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ABSTRACT ARTICLE HISTORY
Wearing masks and face coverings helps reduce transmission of respiratory diseases. Much prioReceived 3 May 2021
research on mask filtration efficiency has focused on fabric type, with less consideration given Accepted 26 July 2021
to mask design and shape. Here, we present evidence that increasing the mouth-mask separ-
ation distance engenders an increase in the mask-fabric filtration efficiency toward expiratory
aerosols emitted via vocalization, which we attribute to a decrease in the expiratory jet velocity
and expansion of the breath-mask contact area. We further assess the performance of a new
reusable cloth facemask design, originally made for, but not exclusive to, professional singers
and having a large mouth-mask separation distance. With proper fitting, these masks achieve
overall filtering efficiencies of> 93% for both exhaled expiratory aerosols 0.5 microns in diam-
eter from singing and speaking and for inhaled ambient aerosols, better than surgical masks
and approaching N95 respirators. Air exchange between the mask deadspace and the ambient
environment limits the extent of CQ buildup and in inhaled air and maintains @ levels near
ambient. The mask design also provides for less inhibited mouth and jaw movement and lower
relative humidity, suggesting it may provide a more palatable, high-efficiency alternative to
medical-grade masks for the public.

EDITOR
Shanna Ratnesar-Shumate

1. Introduction Willingness to wear facemasks depends on real and

Respirators, face masks, and coverings play importan?erceived psychological and physiological drawbacks of
roles in protecting wearers in various occupational settinggn@sk wearing, which includes increased skin tempera-
and are important public health tools for reducing trans- ture, elevated humidity, difficulty breathing, and discom-
mission of respiratory disease (Brooks and Bufé@t fort when speaking (Scheid et a202Q Taylor and
Howard et al202). Masks differ in style, features, materi- Asmundson202(. New mask designs that help to miti-
als, and fit-including their overall level of protectierto  gate these drawbacks may precipitate greater willingness
account for different exposure conditions and wearerof people to wear masks, especially if such masks have

requirements. Often the most high-efficiency masks, suchyq, oyerall filtration efficiencies. Most prior research
as N% resp|rz_;1t_ors, are those in the Ie_ast supply, espeua‘%s focused on the tradeoff between filtration efficiency
in times of critical need such as during the COVID-19 . . . .
pandemic (Dai, Bai, and Andersd020. When particu- and br_eath_ablllty, with Iess_ porous r_naterlals prgwdlng

larly transmissible variants of respiratory diseases arise, Jaore flltratlo.n and less facile breathing (Bagheri et al.

is currently the case with the SARS-CoV-2 virus (Chang?021 Drewnick et al.2021 Shakya et al2017. Less

et al.2023, the need grows for masks for the public having attention has focused on the overall shape of the mask;
high efficiency, but that have distinct supply chains fromthe vast majority of mask designs have the fabric in

medical-grade masks and respirators. immediate proximity to the mouth.
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A notable exception involves a variety of facemaska good seal. The mask was developed by coauthor S.
originally developed by singers. These masks feature A. R. in partnership with the San Francisco Opera. A
very large internal space, with the mouth situated sev0.6 cm wide, 10cm long thin aluminum strip is used
eral centimeters away from the fabridcigure 3. around the nose, which the wearer can mold to their
Singing and theater performing require mask designdace. A felt strip on the inside runs across the nose
that generally allow for much more jaw movement area to help with sealing. The sides of the mask
compared to other professions as well as increasedxtend over the cheeks, nearly to the ears. Adjustable
space between the face and the mask material. Thugjastic ear loops keep the sides of the mask in place
any mask appropriate for singing will also be moreand two additional ties fasten the mask around the
comfortable for speech, generally. Additionally, groupwearets head to further seal the mask against the
singing presents a particular challenge for communityface. The mask completely envelops the wesrgw
transmission of respiratory disease owing to multipleand chin, with an adjustable elastic band below the
people vocalizing consistently and at the same timgaw that keeps the mask tight against the neck while
(Miller et al. 2023 (compared to speaking, where people allowing for free jaw movement. The mask has two
typically take turns) and the loudness of singing com-main regions: the upper, boned structure that holds
pared to normal speech, as the production of potentiallythe filtering fabric in front of but away from the
virus-laden aerosols increases with volume (Alsved et amouth and nose, and an unstructured, expanded vol-
2020 Asadi et al.2019. To date, however, there has ume below the chin. The upper region is composed of
been no characterization of the overall filtration effi- three layers in a cloth-liner-cloth arrangement, with
ciency of these masks for either exhaled respiratory opo0 thread count cloth outer layers and a PeloB0
inhaled ambient aerosols nor to assess the importance gPellon Consumer Products, Saint Petersburg, FL)
the generally increased mouth-mask fabric distance foinner layer attached to the cotton with a fusible web-
these masks compared to other designs. bing material. The Pellch 50 inner layer helps to

Here, we characterize the reduction efficiency towardstiffen the mask material but likely provides little fil-
exhaled respiratory aerosols alongside,@Dildup and  tering. The length of the top region is about 12cm.
O depletion of one such mask designed originally forThe |ower expanded volume is made of two cloth
singing, but that may be of use for wearing by the pub-|ayers and opens at the bottom to allow for drinking
lic. We also explicitly characterize the impact of varyingpy straw during rehearsals and other situations where
the mouth-mask distance on exhaled respiratory aefoso('jrinking occurs (e.g., schools, cafes, bars), which
filtration efficiency. The“singing mask here Figures  could lower the risk of exposure compared to remov-
laand b) allows for facile jaw movement compared to ing the mask. The opening is sealed by folding the
conventional masks tested to date yet maintains overalyask twice and then securing with embedded Velcro
high efficiency toward emission of expiratory aerosols,stripsl When closed, the length of the expanded region
even after accounting for leakage flows. The singings spout 10cm. A modified version of the singing
mask here shares some similarities with other masks taryask was also constructed. The difference from the
geting singing that have been introduced during the gtandard singing mask is that there is no bottom
COVID-19 pandemic, but differs from these others in gphening; the modified mask is otherwise identical.
terms of fit, material, and adjustability. We also Charac‘During use, the cloth material comprising both the

terize the mask efficiency for filtration of ambient par- singing and modified singing masks was observed to
ticles, demonstrating substantial protection to the yefiect inward (for inhalation) and outward (for

infection-naive wearer as well. Although designed toexhalation). However, the boning provides support
accommodate singers, the high overall mask efficiency,at jimits the amount of cloth deflection associated
(>93%) suggests that the singing mask can provide @i inhalation and exhalation. With intentionally
useful alternative to existing high-efficiency masks (e.940se wearing, the deflection magnitude decreased.

