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Abstract

:

Half masks (a.k.a. filtering facepieces, FFP) are personal protective equipment against dust in a work environment. Their filtration efficiency is legally regulated. Occupational safety and health services have not paid enough attention to speech disruption caused by FFPs, even though the latter could impair verbal communication and result in discomfort or increased risk of accidents. This study deals with the objective differences in speech suppression between masks of various construction belonging to the same filtration class, FFP2, and equipped with exhalation valves. We applied an objective method of white noise attenuation, suggested in our previous work. Its uniqueness lies in the fact that the acoustic apparati are applied in the whole procedure, and no human speakers/listeners participation is required. We compared seven types of masks: three moulded, one moulded with folded elements, two folded horizontally, and one vertically. We determined attenuation caused by the masks in 1/3 octave-wide bands with centre frequency from 100 Hz to 20 kHz. All the studied FFPs attenuated sound waves in a frequency range responsible for 80–90% of the perceived speech intelligibility. The attenuations of moulded masks were ca. 3 dB higher in 1–16 kHz bands than those of folded ones. The moulded mask with foldable parts for better fitting the face suppressed the high-pitch tones considerably more than the other masks. These observations were confirmed quantitatively by the cluster analysis based on the Euclidean distances between the acoustic spectra.






Keywords:


filtering half masks; suppression; voice; protective measures; speech intelligibility












1. Introduction


Good verbal communication is crucial in a work environment. The intelligibility of spoken messages depends on the acoustic parameters of the work environment, the message unambiguity and the speech signal quality. Industrial noise interferes with the speech signal and forces speakers to raise their voices. That impedes communication, all the more so because individual hearing protectors in a noisy environment are often necessary. Another impediment could be personal equipment for respiratory tract protection. Workers must wear masks or half-masks when concentrations of industrial dust and chemical or biological agents in the work environment exceed the threshold limit values specified by law [1,2]. Thus, manufacturers and researchers have focused their attention on filtration efficiency, i.e., on filtration capacity and air permeability, and the construction improvement for better fitting different wearers’ faces [3]. Filtration efficiency is the subject of standardization. For example, three classes of filtering facepieces: FFP1, FFP2, and FFP3, are specified in the EN 149:2001+A1:2009 standard [4].



The COVID-19 pandemic regulations introduced masks as mandatory protective equipment in public spaces. The wider use caused broader interest in mask-wearing comfort, including the so far overlooked problem of speech suppression. Still, the studies dealt mainly with subjective assessments of the speech deterioration caused by the masks [5,6,7,8,9]. Indeed, the legibility perceived by humans is the ultimate test of speech disruption. However, large groups of speakers and listeners must be involved in such experiments to keep the uncertainty of the results within reasonable limits. Another problem is the repeatability of the results obtained in this manner. Objective methods based solely on acoustic measurements rather than on human perception seem to be a good alternative.



To the best of our knowledge, the first objective method was suggested in our previous paper [10]. We have not found information about similar ideas in the literature. For this reason, the basics of the method and the validation procedure are summarised below for the readers’ convenience. The approach relied on the measurements of white noise attenuation by FFPs. The measured attenuation of sound in the octave-wide frequency bands, ΔLf, constituted an “acoustic characteristic” of the mask. With the acoustic characteristics, one could easily predict the speech disruption caused by the FFP just by subtracting the ΔLf values from the acoustic spectrum of the speech, e.g., that defined in the ANSI 3.5-1997 standard [11]. We verified the method using a speech signal played by a calibrated acoustic source. Two time series of sound pressure levels (SPL) were compared for each FFP. The first series contained the SPLs recorded for the source speaker covered with the mask. The data in the second series were differences between the SPLs recorded for the uncovered speaker and the respective ΔLf values. We observed almost perfect agreement for all tested FFPs. Thus, the method ensured objective characteristics of speech suppression by the masks.



The studies [10] led to several conclusions of practical importance. All tested half-masks attenuated acoustic waves in the frequency range responsible for 80% of perceived speech intelligibility, especially in the octave band with the centre frequency of 2 KHz. Masks of higher filtration efficiency stronger attenuated the sound. Moreover, FFPs changed the voice timbre because the attenuation depended on the sound wave frequency.



