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Abstract

:

This paper presents an experimental study on acoustic attenuation of different types of face masks in use by the general population during the COVID-19 pandemic. In particular, measurements are performed on ten samples of masks, of which four are medical masks, three are respirators, and three are community masks. Breathability and Bacterial Filtration Efficiency (BFE) tests, in compliance to the standard characterization process of medical masks, are also carried out. The porosity on each layer composing the masks is measured by processing their scanning electron microscopy (SEM) images. The analysis of the results aims to establish if acoustic attenuation is correlated to any of these parameters. It emerges that porosity and breathability are strongly correlated to acoustic attenuation, while bacterial filtration efficiency is not.
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1. Introduction


The COVID-19 pandemic increased the interest in face masks as well as encouraged their broader use by the general population. The World Health Organization (WHO) declares [1] “Masks are a key measure to suppress transmission and save lives. Masks should be used as part of a comprehensive ‘Do it all!’ approach including physical distancing, avoiding crowded, closed and close-contact settings, good ventilation, cleaning hands, covering sneezes and coughs, and more. Depending on the type, masks can be used for either protection of healthy persons or to prevent onward transmission”.



Face masks are disposable devices whose main function is filtering droplets and particles. Indeed, masks are specifically designed to cover the nose and mouth and belong to two main classes: medical masks and respirators. Medical masks are designed to prevent the wearer from spreading droplets, while respirators act as a bidirectional barrier for airborne particles and droplets, being designed to protect the wearer from inhaling particles and droplets and to impede the wearer from spreading droplets. Regulations are quite clear towards these two types of face mask, given the existence of specific standards detailing performance requirements and test procedures to assess the compliance to requirements [2,3]. These standards prescribe minimum mask performance requirements with regard to filtering efficiency, as well as ergonomic characteristics such as breathability, mask fit and, finally, biocompatibility characteristics, to assure on one side efficacy and on the other the safety of use. The standards prescribe also the testing methods, which are rather complex, as discussed in [4]; in [5], an intercomparison between different laboratories is carried out, to highlight the main issues in mask testing, according to standard procedures, and the related uncertainty when assessing mask breathability and bacterial filtration efficiency.



During the pandemic, due to shortage of respirators and medical masks, so called community masks have also been put on the market and widely used by the population. However, community masks are not subject to any regulation; only recently have they been considered in a CEN document [6], issued in June 2020 as the result of a workshop organized to discuss this topic.



If on the one hand the topic of face masks performance is clear when related to disease prevention, on the other hand their acoustic performance was addressed only marginally before the COVID-19 pandemic and it is not subject to any specific requirement, according to existing standards, despite the huge impact that the acoustic performance of masks can have on people. This is the reason why the interest in acoustic performance of face masks has seen a rapid increase during the pandemic and several scientific papers on the subject have been and are being published in the last two years, addressing this topic from the many different perspectives it deserves.



Nowadays, the acoustic comfort is a hot topic in the automotive and buildings field.



In these fields, the internal noise is estimated, and an acoustic comfort class is assigned to the room/building (good → A-B-C-D-E → bad).



As an example of this trend, in [7] an indirect approach is proposed to estimate the internal acoustic comfort of a building (or single room).



This aspect opens a possible issue related to the combined contribution of masks and room acoustics, with some rooms with particular acoustic comfort classes being “incompatible” with the use of masks.