N9S5's) for the public. Hence, deflection provides a qualitative indication of
good fit. The mask internal volume is about 0.5L.
2. Materials and methods This is similar to the tidal volume associated with
normal breathing (Hallett, Toro, and Ashurs2020,
but about half that for singing (Binazzi et a200§.
The singing mask, shown iRigure 1 uses a two-bone The mask internal volume is about-8 times larger
structure to separate the mask material from the mainthan that for N95 respirators (Xu, Lei, and Yang
area of the face by about 6 cm, while still allowing for2015. Given the limited deflection of the mask

2.1. Mask design
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Figure 1.(a) Top and bottom view of the singing mask. (b) (top) Images of one participant wearing a surgical mask and wearing
the singing mask. (bottom) Overlaid images of the participant with the surgical mask and with a singing mask to illustrate the
increased mask-face material separation in the singing mask. The images in (b) were modified from the origindtglavging the
edges artistic effect in Microsoft PowerPoint to accentuate the mask edges and to overlay an image of the participant with no
mask. Informed consent was obtained.

material this implies substantial exchange of air,available online. Both used the same ear loops as with
which will help to alleviate any buildup of COor the singing mask and included two head straps.
depletion of Q (seeSection 3.k Additional tests for the through-mask efficiency were
Proper wearing of the singing masks includes: firstperformed by one participant using an N95 respirator
securing the mask using the ear loops, molding the alu{3 M, Model 8210), two different surgical masks (a
minum strip around the nose, tightening the ear loops, medical-grade ValuMax 5130E-SB and an unknown
tightening the neck strap elastic band, tying the topmodel), and a non-medicdlFashion Dust Preventive
strap around the users head near the parietal eminencévlask (30% cotton, 70% polyester) from YiWu
and then tying the bottom strap around the users neckXuefeng Mask Factory, both without (FDPM) and
while sitting or standing up straight. With proper wear- with (FDPM(N95)) an N95 insert.
ing, one should see no obvious gaps, especially around
the nose; this can be qualltatlyely assessc_ed by havmg tl}?z. Human subjects
wearer look down toward their nose moving only their
eyes. If they can see their nose below the mask theWe recruited 12 volunteers (4 self-identified male and
there is a gap and the mask should be better secured. 8 self-identified female), ranging in age from 18 to
Two additional masks were constructed using the65years old. The Institutional Review Board of the
same materials as the singing mask. One was cordJniversity of California, Davis approved this work
structed having only two cloth layers and one having(IRB# 844369-4), and all research performed followed
three layers (cloth-liner-cloth). Both used a generalthe Institutional Review Board guidelines and regula-
pleated surgical mask design, based on the design intions. Prior to the tests, written informed consent was
tially promoted by the U.S. Centers for Diseaseobtained from all participants. Information collected
Control; the directions and instructional video origin- from participants included their age and singing range
ally made available by the CDC are no longer(e.g., soprano, alto, baritone). Only self-reported



healthy nonsmokers were included in the study. All
participants had to take the UC Davis Daily Symptom
Survey  [ittps://campusready.ucdavis.edu/symptom-

survey prior to accessing campus. Participants wereii.

encouraged to obtain a negative COVID-19 test just
prior to their participation, although this was not
required or tracked. Informed consent for publication
of identifying information was obtained from the par-

ticipant shown inFigure 1 iii.

2.3. Expiratory aerosol experimental description

We used an experimental setup similar to that in pre- iv.

vious work (Asadi, Cappa, et aR02Q Asadi et al.
2019 Asadi, Wexler, et aR02Q. In brief, participants
were asked to breath, speak, or sing in front of a
stainless steel funnel (7.5cm diameter) connected by
nonconductive tubing to an aerodynamic particle sizer
(APS, TSI Model 3321, 5L/min) and a condensation

AEROSOL SCIENCE AND TECHNOLCZY15

202Q Asadi et al.2019 Asadi, Wexler, et al.
202Q. In this orientation, the APS samples air
that has passed through the mask material.

Top The participants tilted their heads down-
ward to have the bridge of the nose approxi-
mately centered on the APS funnel, allowing for
sampling of particles that leak from the mask
nose area.

Side The participants turned their head 90
degrees to face perpendicular to the APS funnel,
with the side singing mask approximately cen-
tered on the funnel

Bottom The participants positioned their chin
just above the APS funnel with the mask material
from the expanded volume over the top of the
funnel. This allowed for sampling of particles
that leak from the mask neck area.

Participants performed the speaking and singing

particle counter (CPC, TSI Model 3775, 0.3 Ipm) thatactivities while either wearing or not wearing the sing-
was located in a HEPA-filtered laminar flow hood ing mask. Measurements without a mask were made
(Figure S1p The APS characterizes particles from 0.3only in the forward direction, with the exception of a
to 20 microns in aerodynamic diameter in 51 sizefew test measurements on one participant to confirm
bins, with a decreased detection efficiency for particleshat no particles were measured above the background
<0.5 microns and the smallest size reported as 0.5fevel in non-forward directions. Breathing was per-
microns. The APS total flow is 5 Ipm, from which 1 formed only with no mask; results are not reported
Ipm is sub-sampled for characterization of the particlehere but were consistent with previous measurements.
concentration and with the other 4 Ipm used as aFor speaking, participants were asked to read the
sheath flow. The CPC characterizes the number conentirety of the Rainbow Passagéoth with no mask
centration of all particles sampled, although with aand while wearing the mask while oriented in the
reduced efficiency for particles larger than about 1“forward’ direction (Figure S}, the Rainbow Passage
micron owing to impaction losses. We focus primarily is commonly used in respirator fit tests (albeit, a
on the measurements made using the APS and, unlesshortened version; Occupational Safety and Health

otherwise stated, results for expiratory aerosols use thAdministration
(Fairbanks 196Q. Participants also performed two

APS data.

Participants donned the singing mask without dir- singing activities.