In the present paper, we report the acoustic characteristics of seven FFPs. All of them belonged to the FFP2 type and were made of the same materials by one manufacturer but differed in construction. We studied how these differences influenced the suppression of sound and, consequently, disruption of the standardized speech spectra.



The paper has a structure typical of such works. The research material, measuring apparatus, and methodology were described in Section 2. The acoustic characteristics of the masks, i.e., the attenuations of sound in 1/3-octave-wide frequency bands, together with respective uncertainties, were reported in the Section 3. Section 4 contains a comparison of the masks based on the quantitative differences between the acoustics characteristics. To the best of our knowledge, application of the cluster analysis with the Euclidean distances and the single linkage method was applied here for the first time to this aim. Furthermore, disruptions to the ANSI 3.5-1997 standard acoustic spectrum of the speech [11] caused by the masks were reported and compared. The paper ends with conclusions and suggestions about further studies and possible implementation of the objective method in practice.




2. Experimental


2.1. Research Material


We tested seven types of disposable half masks from one manufacturer, Delta Plus, classified as FFP2 according to EN 149:2001+A1:2009 standard [4]. All the masks were made of synthetic nonwoven fabric and equipped with an exhalation valve for better breathing and an adjustable nose clip. Masks in the experiments were new and unused. Table 1 contains a description of the research material. The M1204 V mask fits the wearer’s face tighter than the remaining ones. For details, see the manufacturer’s web page [12].




2.2. Apparatus and Methodology


In this study, we used the same apparatus as previously [10]: Svantek SVAN 979 class 1 sound and vibration analyzer compliant with the IEC 61672-1: 2013 standard [13], equipped with a GRAS 40AE 1/2′′ microphone, and Bedrock TalkBox BTB65 source of the acoustic signal. Immediately before and after the measurements, we checked the Svantek meter with the class 1 Sound Calibrator SV36 according to the IEC 60942: 2017 standard [14]. All apparatus had valid certificates of calibration. We measured the sound pressure levels (SPL) in the same medium-sized laboratory room as previously, and the apparatus configuration was also the same [10]. The only difference was that we set the speaker-microphone distance to 1 m and the generated total sound pressure level to 72 dB rather than trying several combinations. The previous study evidenced that the measured attenuation of the FFPs did not depend on the speaker-microphone distance and the generated sound pressure level in the ranges of 1–5 m and from 60 to 72 dB at least [10].



In the 10-s-long measurement runs, the TalkBox generated white noise. The SVAN 979 recorded SPLs in 1/3 octave-wide bands averaged for this time interval. In further calculations, we considered the bands with centre frequency from 100 Hz to 20 kHz. In this frequency range, the total uncorrected background SPL of 33 dB was negligibly small in comparison with those recorded during the measurements. The measurements were done for the TalkBox speaker uncovered and covered by each of the FFPs.



Contrary to the previous study, we did not measure the influence of FFPs on simulated speech generated by TalkBox in the present study. Previously, we proved that the Lf values recorded in the direct measurements of the speech and calculated from the attenuation characteristics, ΔLf, did not differ significantly from one another [10]. Thus, such measurements were unnecessary this time.





3. Results


3.1. Measured Sound Pressure Levels and Attenuation


The measured SPLs in 1/3 octave-wide bands, Lf, are reported in the Supplementary Materials “FFP2_results.xlsm”. Ten masks of each type were examined except the M1200VPlus, five items of which were examined twice. In this manner, 70 datasets were obtained for the masks and 10 for the uncovered Talk Box speaker. Each dataset included 24 values of Lf in 1/3 octave-wide bands with centre frequency from 100 Hz to 20 kHz.



The attenuation of sound by an FFP in the band of centre frequency f was calculated from the following equation:


  Δ  L f  =  L  f        no   FFP    −  L f       with   the   FFP     



(1)




where Lf were the median values of the SPLs averaged for a 10-s-long measurement time. The averages were calculated conventionally from the root mean squares of the sound pressures. The calculation details and the uncertainty estimation were discussed in the next section. The ΔLf values for the bands with centre frequencies from 800 Hz to 20 kHz are reported in Table 2, Table 3 and Table 4 and Figure 1 and Figure 2. All the FFPs did not attenuate sound waves of lower frequencies.