Very soon after the rise of the pandemic wave, Chodosh et al. [8] focused on the devastating effects of wearing face masks on hearing impaired subjects. In fact, the use of face masks can greatly hamper communication, given the complete cut-off of visual cues from lip reading and facial expressions. Asadi et al. [9] investigated several respiratory actions when wearing face masks and recorded the audio associated with these actions. They proved that people generally speak more loudly when wearing masks. Bandaru et al. [10] investigated acoustic effects on N95 masks (respirator) demonstrating a significant increase in speech reception threshold (mean of 12.4 dB) and a decrease in speech discrimination score, up to 7%difference with personal protective equipment (PPE)—vs. without PPE. In [11], Muzzi et al. demonstrated that wearing face personal protective equipment impairs the transmission of middle-to-high voice frequencies and affects speech intelligibility. More specifically, they proved that medical (surgical) masks are responsible for up to 23.3% loss of speech intelligibility in noisy environments, while PPE account for up to 69.0% reduction in speech intelligibility. Corey et al. [12] examined the acoustic attenuation caused by different face masks using a head-shaped loudspeaker and a live human talker. They demonstrated that all masks, even though great quantitative variability exists between mask types, attenuate frequencies above 1 kHz and that attenuation is greatest in front of the talker. Caniato M. et al. [13] focused on how much COVID-19 face protections influence speech intelligibility in classrooms. The same topic was addressed by Bottalico, P. [14], who carried out experiments in auralised classrooms. The issue of speech intelligibility, and the following listening effort, is also central in the paper [15], where Brown V.A. et al. described the effect of face masks on young persons and older adults. Pörschmann C. et al. [16] studied the impact of face masks on voice radiation.



This brief literature survey, which is not comprehensive, testifies the recent interest of the scientific community in acoustic effects of COVID-19 face masks.



Our paper aims to provide further insight into the topic of the acoustic performance of face masks, by searching for correlations between the acoustic attenuation induced by the masks and their properties, in particular the fibrous material porosity, and functional performance, in particular the mask breathability and its bacterial filtration efficiency.



The paper is organized as follows. The experimental methods are described in Part 2, which describes the types of masks tested, the set-up for acoustic measurement, the measurements of breathability and bacterial filtration efficiency (BFE), according to the standard for medical masks, and the measurement of porosity by image analysis at the scanning electron microscope. Part 3 reports the results and proposes the correlation between acoustic attenuation and the mask’s characteristics and leads to Part 4 which outlines the conclusions.




2. Experimental Methods


Several typologies of protective face masks have been considered and their performances in terms of acoustic attenuation and breathability have been estimated. Three community masks, four medical masks and three respirators have been tested, as reported in Table 1 together with their properties such as the number of layers and mass per unit area. Table 1 also shows the masks tested while worn by the mannequin. For medical masks and respirators only a mask for typology has been shown because the appearance of the masks are similar and they only belong to different brands.



2.1. Acoustic Measurement Set-Up


The acoustic attenuation of each mask has been measured by disposing the mask on a home-made head and torso mannequin, with a sound source (Simcenter Q-MHF) inserted in the mouth. The source is a volume acceleration source with internal reference sensors to measure the acoustic strength of the monopole source generated. It works in the medium and high frequency range, specifically between 200 Hz and 10 kHz, and it has a 30 mm diameter hose which was fixed inside the simulator mouth.



The acoustic pressure generated by the source was measured with 18 1/2” free-field, pre-polarized condenser microphones (PCB, model 377B02) located on a circumference of 1.2 m in radius and angularly spaced by 20 degrees. The plane containing the circumference was placed at the same height of the mouth of the mannequin and the center of the circumference coincided with the mannequin mouth. This configuration was adopted to characterize the directivity induced by the masks with respect to the reference monopole-like directivity of the source. As evidenced in [16], where the influence of the masks on voice radiation has been studied, the radiation of a dummy head and torso may be different from the human voice, because it depends on the mouth’s opening and nasal passage which impacts on the dynamic voice directivity. However, Halkosaari [17] demonstrated that, despite these differences, a dummy head behaves as a good approximation of the human voice radiation and, for the purpose of the work reported in the present paper, it allows one to objectivize the masks attenuation with respect to a common and reproducible acoustic source.



