intensity to obtain the microscopic images (see Fig. 5, with Abbe
condenser aperture set to x48).

In spite of this rather similar response of FFP2 Aura and FFP2 Bio-
field, it is remarkable the differences in the filter layer thicknesses. The
filter layer in the FFP2 Aura face mask is 490 + 20 um, while the filter
layer of the FFP2 Biofield is much thinner 190 + 20 um. The fact that the
magnitude loss in the transmission coefficient is similar is explained by
the fact that ap is much larger for the FFP2 Biofield filter (11400 Np/m)
than for the FFP2 Aura filter (3200 Np/m), also the tortuosity is larger
for the FFP2 Biofield. These two face masks present an additional filter
layer, with an inverse strategy: low attenuation coefficient for the FFP2
Biofield and a larger attenuation coefficient for the FFP2 Aura. These
features reveal two different strategies that can achieve a similar
filtration efficiency (both face masks are rated as FFP2). A similar
reasoning can be applied in the comparison between hygienic and sur-
gical face masks, as thickness of the filter layers is similar for both cases,
the better grading of the surgical face masks can be explained by the
larger attenuation coefficient and the larger tortuosity measured in the
later.

Another interesting result is obtained from the comparison of the
spectra of the main filter in the FFP3 Sicura and the KN95 PinzTech face
masks. Both filters present similar magnitude loss response, though the
filter layer of the FFP3 Sicura layer is thinner. This is the result of a larger
attenuation coefficient of the material in the FFP3 Sicura filter layer
(Table 3). Another difference is the tortuosity, larger for the FFP3 Sicura
main filter (Table S4).

5. Conclusions

This work shows that it is possible to measure the ultrasonic trans-
mission coefficient in the frequency range 0.15-1.6 MHz in different
types of face masks (from hygienic to FFP3, reusable and non-reusable)
and their component layers using an ultrasonic air-coupled technique.
Two different versions of the ultrasonic technique have been presented
and tested, one using wideband pulses and the other using narrowband
tone bursts with equivalent results. The former can provide more in-
formation while the later can be implemented in an easier way. Results
show that there are remarkably large variations in the ultrasonic
response of face masks of different types.

Measurement of the ultrasound velocity and the attenuation coeffi-
cient in the face masks and the variation in these parameters with the
frequency permitted to determine that the propagation of the ultrasonic
wave through the face masks takes place through the pore space. The
propagation of the ultrasonic wave through the face mask (both velocity
and attenuation) is then affected by face mask features like porosity,
pore size, pore tortuosity, permeability, etc. Moreover, results point out
the fact the dominant effect in the attenuation of the wave is due to the
viscous drag between the air and the fibers (which depends on the
relationship between the pore size and the wavelength), while velocity is
also affected by the tortuosity of the pores. That is, the ultrasonic
technique is an indirect way to measure face mask properties that are
related with the filtration efficiency and the breathability. The results
also show that the measured ultrasonic transmission coefficient is also
affected by face mask thickness, number of layers, density and surface
porosity.

Measurements reveal that there are large differences in the trans-
mission coefficients measured in face masks of different types, and that
each face mask type presents a particular ultrasonic signature that can
be used to characterize them or to verify the face mask integrity.

This is quite convenient as this is a completely non-invasive, non-
destructive and fast technique that can be easily implemented at an
industrial scale for the in-line test of the production. In addition, these
measurements have an indirect character and must be related with
actual filtration properties, in this sense the technique can be very useful
when combined with other direct techniques that may be more complex
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or time consuming or expensive or that are destructive. Alternatively,
the technique is also well adapted to detect face masks modifications in
an easy, fast and cheap way, for example during use, or after disinfection
or after being exposed to different environments.

This work shows the viability to measure face mask and layer com-
ponents using air-coupled ultrasound and suggests the interest and
possibilities of this technique for quality control in this industry. Future
work must contemplate the analysis of the quantitative correlation be-
tween filtration and breathability with ultrasonic parameters and the
determination of the sensitivity of the ultrasonic parameters to the
variation of the former parameters. For implementation in the industry,
it will be necessary to determine, for a given model, the tolerance in
filtration efficiency and breathability and how these tolerances trans-
lates into the ultrasonic parameters so that the ultrasonic method can be
used to classify the production and to reject those cases that are beyond
tolerance.
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