3.2. Uncertainties in the Measurements and Calculations


A fundamental question was which statistical characteristics approximate the expected value and uncertainty of Lf and the total combined uncertainty of ΔLf.



We applied the Shapiro–Wilk test to check whether the Lf values were normally distributed for each FFP and frequency combination [15]. The normal distribution hypothesis could not be rejected in 164 out of 192 cases, i.e., for 85% of the datasets in the centre frequency range 100–20 kHz at the significance level p < 0.05. Lf in 86 out of 96 datasets for the f range from 800 Hz to 10 kHz, i.e., 89%, showed normal distribution. However, we decided to reject the normal distribution model for the sake of consistency in calculations. We noticed that the Lf values were normally distributed in only five out of 24 frequency bands for all measurement series, with and without FFPs. Consequently, the attenuations ΔLf and their uncertainties estimated from the arithmetic means, and variances could be compared for five bands only, these with centre frequencies of 315, 630, 2000, 5000, and 12,500 Hz. Thus, we used medians and ranges rather than arithmetic means and standard deviations as characteristics of the variables’ distributions. In the vast majority of cases, the medians and means: arithmetic, geometric and harmonic, were equal within the limits of ±0.1 dB. The difference never exceeded the limits for the class 1 sound meter. The latter is ±1.1 dB for f = 1 kHz and is higher for other frequencies [13].



The ranges of Lf (no FFP) values were close to the measurement uncertainty limits for the class 1 sound meter. The largest range of Lf (no FFP) was 2.0 dB for the 1/3 octave-wide band with the centre frequency of 250 Hz, while that for L1kHz (no FFP) was 1.5 dB. Contrary to the Lf ranges for the uncovered TalkBox speaker, those of the Lf (with the FFP) significantly exceeded the sound meter uncertainty limits.



According to the classical calculus of errors, the maximum error of ΔLf is the sum of the maximum errors of Lf (no FFP) and Lf (with the FFP) in Equation (1):


  ε   Δ  L f    = ε    L f     no   FFP      + ε    L f     with   the   FFP       



(2)







The measurement errors seldom add up in this most unfavourable manner [16]. Moreover, the errors are symmetric in this approach. In our measurements, the median value usually did not lie in the middle of the minimum–maximum value range. Thus, the asymmetric errors approach seemed a better choice for uncertainty estimation. The lower and upper limits of the ΔLf value, (ΔLf)low and (ΔLf)upp, were calculated from Equation (1) in the following way:


      Δ  L f      low   = min    L f     no   FFP      − max    L f     with   the   FFP       



(3)




and


      Δ  L f      upp   = max    L f     no   FFP      − min    L f     with   the   FFP       



(4)




where “min” and “max” denote the minimum and maximum values in the series of ten measured sound pressure levels in the 1/3 octave-wide band.




3.3. Consistency Test


The measurements for five M1200 VPlus masks were performed twice to check the results’ consistency. The FFPs did not attenuate low-frequency sound waves. For this reason, each dataset was reduced to 15 values of ΔLf in the 1/3 octave-wide frequency bands with centre frequency from the range 800–20 kHz. For quantitative determination of the distances between the datasets, we applied the cluster analysis module implemented in the Statistica software [15]. The Euclidean distance was defined by the following formula:


  d =    ∑ f      Δ  L  f , 1   − Δ  L  f , 2      2     



(5)




where 1 and 2 denote two datasets. The cluster analysis evidenced that the Euclidean distances between two datasets for the same mask and those for two masks are close to one another. It is illustrated by the numbers reported in Table 5 and a hierarchical tree plotted in Figure 3. Note that distances d for a given pair of compared objects are the same for the ΔLf and Lf datasets. That is because the minuends in Equation (1) are the same for a given frequency band for all datasets.