The test has been conducted in the semi-anechoic room of the DII department at Università Politecnica delle Marche. The head and torso mannequin and the microphones positioned in the circumference for the directivity measurement are illustrated in Figure 1. Figure 2 gives a close-up of the mannequin mouth where the Simcenter Q-MHF acoustic source is inserted with and without the mask.



The measurement campaign has been performed opting for an acquisition frequency bandwidth of 25.602 kHz and an acquisition time of 20 s. The source was fed with band-limited random white noise in the range 200 Hz–10 kHz. For each mask, 5 measurements have been realized; this was carried out to assess test reproducibility by removing and replacing the mask on the simulator face each time. The removal and replacement of the mask in these tests also allows one to consider the variability induced by mask fit on the face of the wearer. Tests and results have been carried out considering un-weighted sound pressure levels (dB(Z))




2.2. Breathability Measurement Set-Up


The breathability test aims at quantifying the breathing resistance while wearing the protection mask. This is evaluated by measuring the pressure drop across the mask, while a constant air flow is forced to flow through the specimen. We have set-up a test apparatus and operated procedures in compliance to the EN 14683 standard [3]. This standard strictly applies to medical masks; however, we have used the same procedure to measure breathability of the respirators and community masks, in order to have comparable data. Before taking the test, each sample is maintained under a controlled atmosphere for a period of four hours with a temperature and a relative humidity, respectively, of 21 ± 5 °C and 85 ± 5%: this allows one to simulate the thermal and hygrometric conditions of masks being worn by a person. The sample is then fixed by the sample holder to the airflow circuit acting as a diaphragm. A steady flow of 8 L/min is imposed, flowing across the probed area of the specimen for 10 s. The differential pressure (in Pa) between the upstream side and the downstream side of the mask is finally measured and related to the dimension of the probed surface, which is a 25 mm diameter disk. According to the standard, breathability is the pressure drop per unit area, therefore it is expressed in Pa/cm2. Due to the fact that mask material may be non-uniform, the standard prescribes to take measurements on five different circular areas spread over all the mask’s surface and compute the average; this averaged value of the differential pressure is considered as an indicator of the breathability of that mask. Tests have to be repeated on 5 samples. Overall, these repetitions allow one to account for sample-to-sample variations, for sample non-uniformities and for measurement uncertainty. Figure 3 describes the measurement set-up.




2.3. Bacterial Filtration Efficiency Measurement Set-Up


The standard EN-14683 (Annex B of the standard [3]) describes a test method for measuring bacterial filtration efficiency (BFE). Indeed, this is a complex measurement method, involving fluid dynamic and microbiological measurements, developed to test medical masks. We decided to exploit this test approach to refer correlations to this typical performance parameter normally reported in certified medical masks. Indeed, for the respirators a different standard applies [2] and the filtration efficiency for the respirators is measured in a different way; however, we decided to also measure BFE for the respirators, in order to have a consistent data set for comparison. For the same reason, the BFE performance was also measured for community masks, even if for these masks no standards exist; therefore, no specific method to measure filtration efficiency is prescribed.



To measure BFE, an aerosol stream containing a known charge of Staphylococcus aureus ATCC 6538 is forced to flow through the mask material and a six-stage Andersen cascade impactor [18]. The impactor is an aerodynamic particle sizer and separates the incoming aerosol droplets in six different size classes by impaction of the droplets. Each stage contains a petri dish with an agar medium on which droplets of a given size class impact; after the incubation of the petri dishes, a bacterial colony will form at the point of impact of each droplet. Counting the bacterial colonies allows one to measure the number of droplets which have impacted at each stage and the size distribution of the impacting droplets can therefore be inferred from the distribution of the colony counts in the six stages. By performing the test and counting the colonies forming units (CFU) with the mask sample CFUtest and without CFUcontrol (positive control), one can compute the BFE according to Equation (1). The bacterial filtration efficiency is therefore measured indirectly. The standard specifies the test conditions, the most relevant of which are a constant air flow rate of 28.3 L/min in a cylindrical test chamber having 80 mm diameter and 600 mm length, carrying an aerosol whose mean particle size (MPS) is in the range from 2.7 µm to 3.3 µm and providing an average number of CFUs in the positive control between 1700 and 3000.