2009 and linguistics research

First, they sang in English

ect assistance. They were asked to tighten the eddeethoveis Ode to Joyfrom his Ninth Symphony,
loops and the neck closure, pinch closed the metal baboth wearing and not wearing the mask, with the lat-
in the singing mask around their nose, and to tie theter in each of four head orientations described above

neck and head straps. They were asked“tighten

(Figure S1 Second, participants sang a song of their

everything as much as possible, but such that you arehoosing of about 2min in length. They performed

still comfortabl€’

this second activity both without a mask and with the

Respiratory emissions with or without a mask weremask in the forward orientation only.

tested with the participard head oriented in one of

For all speaking and singing activities, participants

four positions, relative to the sampling funnel. Thesewere asked to carry out the activity at a comfortable
orientations were the same as those described iwvolume; no effort was made to control for volume dif-

Cappa et al.02) and are shown irFigure S1These
were as follows.

ferences between participants. While loudness can
influence the emission rate of expiratory aerosols

(Asadi et al. 2019, we focus on the reduction
i. Forward/Through The participants sat directly achieved by wearing the mask, and thus loudness dif-
facing the APS funnel. This was the orientation ferences between participants will have little effect. All
examined in prior studies (Asadi, Cappa, et al.particle emission rates were adjusted to units of
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particles per second by accounting for the actual dur-method that accounts for the above mentioned impact
ation of vocalization {0, which excludes pauses of expiratory airflow rates on the observed emission
between words or phrases as determined from microtates and concentrations; this procedure allowed for
phone recordings. One participant repeated t@ele  determination of probability distributions of the over-
to Joy activities multiple times on different days. all mask efficiency based on the median values across
Participants generally performed the tasks in the ordenthe population of participants and various assump-
breathing, speaking, singir@de to Joyand then sing- tions of how the flows are split (Cappa et &02J.
ing the participant-selected song. We varied the orderOverall, relatively narrow probability distributions
in which the participants performed a given task with resulted with only moderate sensitivity to the assumed
or without mask wearing. For singin@de to Joyith  split between the air that passed through the mask
mask wearing the order of sampling in the different versus escaped out the top, sides, or bottom and the
orientations varied between participants, although typ-greatest deviations found for very low total expiratory
ically with the forward direction activity the first per- aijrflow rates. We use a similar approach here, but
formed (either with or without the mask). apply the approach to the observations from each
The directly observed particle emission ramg;t@ individual, rather than using the medians across par-
does not necessarily equate to the total particle emisticiPants. Over 10,000 iterations, we determined the

sion rate owing to differences between the APS totaffaction (f) of air that goes in a particular direction
airflow rate Qapsior ¥4 5 Ipm), sub-sampled airflow from a random distribution, but constrained such that

rate Qaps.samp¥s 1 Ipm) in the APS in which particle the concentration (rather than count rate) in any dir-
counts are measured, and the airflow rate of the€ction is less than or equal to that with no mask wear-
expiratory activity Qe), as discussed in Cappa et al. mg..We further assumed a log-normal dlstrlbuthn of
(202): we refer readers there for details. In brief, €xpiratory airflow rates centered at 13 Ipm with a

when the sampled expiratory airflow exceeds the APVidth of 1.3. In the case when the airflow rate in a
given direction exceeds the APS total airflow the inlet

b . .
total flowrate theN - underestimates the true particle :
P is overflowed

emission rate M) by a factor of QexdQaps samp
although the measured particle concentration is cor-
rect. When the sampled expiratory airflow is less than@'® adjusted to actual particle emission ratés; )
Qaps ot the Ny is also underestimated owing to dilu- based on the above assumptions. While we present

tion, but by a constant ratioQaps 1o Qaps,samp While the unadjusted (observed) absolute particle emission
the particle concentration is ’ underéstimated by rates to remain consistent with previous studies, when

Qaps 1ol Qexp reporting particle emission rates normalized to the

This raises certain challenges when combining thé\o-_mask condition we use the airflow-adjusted valueg,
measurements from the different orientations to esti-Which are also used to calculate the overall mask effi-
mate the overall mask efficiency. Typical airflow ratesCiency. The overall mask efficienay, is:
associated with talking range from ca-1% Ipm P Np,i
(Gupta, Lin, and Chen201Q. For singing, airflow gvsl ———
rates are in the same general range although skewed p.nomask
perhaps a little higher, especially for louder singing, The average value and standard deviation for each
and females tend to exhibit slightly smaller valuesindividual were determined from the distribution aj
than males (Holmberg, Hillman, and Perkell988 values from the simulations. For comparison, we also
Jiang et al.201§. Consequently, the actual particle determined individual overall efficiencies for the par-
emission rates associated with talking and singindicipants speaking while wearing surgical masks in
without a mask are about a factor of-B5 times Cappa et al.Z02)).
higher than the observed values (the ratio between the In the “bottom” orientation, the participants posi-
actual expiratory airflow rate and the sub-sampledtioned their chin just above the APS funnel, with the
APS airflow rate). mask material from the expanded volume draped over

With mask wearing the airflow during expiration the top of the funnel. Some participants could not
can be split in multiple directions, with the expiratory completely avoid contact between the mask material
airflow in a given direction not knowra priori. We  and the funnel in this position; consequently, mask
previously accounted for this split for surgical masksfibers shed by friction between mask and funnel may
while talking or coughing using a Monte Carlo have contributed substantially to the particle counts

The I&Lgﬁsin each orientation i for each individual
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from participants in this orientation (Asadi, Cappa, Here, a tube composed of conductive silicon was
et al. 2029 Clark and Shirleyl973 Hospodsky et al. inserted below the mask at the neck area and the sam-
2019. Shedding of skin or hair can also contribute pling end of the tube was positioned to sit in the
non-expiratory particles during the speaking and sing-main mask area in front of the face. The tube was
ing activites (Hospodsky et al. 2013 and attached to a condensation particle counter (CPC, TSI
Supplemental Materipl Such non-expiratory particles Model 3775, 0.3 Ipm), which sampled at 0.3 Ipm and
confound the respiratory emission measurements, buimeasured the total concentration of particles every 1s.
they may still carry pathogens as aerosolized fomiteThe CPC characterizes the number concentration of
(Asadi, Gaaloul Ben Hnia, et aR02Q. Based on all particles sampled above 4nm, although with a
gualitative analysis of the observed particle size distrireduced efficiency for particles larger than about 1
butions (Figure S? coupled with a subjective assess-micron owing to impaction losses. Two experiments
ment of the extent of mask-funnel contact during were conducted. In both, the participant was asked to
singing, a few participants appeared to generate a sidsreathe deeply in and out through their nose 10 times
nificant amount of mask-fiber or, potentially, skin or at a rate of about five breaths per minute while the
hair, particles. For these participants, when assessingarticle concentration inside the mask was continually
the overall mask efficiency, we used the median valuenonitored. In one experiment, the neck strap was
from the other participants in place of the value meas-fully tightened, as appropriate for correct fit of the
ured for the individual, although provide discussion of singing mask. For the second, the neck strap was left
the impact of using unadulterated measurements. slightly loose to intentionally introduce a leak. Prior