The test results suggested that particular specimens of M1200 VPlus FFPs did not differ significantly from one another. Therefore, we decided to study ten specimens of each remaining FFP type rather than five twice. This approach proved to be correct, as was evidenced by the measured attenuation uncertainties reported in Table 2, Table 3 and Table 4. Note that the uncertainties for M1200 VPlus and the other FFPs were similar.





4. Discussion


The attenuation spectra in two FFPs pairs are similar to one another: M1200 V to M1200 VW and M1200 VP to M1200 VPW, cf. Figure 1 and Figure 2. This result evidences that modification of the filter for protection against unpleasant odours does not change the sound attenuation characteristics of the FFP. Euclidean distances d (Equation (5)) between the sets of ΔLf values quantitatively describe differences between the FFPs studied. They are reported in Table 6. The hierarchical tree plotted in Figure 4 illustrates the relative distances between the datasets. Three moulded masks, M1200 V, M1200 VW, and M1200 VPlus, make one group, while three folded ones: M1200 VP, M1200 VPW (both folded horizontally), and M1200 VB (folded vertically), make another. The moulded M1204 V stands apart from the two groups probably because of different construction. It has four foldable parts providing better fit on faces of various sizes or shapes.



In the previous paper [10], we reported speech intelligibility disrupted by FFPs. In this study, we applied the same approach based on perceived speech intelligibility. According to French and Steinberg [17], sound waves of frequency ranging from 250 to 7000 Hz transmit all the information necessary for the understanding of speech, at least in non-tonal languages. Six octave-wide bands with centre frequencies of 0.250, 0.5, 1, 2, 4, and 8 kHz fully encompass this range. Three moulded masks without elements for tighter fitting the wearer’s face suppress sound waves belonging to the octaves with a centre frequency of 1 kHz and higher. The frequency limit of suppression is 2 kHz for other FFPs. Figure 5 illustrates the differences between the masks. The band with a centre frequency of 16 kHz is not important for the understanding of speech. Thus, we compared the attenuations in four octave-wide bands with centre frequencies 1, 2, 4, and 8 kHz. The Euclidean distances between the sets of ΔLf values in octave-wide bands are reported in Table 7. The hierarchical diagram plotted in Figure 6 shows that the relative distances between the datasets within the two groups of FFPs are even shorter than those between the sets of ΔLf values in 1/3 octave-wide bands. In general, the two analyses led to the same conclusion about the FFPs’ similarity.



The moulded FFPs attenuate sound stronger than the folded ones in the whole frequency range (Figure 5). Contrary to other FFPs, they suppress waves in the octave-wide band with a centre frequency of 1 kHz. It should be noted that frequencies above 1 kHz are essential for vowels articulation [17], thus for the understanding of human speech. The difference reaches ca. 3 dB for the octave-wide band with a centre frequency of 2 kHz. French and Sternberg [18] estimated that this frequency band carries about 28% of the articulation index; thus, it is essential for the understanding of speech. For other frequency bands, the values are 18, 30, and 13% for 1 kHz, 4 kHz, and 8 kHz, respectively. The percentages were calculated from the numbers reported in Table III of French and Sternberg’s paper [18]. They slightly differ from those reported earlier [10] because of the improved calculation method.



The FFP equipped with four foldable parts for better fit, M1204 V, significantly attenuates sound waves of higher frequency. The attenuation is about 3 to 6 dB higher than those of moulded and folded masks for the octave-wide bands with centre frequencies 4 and 8 kHz, which together carry 43% of the articulation index. The calculation result confirms intuition: the tighter-fitted mask stronger suppresses waves of higher frequency. Figure 7 demonstrates the remarkable difference between the attenuation of M1204 V and the other masks in the 1/3 octave-wide bands with centre frequencies of 2 kHz and 5 kHz. M1204 V attenuates the higher-frequency band stronger than the lower-frequency one. Such a difference is much smaller for the folded vertically M1200 VB, while the opposite relation occurs for the remaining five FFPs.