   BFE   ( % )  =     CFU   control   −   CFU   test       CFU   control     × 100  



(1)







BFE has to be measured on at least 5 samples and the mean value is computed; this accounts for sample-to-sample variability, as well as for measurement uncertainty. Figure 4 illustrates the standard scheme of the Bacterial Filtration Test in compliance to the EN14683 standard.




2.4. Fibrous Material Porosity Measurement by Scanning Electron Microscope


Morphology of the tissues composing the masks has been observed by scanning electron microscopy (SEM). This allows the evaluation of the porosity of the fibrous materials of which the various layers of the mask are made of. Images have been acquired by TESCAN VEGA3 SEM. The main parameters for the analysis were: 30 kV for the electron gun acceleration, secondary electrons (SE) detector (more sensitive to the structure morphology) and a magnification of about 415×, enough to achieve micrometric resolution over a square area 0.6 × 0.6 mm2. A preliminary metal deposition (Gold) was necessary to make the specimens conductive, avoiding artefacts and the saturation of the SE detector. The parameters have been optimized for having a good signal-to-noise ratio with a large contribution due to the morphology rather than to the atomic number of the target material. Images have been acquired for each layer composing each mask.



SEM images show the typical chaotic superposition of fibers in face masks; actually, filtering depends significantly on the disorder inherent to these materials. Different masks have different fiber diameters and coarser or finer structures.



Once SEM parameters have been set in order to optimize image contrast, acquired images have been binarized through thresholding, in order to separate fibers from the dark background (Figure 5). The latter procedure has been repeated five times for each sample under the continuous monitoring of the operator. The average percentage of void area over the five measurements have been considered and this non-dimensional parameter, a percentage, is an estimator of the mask porosity. Repeated measurements allow for the estimation of an average estimate, accounting for inhomogeneities of the material. This approach, based on two-dimensional imaging can be applied to for an indirect measurement of porosity, given the fact that each mask layer is inherently a two-dimensional structure, with negligible thickness, in the order of some tenths of a millimeter.





3. Results


3.1. Acoustic Results


Figure 6 reports the directivity plots from some frequency bands of interest (500, 1000, 3150, 5000 Hz). The 0-degree direction in the polar plot represents the position in front of the mannequin mouth while the 180-degree direction represents the back of the mannequin. The plots also show the directivity of the source with/without the mannequin to prove that the installation condition does not modify the monopole-like characteristics of the source. As demonstrated in [12], the masks covering the radiating source influence its directivity. According to a previous work presented in the literature [16], the major impact occurs in the high frequency range (3150 Hz–5000 Hz), in which a deviation from omnidirectional behavior is to be highlighted.



Looking at the plots, it is also evident that community masks produce the greatest effect in modifying directivity and increasing attenuation, as evidenced also in [15]. This phenomenon is indeed clear both in the low (500 Hz) and high frequency ranges. As respirators are concerned, they start modifying directivity and attenuating noise in the high frequency range. Contrarily, medical masks seem to have a reduced impact on the source directivity as well as on the attenuation.



Figure 7 reports the 1/3 octave acoustic pressure spectra, from the 200 Hz to the 8 kHz band, acquired by the microphone positioned in front of the mannequin mouth. The grey bars correspond to the test with no mask and the black bars to the test with one of the mask typologies, i.e., the respirator one. An error bar is superimposed to show the spread of data associated with averaging process over the five repetitions performed for each mask tested; this is an estimate of the reproducibility of the test, as said in Section 2. We plot an interval equal to ±2 standard deviations, i.e., coverage factor of 2 has been used to represent the interval which provides a 95% confidence level. The error bars highlight that the reproducibility is lower for the test with the masks because it depends on the process of placing the mask on the simulator head. This also demonstrates that the way of wearing the mask (more or less close-fitting to the face, for example) will have an impact on the voice radiation. Figure 7 also shows that the acoustic effect of the respirator is the attenuation in the medium–high frequency range, from the 2 kHz band on.