To address concerns that the directional samplingto starting the measurement, the participant was asked
approach used above might miss some particles thaio breathe three times after the sampling tube was
escape from the mask edges owing to the modest flowinserted. The ratio between the room air concentra-
rate of the APS, we also made measurements for ongon and the in-mask particle concentration provides a
participant using a larger funnel (30cm diameter) and measure of the mask fit factor and the efficiency
where an ancillary flow of 25 Ipm was pulled from toward inhaled ambient particles.
between the funnel neck and APS inlet such that the
total flow into the funnel exceeded typical expiratory 2.5. Filtration efficiency versus distance
flow rates. The results from these measurements were : -

. . N . experimental description

consistent with the directional sampling approach and
are discussed further in the Supplemental MaterialThe influence of the mask-mouth separation distance on
(Figure S3and Table S). They also point to potentially filter efficiency was characterized as follows. A fibrous
important contributions of skin or hair shedding during filter having moderate efficiency was secured over the
all activities, which would lead to an underestimate of APS sampling funnel using an elastic band. This pro-
the actual filtration efficiencies toward expiratory par- vided the filtration material, and thémask-mouth sep-
ticles; thus, the reported values might be reasonably coraration distance was characterized as the distance
sidered lower limits. between the participaritsnouth and the fibrous filter.

One participant sangdde to Joywearing a variety To eliminate the influence of the air from the laminar
of mask types (seMask Desigh in the forward flow hood on the measurements, a cylindrical sheath
(through-mask) position, with three replicates for having the same diameter as the APS sampling funnel
each mask type. was constructed out of aluminum foil. The sheath was

All data processing analyses were carried out usingecured to the APS sampling funnel using a second elas-
Igor Pro (v. 8.0.4.2, Wavemetrics). Differences betweetic band to make a seal. The distance that the sheath
the N, ; values are calculated after log-transformationextended from the APS sampling funnel could be
using a single factor ANOVA test. adjusted over the range 1cm to 10cm. A schematic is
shown in Figure 2a Background concentrations were
unaffected by the presence of the sheath. Without this
sheath, the measured particle concentrations during
The concentration of particles inside the singing maskspeaking theRainbow Passagand without the fibrous
was measured for one participant while breathing. Forfilter, would decrease as the participant moved further
comparison, the concentration of particles in the from the APS sampling funnel. More specifically, with-
room air was measured just prior to the measure-out the sheath the measured concentration was constant
ments of particle concentrations inside the mask.within  measurement reproducibility —when the

2.4. Inhalation experimental description
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Figure 2.(a) Schematic of sampling setup for measuring the influence of the filter-face separation distance on the filtration effi-
ciency of a fibrous filter. (b) Filtration efficiency measured as a function of the filter-face distance measured for one patrticipant in
triplicate where the filtration material was the outer-layer of surgical mask #1. Fits correspond to a simple power law and a full
expression that distinguishes particle loss mechanisms. (c) Measured patrticle size distributions for no filter (black) and for a fibrou:
filter (colors) with the participant speaking Reinbow Passage varying distances filter-face separation distances. (d) The size-
dependent filtration efficiency as a function of the filter-face separation distance, for different size bins indicated with the gray ver-
tical lines in (c).

participant was within 3cm of the plane of APS sam-expiratory air passes increases with distance (see
pling funnel but decreased with further distance. With Appendix A). Expiratory air velocities at the mouth exit
the sheath (and without the filter), there was no discern-depend on the airflow rate and the size of the mouth
ible  change in the measured concentrationopening. For reference, Kwon et a20{l3 observed air-
with distance. flow velocities of 2640cm/s over £2cm distance in

A participant was asked to recite th&®ainbow front of speakers mouths, which will decrease to about
Passagavith the sheath set at distances ranging from 12-4cm/s at a distance of 10cm. These values are not-
to 10cm. The participant gently placed the bridge ofably higher than the face velocity associated with the
their nose and their chin against the sheath to maintainAPS airflow through the filter material (1.06 cm/s).
a given distance throughout the activity. Because the The particular fibrous filter used necessarily exhib-
participants mouth extended 0.5cm into the sheath, ited little fiber shedding and also had a moderate
the reported distances are 0.5cm less than the length averall filtration efficiency. The latter condition is
the sheath. The participants face did not entirely covemecessary because if the filtration efficiency is too
the sheath. Because the sheath was sealed to the saarge it is difficult to determine changes with distance
pling funnel, excess air from speaking (relative to thequantitatively within the measurement uncertainty,
APS flow) exited by the participants face. The distanceand working with a fibrous filter having a moderate
were selected in a random order. At each distance thre€ 50%) efficiency allows for access of a greater range
replicates were performed with the fibrous filter in place of values. To meet these requirements, we used the
over the APS sampling funnel and compared to theouter layer of a 3-layer surgical mask as the fibrous
measurements made with no filter. The expiratory airfilter, specifically the outer layer of the ValuMax
velocity decreases with distance from the mouth, while5130E-SB mask. (The inner layer of this mask had too
the fraction of the filter area through which the high of an efficiency. The singing mask, despite
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limited evidence of substantial shedding when wornrespirator worn by one participant while speaking.
by the participants, shed particles excessively wheifhe smaller deadspace volume led to unavoidable
secured over the APS sampling funnel.) contact between the sensor and the participants face
The total filtration efficiency was determined by or the respirator, which caused occasional false nega-
summing over all particles measured. The sizetive signals that quickly recovered; these negative sig-
dependent filtration efficiency was determined in five nals have been removed from the data.
size bins: the lower size limit to Ongn, 0.8-1.25mm, Complementary measurements of the transient
1.25-1.9mm, 1.9-3.9nm, and 3.910mm. Uncertainties response of C@to deeper and slower breathing were
were taken as therlstandard deviation of the mean also made, where a participant carried out a series of
over the three replicates. four deep inhalations and three deep exhalations, with
This method of determining the material filtration each cycle (inhalatiop exhalation) taking about 45s.
efficiency differs from standard methods that affix the These measurements were made after the participant
filter material in a holder and vary the airflow rate to had already been wearing the singing mask for many
control the face velocity (ASTM Internationd&2017  minutes. The observed time-varying concentrations
Drewnick et al.202]). In such tests the face velocity is during each inhalation and each exhalation were fit to
the same across the entire filter material, whereas hergn exponential function with an offset to determine
the velocity and exposed area co-vary. the asymptotic C@ concentrations.