Figure 8 and Figure 9 illustrate how the studied FFPs disrupt the normalized speech spectra reported in ANSI 3.5-1997 standard [11]. Doubtless, speaking persons should raise their voice by at least one “loudness level” to compensate for the attenuation by an FFP. That would cause changes in the voice timbre, which may result in a worsened understanding by the listener despite sufficient loudness. The listener’s experience could be compared to that of a person with hearing loss. The latter concerns mainly frequencies above 1 kHz [19].




5. Conclusions


	
The results of this study are similar to those obtained previously [10]. The FFPs affected sound pressure levels in the frequency range responsible for 80–90% of the perceived speech intelligibility. The waves of frequency below 1 kHz were not attenuated.



	
Since all the FFPs studied were built of the same synthetic nonwoven fabric, the differences in the sound suppression resulted solely from the differences in the construction of the masks.



	
The moulded masks, M1200 V, M1200 VW, and M1200 VPlus, suppressed the acoustic waves stronger than the folded ones, M1200 VP, M1200 VPW, and M1200 VB, by approximately 2–3 dB in the octave bands of centre frequency from 1 to 16 kHz.



	
The exception was the moulded mask with four foldable parts for tighter fitting of the wearer’s face, M1204 V. It attenuated sound similarly as the folded masks did in the octave-wide bands with centre frequency up to 2 kHz. It suppressed waves of higher frequencies stronger than the other studied FFPs did.



	
Persons using FFPs have to raise their voices by one “loudness level”, as defined in ANSI 3.5-1997, to compensate for the loss of high-pitch tones in verbal communication.






This and previous studies [10] led to similar conclusions. The patterns of the acoustic characteristics of the masks are essentially similar to one another. The tighter-fitted masks are stronger than other ones and attenuate the high-frequency waves.



We have not considered the influence of contaminations on the acoustic characteristics of FFPs. This problem requires further studies. Such contaminations, e.g., particulate matter, are common in the work environment. Even if not attenuating sound, they would further impede the breathing of the mask wearer [20,21] and make verbal communication harder because louder speech requires more effort in inhaling the air.



This is just the second report of the studies performed with our method. Probably, the measurement procedure could be refined and simplified. Parallel studies of speech deterioration predicted by this objective method and the changes in legibility perceived by humans would be helpful to this purpose.



Disturbed verbal communication at workplaces may cause danger and even result in accidents. For this reason, occupational safety and health services should be aware of the impact of FFPs on speech intelligibility. However, this question is commonly not recognized as there are no legal regulations on this subject. Our method is sufficiently simple to be widely used in practice, contrary to the methods that require large groups of speakers and listeners. By applying it, manufacturers would collect information necessary for providing their customers with knowledge about this aspect of FFP use.
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Figure 1. Attenuation of sound in 1/3 octave-wide bands by moulded FFPs. Points—values calculated from Equation (1) with the medians of Lf (no FFP) and Lf (with the FFP). Error bars represent uncertainties given by Equations (3) and (4). Lines are guides for the eye only. 
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Figure 2. Attenuation of sound in 1/3 octave-wide bands by Folded FFPs. For a detailed description, see the Figure 1 caption. 
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Figure 3. A hierarchical diagram of relative distances between ten ΔLf datasets for five masks of M1200 VPlus type. The single linkage method (“nearest neighbour”) was the amalgamation rule. The datasets are identified by the names #i-j, where i and j denote mask and measurement, respectively. 
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Figure 4. A hierarchical diagram of relative distances between ΔLf datasets for seven types of the FFPs studied. Each dataset contained fifteen ΔLf values for the 1/3 octave-wide bands with centre frequencies from 800 Hz to 20 kHz. The single linkage method (“nearest neighbour”) was the amalgamation rule. 
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Figure 5. Attenuation of sound by the seven studied FFPs in octave-wide frequency bands. Error bars are omitted for the picture clarity; uncertainty is roughly ±1.5 dB. Lines are guides for the eye only. 
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Figure 6. A hierarchical diagram of relative distances between ΔLf datasets for seven types of the FFPs studied. Each dataset contained four ΔLf values for the octave-wide bands with centre frequencies 1, 2, 4, and 8 kHz. The single linkage method (“nearest neighbour”) was the amalgamation rule. 
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Figure 7. Attenuation of sound by the seven studied FFPs in 1/3 octave-wide bands with centre frequencies of 2 kHz (diagonal hatching) and 5 kHz (cross-hatching). 
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Figure 8. Disruptions on the ANSI speech spectra caused by the moulded FFPs. Empty symbols—ANSI spectra, filled symbols—spectra with the FFPs corrections:    L f      ANSI   − Δ  L f   . Lines are guides for the eye only. Speech levels: Nor.—normal, Ra.—raised, Lo.—loud, Sh.—shouted. 
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Figure 9. Disruptions on the ANSI speech spectra caused by the folded FFPs. Empty symbols—ANSI spectra, filled symbols—spectra with the FFPs corrections:    L f      ANSI   − Δ  L f   . Lines are guides for the eye only. Speech levels: Nor.—normal, Ra.—raised, Lo.—loud, Sh.—shouted. 
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Table 1. Disposable half masks in this study. “W” in the mask symbol denotes “protection against unpleasant odours”.
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	Manufacturer’s Symbol
	Construction
	Picture