Figure 8 displays the attenuation effect of the different mask samples divided by typology. In each plot, the 1/3 octave band acoustic pressure spectra acquired by the microphone located at the front of the mannequin mouth of each mask for each type tested is represented, as well as for the no-mask condition (blue bars, the first bar of each bar plot). It is evident that different masks exhibit different attenuation even within the same typology. However, we may say that all types of masks attenuate at frequencies above 2 kHz. The community masks exhibit the largest data scatter which is expected because they are not subject to any standard, they differ significantly from each other in terms of material and layering. If we consider the respirators, from the bottom plot we can clearly see that they exhibit the largest attenuation especially at high frequencies. This is probably associated with the materials and their structure. In fact, the respirators are designed to have a tight fit to the face. They also show a limited scatter because they are subject to a strict standardization concerning the material and the layering. Finally, the behavior of medical masks can be considered in between the other two typologies. They exhibit a smaller acoustic attenuation in the high frequency range with respect to the respirators and a larger data scatter. Concerning the low frequency range, it can be stated that in general, only the community masks have an important effect below the 2 kHz band, while medical masks and respirators have not. In the high frequency range, community and medical masks attenuate up to 4–5 dB(Z). The most attenuating typology of masks is the respirator that shows a reduction of up 7 dB(Z) at the 3150 Hz band.




3.2. Porosity of the Fibrous Material


The images acquired by SEM, and reported from Figure 9, Figure 10 and Figure 11, show different characteristics of each layer in the various masks: the fibers dimension, the presence of pores and the geometrical structure of the layers can be very well observed. The different brightness of the images is mainly due to the different quality of the metal deposition on the specimen surface, whose adhesion is slightly different from one type of mask to another, due to the different surface conditions and material characteristics.



Fibers are disposed randomly in each layer, in an unstructured way: this is typical of fibrous materials used for filters. Air flow takes place through the voids.



For each layer it is possible to compute, through image analysis, the percentage of voids per unit area (ϕ): this parameter is an estimate of porosity. According to the classical semi-empirical Kozeny–Carman model, also widely applied to randomly distributed fibrous media [19,20], it is recognized that the flow resistance R is dependent on porosity ϕ through an inverse relationship:   R ∝  1 ϕ   .



Additionally, it is well established that other parameters influence flow resistivity; Hurrell in [21] demonstrated that it is also related to fiber radius and fiber radius distribution. In our work we concentrate on porosity, which can be estimated by the analysis of the SEM images of each layer.



Being a mask made of N layers, one in series to the other, the overall acoustic resistance Rtot (if considering electro-acoustical circuits analogy) can be assumed, in first approximation, as the sum of the resistances of each i-th layer, hence    R  t o t   ∝   ∑  i N   ϕ i  − 1        .



Figure 12 shows the sum of the inverse of the porosity, that is expected to be correlated to acoustic attenuation. The values of void percentage per unit area (ϕ) have been evaluated for each layer of the tested masks following the procedure stated in Section 2.3. The dark background of the binarized images clearly represents the voids in the tissue structure.




3.3. Correlation Analysis


The acoustic attenuation of the masks has been determined considering the sound pressure measured by the microphone positioned in front of the mannequin mouth. The overall sound pressure level integrated in the frequency range between the 200 Hz and 8000 Hz bands, the effective operation frequency range of the Q-HMF source, has been calculated from the acoustic pressure spectra measured in the different configurations: source covered with the 10 different masks and source uncovered. The acoustic attenuation has been estimated by subtracting the overall acoustic pressure level obtained for the 10 masks to the overall sound pressure level attained when the source was not covered with any mask. The synthesis of the attenuation levels is reported in Figure 13. It is clearly evident that community masks behave very differently depending on the material they are made of. Respirators instead are more aggregated in terms of attenuation capabilities, and they exhibit the maximum clustered attenuation levels (about 3 dB(Z)).