2.6. Measurement of environmental parameters in 3. Results and discussion

th k dead I N L
€ mask deadspace voilme 3.1. Through-mask filtration efficiencies for

We measured the steady state concentration of, CO exhaled particles
and G in the deadspace volume of the singing mask
for one participant using a Sensiron SCD-30 NDIR
CO, sensor and Maxell KE-25 sensor, respectively.
The sensors recorded at 2 sec time intervals, althoughinging ( NpEsing ¥4 11.9 p/s) exceeded those for talk-
the response times were 20s and 15s, respectively.
The CO, sensor has a specified measurement rang(i(19 ( Mpwak ¥2 3.3 p/s by about a factor of three
up to 40,000 ppm although we found that it maxed When no mask was usedrigure S} similar also to
out above 32,000ppm The specified accuracy of Mass-based results (Gregson et2dl2). The particle
the CO, sensor is + (30ppmp 3%) up to Size distributions generally resembled each other for
10,000 pprp and a repeatability of 10 ppmwhile the  speaking and singing, although singing led to a slight
O, sensor accuracy is +1%. We have confirmed linearenhancement in the number of particles between
ity of the CO, sensor response up to 30,000 ppwia  about 1Imm and 5nm (Figure S§ Singing and talking
comparison with a gas chromatograpinz (V4 0.999, differ somewhat in their physiological underpinnings.
slope¥s 0.92;Figure S} The CQ and O, concentra- Singing and“projecting the voice typically involve a
tions were measured separately to avoid contacthore rapid closing phase of the vocal folds, resulting
between the sensors. The SCD-30 sensor also meds- more high-frequency energy in the voice-source
ures relative humidity (RH) and temperaturd) with ~ spectrum and a louder output sound (Lindblom and
accuracies of +3% and +0@ and repeatabilities of Sundberg2007. The higher vocal fold velocities, and
0.1% and 0.1C, respectively. the higher degree of vocal fold tension required to
Two measurements each were made for speakingroduce these higher velocities, could both influence
the Rainbow Passagmd singingOde to Joyfor CO,, the particle sizes and numbers produced by singers.
along with RH andT. Only one measurement was Singing also requires different valving strategies at the
made for Q for speaking. However, we also measuredarynx to keep subglottal pressure (and loudness) con-
O, for one participant over a 30min period while stant throughout a singléphrase, which could also
they sat quietly working at a computer. The sensorgresult in different particle size distributions between
were set inside the singing mask deadspace volumgpeaking and singing (Rubin, LeCover, and Vennard
with the wires arranged to exit at the neck area; thel9673. Regardless of the physiological origin, this
wires were sufficiently thin that they did not perturb small variability in the inherent particle size distribu-
the mask fit in any notable manner. We also meas-tion between singing and speaking will have little
ured steady state COin the deadspace of a KN95 influence on the efficiency with which the mask

Consistent with previous findings (Alsved et 202Q
the obs%ved pﬁticle emission rates using the APS for
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Cappa, et al202Q but is similar to that for an N95 as
noted above Figure 3. With respect to sound, the
mask effectively acts as a low-pass filtErg(re SY,
consistent with previous findings on speech and mask
wearing (Saeidi, Huhtakallio, and Alk201§. The
good aerosol filtering differs notably from a home-
made cloth masks made from t-shistdhese had par-
ticle emission rates higher than observed without the
mask owing to shedding of mask fibers, which may
act as aerosolized fomites (Asadi, Cappa, eR@2Q.
The high filtering efficiency of the singing mask
occurs despite considerable shedding when partici-
pants intentionally rubbed the mask against itself,
(such as might occur with opening/closing the bottom
for potential water sipping), with a shedding rate
Figure 3.(left axis) Bars showing the observed particle emigreater than for the homemade cloth masks (Asadi,
sion rates for one participant singidde to Jowith no mask, Sﬁ:{appa’ et al202Q (geometric mears 20 p/s for the

or a homemade cloth two-layer or three-layer pleated ma . )
made of the same material as the singing mask, a modified19'Ng mask vs. 1 p/s for the homemade mask;

singing mask having no bottom opening, the standard singingigure S& Most likely, this distinct lack of shedding
mask, a commercial cloth mask either without (FDPM) or wiluring use for the singing mask results from separ-

(FDPM(N95)) an N95 insert, either of two different surgicgion of the mask material and the wearers face, thus

masks, or an N95 respirator (3M), as measured in the forwaidm'nat'n contact abrasion of the mask material
(through-mask) position. Note that jaw movement was sufiminating : al.

stantially restricted with the non-singing masks, especially the The through-mask filtration efficiency for the sing-
N95 respirator. Three repeats were performed and error bing mask, and for a modified singing mask lacking

are I geometric standard deviations. The reported emissiqde opening for drinking, exceeded that for two-layer

rates have not been corrected for flow. (right axis) The assqgly three-layer masks made of the same cloth but
ated reduction efficiency for exhaled particles sampled in the

forward (through mask) direction (black points). having a pleated surgical-mask styleigure S9 The
pleated masks reduced the through-mask particle

. . o emission while singingOde to Joyby a substantial,
reduces emission of particles from expiration to the . -
but comparably small, factor of 14 while the singing

surrounding environment. .
gen o . .masks reduced through-mask emission »%00 fold
Representative aerosol emission data from one indi-

vidual singing Ludwig van BeethovenOde to Joy Figure 3. This observation suggests that an increase

with no mask or while wearing various facemasks,in mask-mouth sepgration digtance for the ginging
including the singing mask, demonstrate that the efﬁ-maSk engende.rs an mgreasg 'n, tgean.d. potentially
ciency of expiratory particle filtration for airflow pass- N€IPS 0 explain the high filtration efficiency for the
ing through the mask material varies with mask type COtton fabric singing mask.