	M1200 V

M1200 VW

M1200 VPlus
	Moulded
	[image: Applsci 13 08644 i001]



	M1204 V
	Moulded with four foldable parts
	[image: Applsci 13 08644 i002]



	M1200 VP

M1200 VPW
	Folded horizontally
	[image: Applsci 13 08644 i003]



	M1200 VB
	Folded vertically
	[image: Applsci 13 08644 i004]
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Table 2. Attenuation of sound by three moulded FFPs in 1/3 octave-wide bands. Median values calculated from Equation (1), lower and upper limits of the uncertainty range from Equations (3) and (4).
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f (Hz)

	
ΔLf (dB), M1200 V

	
ΔLf (dB), M1200 VW

	
ΔLf (dB), M1200 VPlus




	
Median

	
Lower

	
Upper

	
Median

	
Lower

	
Upper

	
Median

	
Lower

	
Upper






	
800

	
0.15

	
−3.12

	
3.81

	
0.05

	
−3.05

	
0.93

	
−1.12

	
−2.37

	
0.81




	
1000

	
1.64

	
0.40

	
3.63

	
3.45

	
2.27

	
5.80

	
2.96

	
0.95

	
5.57




	
1250

	
5.76

	
4.56

	
8.18

	
5.84

	
5.33

	
6.95

	
6.32

	
4.86

	
8.62




	
1600

	
7.90

	
6.79

	
10.07

	
8.71

	
7.15

	
10.38

	
9.88

	
8.31

	
12.16




	
2000

	
9.40

	
7.78

	
12.10

	
9.83

	
8.29

	
12.03

	
10.64

	
8.62

	
14.66




	
2500

	
9.32

	
8.42

	
10.54

	
10.26

	
8.85

	
11.04

	
6.58

	
5.78

	
7.78




	
3150

	
2.42

	
1.72

	
4.39

	
2.74

	
1.85

	
3.87

	
4.11

	
2.99

	
6.32




	
4000

	
7.47

	
6.69

	
8.67

	
7.91

	
6.75

	
9.67

	
9.96

	
8.06

	
12.55




	
5000

	
7.51

	
5.85

	
9.93

	
8.30

	
6.39

	
9.65

	
5.17

	
2.98

	
7.06




	
6300

	
6.72

	
4.80

	
9.46

	
6.84

	
3.97

	
9.58

	
6.36

	
4.30

	
9.10




	
8000

	
6.51

	
5.13

	
10.19

	
6.73

	
5.77

	
8.28

	
6.56

	
5.14

	
9.40




	
10,000

	
8.20

	
7.10

	
10.20

	
7.79

	
6.80

	
9.73

	
7.58

	
6.26

	
9.48




	
12,500

	
10.47

	
9.51

	
11.03

	
10.00

	
8.72

	
10.75

	
9.71

	
8.72

	
10.96




	
16,000

	
13.18

	
10.70

	
16.38

	
11.19

	
9.86

	
13.68

	
11.53

	
10.91

	
13.04




	
20,000

	
11.61

	
10.02

	
13.28

	
10.54

	
9.82

	
11.82

	
9.88

	
9.28

	
11.52
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Table 3. Attenuation of sound by M1204 V, a moulded FFP with four foldable parts in 1/3 octave-wide bands. Median values calculated from Equation (1), lower and upper limits of the uncertainty range from Equations (3) and (4).
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f (Hz)