It is now interesting to observe that the trends seen in Figure 12 and Figure 13 are similar. Indeed, a correlation between acoustic attenuation and the void percentage of the mask’s tissues is in accordance with what was stated by Beranek [22] for fibrous media.



In order to highlight the relationship between acoustic attenuation and the inverse of porosity, we plotted these two quantities in Figure 14. The scatter plot clearly highlights a positive correlation between these parameters, hence contributing to sustain the hypothesis that the porosity in the layers affects acoustic performance. In order to quantify this possible correlation, being the attenuation in a logarithmic quantity, in Figure 15 we also plotted the abscissa in a logarithmic scale; the fact that a logarithmic fit clearly represents the trend of data reported in Figure 15 and that it appears as a linear function, suggests that it is possible to identify a linear correlation between the attenuation levels in dB(Z) and the logarithm of the inverse of porosity. Thus, this confirms that porosity is indeed a major cause of acoustic attenuation. Indeed, if we consider a linear regression model for the acoustic attenuation and the logarithm of the inverse of porosity, we find a strong correlation, with R2 = 0.8. This correlation is also confirmed by the well-known semi-empirical relationship between acoustic attenuation through fibrous materials and their flow resistivity proposed by Delany and Bazley in [23].



In mask testing, for certification purposes, the breathability is always measured: this quantity is closely related to porosity and flow resistance, hence it is expected that acoustic attenuation would correlate to breathability, in particular to the logarithm of breathability.



Figure 16 shows these data in linear scale, while Figure 17 shows breathability in a logarithmic scale. An evident correlation between acoustic attenuation and breathability can be seen in Figure 17 if considering the good logarithmic fit on experimental data, showing as a linear trend in log-dB(Z) scale. Acoustic attenuation and the logarithm of breathability data can be accurately fitted by a linear regression model—correlation coefficient (R2) of 0.9—once community mask number 2 is excluded from the dataset.



Instead, no correlation is evidenced when comparing acoustic attenuation with BFE, see Figure 18. This can be due to the fact that bacterial filtration efficiency depends on several phenomena, involving different material properties, other than porosity; therefore, porosity of the fibrous medium, which we have seen is well correlated to acoustic attenuation, is influencing BFE, but it is not the main influencing variable.





4. Discussion


The pandemic has brought to use a large number of face masks which are designed for creating a shield against the spread and/or inhalation of droplets which are the vehicle of COVID-19 virus transmission. Indeed, by covering the nose and mouth of the wearer, they might be effective in their prevention purposes, but they surely have an impact in terms of acoustic communication.



The paper has discussed the acoustic performances of three types of masks, medical masks, respirators and community masks. Overall, ten different models of masks have been tested, in particular four medical masks, three respirators and three community masks. For each, we have measured the acoustic attenuation, breathability, bacterial filtration efficiency and porosity of the fibrous layers.



The acoustic tests show that all masks have a non-negligible acoustic attenuation in the high frequency range above 2 kHz. Some of the community masks also have an important attenuation in the lower range, up to 200 Hz, and they exhibit very diverse behavior overall with the complete frequency range between 200 and 2000 Hz. Data from the community masks are more dispersed, due to the fact that their characteristics are not subject to any standard.



Then, we have processed the data in search for a correlation between the acoustic attenuation and the specific structure of the fibrous material, and to two main functional properties of the masks, namely breathability and bacterial filtration efficiency.



It is interesting to observe a positive correlation between acoustic attenuation and breathability and the inverse of mask porosity, which is related to flow resistance. Indeed, it emerges that porosity is the key characteristic ruling both breathability and acoustic pressure wave propagation.