(Figure 3. Notably, this through-mask efficiency for

respiratory particles averaged across all particle siz€$o |nfluence of mask-face separation distance on
(geb for the singing mask is as high as for an N95 filtration efficiency

and higher than that for two different types of surgical _ _ . .
masks, as well as for various cloth masks including'© @ssess the impact of this separation distanceon

two made of the same cloth as the singing maskin & controlled manner, we performed systematic
Considering multiple participants, thg: while speak- €Xperiments using a non-shedding fibrous filter hav-
ing the Rainbow Passag@airbanks 196(, singing g moderate efficiency Figure 23. Notably, the
Ode to Joyand singing other user-selected songs wa®bservedye increased with the filter-mouth separation
very high for the singing mask, with the average> distance Figure 2B, consistent with the difference
99.5% observed for all activities and the lowgsfor ~ between the two- and three-layer masks and the sing-
a single individual of only 96.5%Fi{gure 43 This ing mask. This observation further supports the idea
high through-mask efficiency exceeds that observedhat the larger than typical mask-mouth distance of
for medical-grade surgical maskBEigure 4 and for  the singing mask importantly contributes to its high
KN95 masks during speaking maneuvers (Asadithrough-mask filtration efficiency.
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dependence. For particles2 microns thegr p, exhibit

minimal dependence on the filter-mouth separation dis-
tance. Both the increase ige with distance and the
stronger distance dependence gfp for the smaller

particles are somewhat surprising given that diffusion-
driven losses are typically considered minor for particles
>0.5 microns and impaction-driven losses should
decrease as velocity decreases (Flagan and
Seinfeld19889.

Our observations differ from those of Drewnick
et al. 2023, who measured size-specific filtration effi-
ciencies as a function of face velocity for various cloth

Figure 4.(a) The through-mask (forward) particle emissiomasks using a standard test procedure wherein the fil-
rates normalized to no mask (left axis) or the correspondifg is secured in a sample holder and the airflow rate

reduction efficiency (right axis) observed for participants Whii|§ varied to change the velocity. Specifically, for 2.5
wearing the singing mask for speaking or singing either the ' ! )

Ode to Joyr a song chosen by the participant. Closed colore'a1icr0n particles they found thage, Dp increased with
circles in (a) indicate unique individuals while open gray circleslocity and for 0.5 micron particles there was little

indicate repeats by one individual. (b) Normalized partic&%pendence ObFD on ve'oc":y The difference in
+Dp

emission rates for participants speaking while wearing a surgi- . . . .
cal mask (original data from Cappa et 2027). Note that ﬂwethodologles used provides a potential explanation

the participants in (a) differ from those in (b). Box and whisk®r this difference in behavior. In our case, the air vel-
plots show the median, 25th/75th percentile, and 10thocity and the jet-impinged area co-vary; velocity

90th percentile. decreases with the filter-mouth separation owing to
expansion of the expiratory jet and an increase in the

The observed dependence gf on distance X) is filter area impacted by the expiratory air. This could
well described by the empirical relationshig': 1, pOtentiaIIy lead to differences in how the filter mater-
1 expd K xPb with p%0.45 (b). Theory indicates ial structurally responds to changes in velocity com-
the overall filtration efficiency for a fibrous filter Pared to the standard test methods, which could in

varies agr 41 expd K gs? where thegse is the  turn impact filtration efficiency. Perhaps greater
single-fiber filtration efficiency accounting for all deformation of the filter material at close mask-face
processes (diffusion, interception, impaction) akds ~ Separation distances, corresponding to high velocity
a constant that depends on the filter (Flagan andWith small impacted area, occurs and reduces impac-
Seinfeld 1989. The ggr for the different processes tion-driven losses. We note that our methodology bet-
vary with the air velocity through the filter, with ter reflects the physical situation that occurs with
Osrar  decreasing  but gegimpimp iNcreasing  with actual masl_< wearing compare@ to theﬂstandard
increasing velocity. As the expiratory jet expands awamethOd' While we cannot pinpoint a specific reason

from the singer the velocity decreases and the jet wil or ths obse_r ved _d:tance hdepﬁno!ence ngh certl;alfnty,
impinge on a greater area of the filter material ©U' © servations indicate that the increased mask-face

(Abkarian et al.2020. Thus, we expect thag. should distgnce for 'Fhe singing mask Ii_kely.contri_bl_Jtes to the
vary with the filter-mouth separation in a manner particularly high through-mask filtration efficiency.
that depends on whether diffusion or impaction dom-

inates the particle loss process. The observations a®3. Impact of mask leakage on the overall

fit equally well as the empirical equation using an filtration efficiency for exhaled particles

expression in which theyse derive from the theoret- 0oy Hask performance additionally depends

ical relationships between vlelomt.y Ak gi anq on the extent to which particles escape from the edges
Isintpimp: DUt Where the relationship between particle ot \he mask: the above discussion only addresses air
size and diffusivity or impaction efficiency is not that passes through the mask material. Any leakage
explicitly considered (seéppendix A). Further, the that results from imperfect sealing between the mask
size-dependent through-filter efficienciegzo P vary — and wearersface reduces all overall mask efficiencies
with separation distance and differ by size regime(Cappa et al2021 Grinshpun et al.2009 Oberg and
(Figures 2cand d). Smaller particles correspond to Brosseau200§. For high-quality filtering materials,
smaller gep, while exhibiting a stronger distance the extent of leakage is the primary determinant of
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Figure 5.(a) Particle emission rates normalized to no mask wearing for €hugng Joyor the different orientations while

wearing the singing mask. (b) The overall mask efficiency while €hdgirig Jowith the singing mask, accounting for leakage

flows, colored by participant (circles). Uncertainty bars on individual points imdideterrhined from Monte Carlo simulations.