	
ΔLf (dB)




	
Median

	
Lower

	
Upper






	
800

	
−1.41

	
−2.65

	
1.11




	
1000

	
−2.14

	
−3.85

	
1.95




	
1250

	
−0.84

	
−2.67

	
0.94




	
1600

	
1.82

	
−0.79

	
3.32




	
2000

	
5.57

	
3.01

	
8.17




	
2500

	
7.08

	
4.83

	
8.55




	
3150

	
6.82

	
4.91

	
9.81




	
4000

	
8.76

	
6.14

	
11.22




	
5000

	
12.52

	
9.07

	
16.86




	
6300

	
12.69

	
10.47

	
14.81




	
8000

	
11.69

	
7.80

	
13.59




	
10,000

	
12.94

	
10.15

	
14.64




	
12,500

	
11.26

	
8.70

	
18.53




	
16,000

	
12.82

	
9.19

	
19.94




	
20,000

	
11.13

	
8.65

	
14.94
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Table 4. Attenuation of sound by the folded FFPs in 1/3 octave-wide bands. Median values calculated from Equation (1), lower and upper limits of the uncertainty range from Equations (3) and (4).
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f (Hz)

	
ΔLf (dB), M1200 VP

	
ΔLf (dB), M1200 VPW

	
ΔLf (dB), M1200 VB




	
Median

	
Lower

	
Upper

	
Median

	
Lower

	
Upper

	
Median

	
Lower

	
Upper






	
800

	
−1.23

	
−2.16

	
0.89

	
−1.36

	
−3.06

	
0.94

	
−0.02

	
−1.78

	
1.68




	
1000

	
−1.35

	
−3.33

	
1.85

	
0.05

	
−1.78

	
2.54

	
−0.20

	
−2.64

	
2.74




	
1250

	
2.01

	
−0.05

	
3.95

	
1.12

	
−0.13

	
3.58

	
0.97

	
−0.28

	
2.95




	
1600

	
5.16

	
2.98

	
6.01

	
5.54

	
2.77

	
6.92

	
4.77

	
2.74

	
5.62




	
2000

	
6.65

	
4.64

	
9.03

	
7.30

	
5.56

	
10.16

	
7.80

	
6.20

	
10.02




	
2500

	
4.11

	
2.31

	
5.06

	
5.51

	
2.88

	
8.91

	
6.90

	
5.62

	
8.22




	
3150

	
3.21

	
2.43

	
4.75

	
3.93

	
2.32

	
7.52

	
1.60

	
0.21

	
2.99




	
4000

	
3.53

	
2.42

	
4.56

	
4.75

	
3.73

	
7.78

	
4.08

	
2.77

	
5.40




	
5000

	
6.30

	
3.59

	
8.46

	
6.83

	
4.82

	
9.39

	
8.84

	
7.36

	
10.53




	
6300

	
4.32

	
3.43

	
8.94

	
4.52

	
2.52

	
11.33

	
5.17

	
4.36

	
6.93




	
8000

	
4.90

	
3.85

	
6.47

	
4.36

	
3.63

	
6.92

	
7.70

	
6.88

	
8.70




	
10,000

	
7.27

	
6.19

	
9.40

	
7.42

	
6.34

	
10.78

	
8.99

	
7.62

	
10.18




	
12,500

	
8.10

	
7.05

	
9.39

	
8.65

	
7.04

	
13.74

	
8.90

	
7.69

	
9.84




	
16,000

	
10.06

	
7.71

	
12.50

	
10.67

	
8.69

	
18.16

	
8.58

	
7.78

	
9.43




	
20,000

	
8.60

	
7.11

	
11.67

	
9.29

	
7.41

	
15.04

	
8.54

	
8.15

	
9.30
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Table 5. The Euclidean distances d, in dB, between the ΔLf datasets for five masks of M1200VPlus type. Numbers in bold print denote the shortest distance for at least one set in the pair; underlining marks the shortest distance for both sets in the pair. The datasets are identified by #i-j, where i and j denote mask and measurement, respectively.
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	Dataset
	#1-1
	#1-2
	#2-1
	#2-2
	#3-1
	#3-2
	#4-1
	#4-2
	#5-1
	#5-2