No similar correlation has been observed with bacterial filtration efficiency: even if this parameter depends on the porosity of the fibrous medium, probably many other factors have an influence on filtration, but not on acoustic attenuation.



At present, mask design is not taking into account any issues related to acoustics. However, given the current wide usage (and probably long-lasting in the future) of these disposable devices and their impact in everyday social activities, especially for hearing impaired/partially impaired people, the acoustic performance should be considered among the functional performance of the masks. Further studies should still be performed to guarantee a complete understanding of the mechanisms linking acoustic performance and other design parameters such as the number of layers, geometries and orientation of the fibers, geometry of the structure and material properties. In this context, the present paper aimed to contribute to the paving of the way for increased awareness on the social importance of this topic and trigger the interest for a mask design which takes into also account acoustic performance.
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Figure 1. Experimental set-up with the microphone arrangement around the head and torso simulator housing the sound source nose in the mouth. 
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Figure 2. Close-up of the simulator head with no mask (left) and wearing a community mask (right). 
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Figure 3. Scheme of the layout of the breathability test, according to the EN 14683 standard [3]. 
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Figure 4. BFE scheme as reported by the EN 14683 standard [3]. 
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Figure 5. As an example, the image on the left reports the SEM image of the layer number one of the community 1 mask; on the bottom side of the image, the main parameters for the acquisition are indicated. On the right, the processed image in which the black areas indicate the void part of the tissue net. 
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Figure 6. Acoustic pressure 1/3 octave bands directivity plots in dB(Z). The decibel reference is 20 μPa. Radial scale between 40 and 80 dB(Z). 
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Figure 7. Acoustic pressure of a 1/3 octave spectrum for the condition without the mask (grey bar) and for the condition with one of the masks (black bar). The decibel reference is 20 μPa. 
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Figure 8. 1/3 octave spectrua of the acoustic pressure for the different mask types: community masks (top), medical (center), and respirator (bottom). The decibel reference is 20 μPa. 
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Figure 9. SEM pictures of the layers composing the community masks. Despite the fact that the images seem similar, the third layer of the Community 2 mask presents a denser structure as well as the first layer of the Community 3 mask. 
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Figure 10. SEM pictures of the layers composing the medical masks. A denser structure with thinner filaments is present in layer 2 of the Medical masks n. 1, 3 and 4. 
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Figure 11. SEM pictures of the layers composing the respirators. Respirators 2 and 3 have an additional layer with thinner filaments, as seen in the third pictures in column 2 and 3; while Respirator 1 presents a dense structure with thicker fibers in picture 3 of the column 1. 
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Figure 12. Plot of the sum of the inverse of porosity, ϕ (percentage of void/ total area), for the different layers of each mask. 
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Figure 13. Acoustic attenuation of the 10 masks tested. 
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Figure 14. Acoustic attenuation versus the sum of the inverse of porosity. 
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Figure 15. Correlation between acoustic attenuation and the logarithm of the sum of the inverse of porosity (R2 = 0.8). 
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Figure 16. Acoustic attenuation versus breathability. 
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Figure 17. Correlation between acoustic attenuation and the logarithm of breathability (R2 = 0.9). 
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Figure 18. Correlation between acoustic attenuation and the logarithm of the BFE. 
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Table 1. Typology and characteristics of the masks tested.
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Typology

	
Sample

	
N. of Layers

	
Mass per Unit Area [g/mm2]

	
Appearance






	
Community

	
1

	
3

	
100.7
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2

	
3

	
397.2
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3

	
2

	
582.7

	
 [image: Acoustics 04 00009 i003]




	
Medical

	
1

	
3

	
86.1
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2

	
3

	
113.0




	
3

	
3

	
77.8




	
4

	
3

	
72.2




	
Respirators

	
1

	
3

	
187.5
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2

	
4

	
199.4




	
3

	
4

	
186.9
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