The red square is the average across all measurements and the blue triangle the average after combining replicate measurement
from one participant. Closed circles in (a) and (b) indicate unique individuals while open circles indicate repeats by one individual.
(c) Overall efficiency for speaking with a surgical mask including leakage flows (solid points) or assuming all flow passes through
the mask, i.e., zero leakage flows and perfect sealing (open points). Original data from Capp2)etat. rieprocessed here

for individuals. Note that the participants in (a,b) differ from those in (c). Box and whisker plots show the median, 25th/75th per-
centile, and 10th/90th percentile.

overall mask efficiencyg] (Grinshpun et al.2009. Sampling from the bottom quadrant yielded the
Following from our previous study on surgical mask largest with-mask particle emission rates. While this
leakage during speaking (Cappa et202)), we deter- could indicate the greatest leakage flow in this quad-
mined the emission rates of particles from the top,rant, the associated particle size distribution differs
bottom, and side quadrants of the singing mask whilenotably from those observed in the other quadrants
participants sang>de to JoyFigure SL We note that (Figure S1L In particular, a large-diameter mode
negligible particle emissions from the opening for between 3-10 microns was observed, which strongly
drinking (see methods) were observed after it wadndicates a non-expiratory source. Owing to the
sealed closed. The observed particle emission ratextended volume of the singing mask, most partici-
from these quadrants exceeded those for the forwardpants could not avoid having the mask rub against
through-the-mask material direction F{gure 53  the sampling funnel while sampling from the bottom
Nonetheless, wearing a mask substantially decreasgsiadrant. This strongly implicates shed fibers as a
the observed particle emission rates from the no-maslcontributing particle source; consequently, the particle
condition in all directions. emission rate from the bottom quadrant provides an
The greatest between-participant variability in the upper limit to leakage of expired particles.
absolute emission rate occurs for sampling from the We estimate the overall mask efficiency for reduc-
mask top quadrant, near the nose (geometric standardion of expiratory aerosol emission for each individual
deviation %2 0.85). This suggests a greater sensitivitywhile singing by combining the observed particle
of emissions in this direction to how well the mask emission rates without a mask to emission from the
seals around the nose, which can result from individu-various quadrants plus through-mask using the con-
als wearing the masks with different tightness. Westrained Monte Carlo approach described in the
confirmed this by having one participant sif@de to  Methods to account for splitting of the flow in the
Joy while securing the mask with (i) only the ear various directions Figure 50). The median is 98% and
loops snug, but not tight, (ii) only the ear loops tight, the mean 9B 3%. If the measurements from the par-
and (iii) the ear loops tight plus the two head strapsticipant who repeated the activities are combined into
(Figure S1p With the snug ear loops-only, the a single value the median is 97% and the mean 96%
observed particle emission rate from the mask top6 4%. Overall mask efficiencies of greater than 93%
decreased by only a factor of three over no maskwere determined for all but two participants wearing
However, with the tight ear loops-only the particle the singing mask. One of these individuats %z 88%)
emission rate from the top decreased by a factor of 3thad the highest normalized emission rate for the top
over no mask and with the tight ear loops and the quadrant, indicating that leakage around the nose
head straps by a factor of 80 over no mask. contributed to this low, but still very good, efficiency.
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Figure 6.Time-series of particle concentrations measured using a CPC for room air (solid black line), sampled inside the sin
mask worn intentionally loose around the neck (blue circles), and when sampled inside the mask when worn tightly as desigl
(gold triangles). The right axis shows the approximate mask efficiency based on comparison with the mean room
concentration.

The other individual § ¥4 91%) produced a somewhat minimum at diameters between 0.1 microns and 0.5
high normalized emission rate from the mask top and microns, dependent on material (Pan et 202)). The
the second highest from the mask bottom, suggestingrobability that a given respiratory particle might con-
that both leakage and, likely, shed mask fibers contribtain an infectious virion decreases as particle size
uted. (We note that these values were determinedlecreases such that very few particke8.5 microns
when using the median values in place of the directlyare expected to contain an infectious virion (Anand
observed values for the few cases for which particland Mayya202Q. Therefore, the APS measurements
shedding likely had a major impact; see Methods.likely provide the most appropriate characterization of
When the directly observed values are used the avetthe overall filtration efficiency in the context of
ageg % 966 5%%, the median is still 98%, and all respiratory diseases.
but three of the individualg were >90%; sed-igure The overall efficiency determined here for the sing-
S12. Regardless, the observed high overall efficiencigsg mask greatly exceeds that found for surgical masks
indicate that with proper fit, in particular ensuring a during speaking (Cappa et 2023, and further there
good seal around the nose, the singing mask providess substantially less individual variation between par-
substantial reduction of expiratory particle emission ticipants Figure 5band c). The singing mask design
even while singing. Also, no visible spittle (i.e., drop-provides a tighter fit that reduces, but does not elim-
lets much larger than those measured here) wagnate, variability in the fit quality. This, together with
observed with wearing the singing mask, suggestinghe greater efficiency for air passing through the
efficient elimination of very large droplets. mask, leads to the overall improved performance com-
The above high filtration efficiencies correspond to pared to a surgical mask. Notably, the overall effi-
particles>0.5 microns in diameter, as characterizedciency of the singing mask including leakage exceeds
by the APS. Comparison between the CPC and AP$he efficiency of the surgical mask even if we assume
measured particle concentrations indicates that thezero leakage flow. While some tools exist to help
APS characterizes 30% of the total particles on averimprove sealing of cloth and surgical masks (Clapp
age, meaning that 70% of the particles are smalleet al., 2021; Rothamer et &02) their use during
than 0.5 microns Figure S13a Using the CPC singing is infeasible. Similarly, so-called double mask-
measurements we find the averag®s 906 7%% and ing has been suggested, including by the U.S. Centers
the mediang % 92%, somewhat lower compared to for Disease Control (Brooks et &02), as a way to
the APS but still very highRigure S13p This differ-  improve both filtering ability and fit, and thus overall
ence between the APS (particle€.5 microns) and efficiency (Gandhi and Mar2021), but this too would
CPC (all particles) likely results from the fact that not be appropriate for singing. Even so, outside of
material filtration efficiencies typically exhibit a singing contexts (e.g., public adoption), double
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masking does not ensure one obtains a good seal anof the singing mask provides major benefits to both
thus the actual benefit is difficult to knowespecially the wearer and others.

given the wide range of cloth masks available. Also,

while qualitative, the participants generally indicated that
greater breathing comfort with the singing mask com-
pared to the mask(s) each individual typically wore, Concentrations of C@ in the deadspace of filtering
most likely owing to the increased mask-face separatiorf2Cepiece respirators, such as N95 respirators, are sub-
We speculate that the more open design of the Singir@tantially elevated above ambient concentrations

mask could increase mask wearing compliance. (' 420ppm), with consequent concerns over £O
rebreathing (Smith, Whitelaw, and Davi&913. For

example, Rhee et al2@2), found the steady state
3.4. Mask filtration efficiency toward [CO,] ¥226,000 ppm inside the respirator deadspace
ambient particles for participants wearing KN95 respirators. This high
While mask wearing plays an important role in reduc- concentration results from the high [C{in exhaled
ing emission of expiratory particles, masks can als@réath of 5% by volume, or 50,000 ppmThe dead-
reduce inhaled particles concentrations. To addres§Pace of the singing mask is abouwtS3times larger
this, we measured for one participant the time-varyingthan most facepiece respirators. Thus, there is poten-
concentration of particles inside the singing mask dur-11al concem over CQ buildup in the singing mask.