	#1-1
	
	7.93
	4.24
	5.34
	5.82
	5.70
	4.69
	5.23
	4.23
	6.3



	#1-2
	7.93
	
	7.79
	5.75
	6.19
	6.43
	4.59
	4.28
	6.33
	4.21



	#2-1
	4.24
	7.79
	
	3.21
	5.70
	4.24
	6.24
	6.23
	5.61
	6.85



	#2-2
	5.34
	5.75
	3.21
	
	4.27
	3.14
	5.22
	4.96
	5.43
	5.23



	#3-1
	5.82
	6.19
	5.70
	4.27
	
	3.83
	4.66
	4.94
	5.60
	5.10



	#3-2
	5.70
	6.43
	4.24
	3.14
	3.83
	
	5.13
	5.59
	5.94
	5.46



	#4-1
	4.69
	4.59
	6.24
	5.22
	4.66
	5.13
	
	1.77
	3.53
	3.16



	#4-2
	5.23
	4.28
	6.23
	4.96
	4.94
	5.59
	1.77
	
	3.04
	2.76



	#5-1
	4.23
	6.33
	5.61
	5.43
	5.60
	5.94
	3.53
	3.04
	
	3.99



	#5-2
	6.30
	4.21
	6.85
	5.23
	5.10
	5.46
	3.16
	2.76
	3.99
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Table 6. The Euclidean distances d, in dB, between the ΔLf datasets for seven FFP types. ΔLf values in fifteen 1/3 octave-wide bands with centre frequencies 800–20 kHz. Numbers in bold print denote the shortest distance for at least one set in the pair; underlining marks the shortest distance for both sets in the pair.
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	FFP
	M1204 V
	M1200 VP
	M1200 VPW
	M1200 VB
	M1200 VPlus
	M1200 V
	M1200 VW





	M1204 V
	
	16.77
	15.83
	14.27
	18.21
	15.77
	16.70



	M1200 VP
	16.77
	
	3.01
	6.07
	11.75
	10.87
	11.91



	M1200 VPW
	15.83
	3.01
	
	5.80
	10.34
	9.27
	10.16



	M1200 VB
	14.27
	6.07
	5.80
	
	12.02
	9.80
	10.07



	M1200 VPlus
	18.21
	11.75
	10.34
	12.02
	
	6.16
	5.85



	M1200 V
	15.77
	10.87
	9.27
	9.80
	6.16
	
	3.39



	M1200 VW
	16.70
	11.91
	10.16
	10.07
	5.85
	3.39
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Table 7. The Euclidean distances d, in dB, between the ΔLf datasets for seven FFP types. ΔLf values in four octave-wide bands with centre frequencies 1, 2, 4, and 8 kHz. Numbers in bold print denote the shortest distance for at least one set in the pair; underlining marks the shortest distance for both sets in the pair.
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	FFP
	M1204 V
	M1200 VP
	M1200 VPW
	M1200 VB
	M1200 VPlus
	M1200 V
	M1200 VW





	M1204 V
	
	8.13
	7.33
	7.13
	7.92
	8.40
	8.81



	M1200 VP
	8.13
	
	1.38
	2.39
	4.77
	4.87
	5.78



	M1200 VPW
	7.33
	1.38
	
	2.22
	3.98
	4.18
	5.05



	M1200 VB
	7.13
	2.39
	2.22
	
	3.42
	3.39
	4.30



	M1200 VPlus
	7.92
	4.77
	3.98
	3.42
	
	0.83
	1.30



	M1200 V
	8.40
	4.87
	4.18
	3.39
	0.83
	
	0.93



	M1200 VW
	8.81
	5.78
	5.05
	4.30
	1.30
	0.93
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