ing breathing Eigure §. When leaving the mask neck Correspondingly, as the COin exhaled air derives

seal intentionally somewhat loose the peak particlefrc_’m the '|nhale.d Q, limited e>.<change of.mask air
concentrations inside the mask upon inhalation with ambient air could result in @ depletion. Our

approximately equaled the room air aerosol Concen_measurements show the steady state

tration. Upon exhalation the concentration fell to very (€04 19.000ppm during speaking and  singing,

low values, indicative of the lower aerosol concentra—IOWer than the steady state observed by Rhee et al.

o . (2022 for an NO95 respirator and lower than the
tion in exhaled breath compared to most ambient . -

. . . e steady state measured for this same participant wear-
environments and ambient particle deposition in the

espratory system. However, when the mask waf®, % (0% (oSt (2500000 (Fewe 78
worn as designed, with the neck seal tight, the inside- y ging

. . . averaged 18.5% by volume during speaking of the
mask concentration upon inhalation rose only to __. . .
) T Rainbow Passagend 18.0% during longer wearing
about 6% of the room air concentration, indicative of

) g ) ) o (30 min) by one participant Kigure 7f. While lower
an effective eff|C|e.ncy of 94% for mhalqtlon, similar to than the [0 in ambient air (20.8%) this concentra-
that found for expiratory particle emission. Mask per-

) ) i ) tion exceeds that in exhaled breath 16%). In terms
formance is sometimes characterized by the fit factor oxygen availability, this decrease in JOcorre-
which in this case is just the ratio between the roomsponds to an equivalent change in altitude from sea
air concentration and the concentration measured iNq el to about 1km and is consistent with respirator
the mask, or 16.7 (Lindsley et al202). Distinct  \;5e having no influence on oxygen saturation level
from expiratory aerosols, the room air aerosols Wer€kim, Benson, and Roberg2013. If there were lim-
primarily smaller than 0.5 microns, with only 10%  jteq mask-ambient air exchange the [gOshould
of the particles larger. Filtration efficiency typically pyilg up over time while the [@ should continually
increases with particle size above this range (Cappgeplete. That this did not occur, even over 30 min of
et al. 2021 Drewnick et al.202) and thus we expect \yearing, demonstrates substantial exchange occurs.
the efficiency of the singing mask toward expiratory  Qur complementary transient measurements during
aerosols emitted by others will be even greater thamreathing show that the deadspace [@symptotic-
found here. Similar to exhalation, the singing maska||y approaches 36,000 ppm during exhalation and
geometry likely contributes to the high filtration effi- 6,500 ppry during inhalation Figure S1% These
ciency toward ambient particles during inhalation. observations demonstrate that there is exchange
The greater mask-face separation will lead to air beinghetween the deadspace and ambient environment dur-
drawn through nearly the entirety of the mask surfaceing both exhalation and inhalation, but with some
area, with a consequently lower face velocity andesidual in the deadspace that is not fully cleared out.
increased filtration efficiency compared to conven-If exchange did not occur we would expect that the
tional designs. Overall, this demonstrates that wearingleadspace [C£ would asymptote to the value in

3.5. Deadspace microclimate
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Figure 7.(a) C@and (b) @ concentrations along with (c) relative humidity and (d) temperature measured in the deadspace of
the singing mask during speaking (red) and singing (blue) and in the deadspace of a KN95 respirator during speaking (gold), c
pared with that for room air (black line) and in typical exhaled air (gray band). Dashed versus solid lines differentiate replicates

exhaled breath during exhalation and if there were nohours) may lead to slightly elevated transcutaneous
residual in the deadspace we would expect,G® CO, levels of wearers, but at levels that are not clinic-
asymptote to ambient values during inhalation. ally important (Scheid et ak02Q.

To understand the steady state and transient obser- The relative humidity in the singing mask deadspace
vations we have built a simple model of ambient- averaged 65% for both speaking and singing, and the
mask air exchange, inhalation and exhalation, ang O temperature averaged 31 C (Figure 7cand d). The

CO, conversion upon inhalation during breathing temperature in the singing mask was similar to that
(see Supplemental Materials). The model indicatesneasured in the KN95 respirator @1 C) whereas the
that inhaled air comprises about 85% of ambient airrelative humidity was much lower than that in the
and 15% of deadspace air, leading to an averag€N95 respirator ( 90%). Our observations for the
[CO] in inhaled air of 6,000 ppm. This concentra- KN95 respirator are consistent with previous measure-
tion is slightly higher than the 8 h time-weighted aver- ments for N95 respirators (Roberge, Kim, and Benson
age occupational exposure limit for GO of 2013. The higher relative humidity in the KN95 mask
5,000 ppmy and well below the short-term exposure and in N95 masks generally could result from greater
limit of 30,000 ppny (OSHA 202)). During exhalation, water retention by the KN95 material compared to the
about 15% of the air is residual deadspace air, 25% afinging mask material.
the air is exchanged ambient air, and 60% is exhaled Anecdotally, a few participants noted that the air
air. The model consideration confirms that substantialfelt somewhat stale while singing with mask wearing,
mask-ambient air exchange occurs. Overall, givenndicating some level of discomfort compared with no
these calculations and the general similarity of themask wearing. The participant who performed numer-
steady state COfor the singing mask and for N95 ous repeats indicated that comfort increased with
respirators we can expect that continuous wearing (forepeated use on multiple occasions, suggesting that
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there may be some aspect of acclimatization. ThaDisclosure statement

same participant also wore the singing mask ot h S. A. R. and A. A-K., have filed a patent application for the

while working quietly and did not note any particular singing mask. All other authors declare no competing inter-
physical discomfort beyond feeling a slightly elevatecksts.

skin temperature. Further research would be necessary
to quantify mask wear& subjective or physiological ORCID

responses beyond these anecdotal observations. Christopher D. Capp#® http://orcid.org/0000-0002-3528-3368
William D. Ristenpart®) http:/orcid.org/0000-0002-4935-6310
Nicole M. Bouvier®) http://orcid.org/0000-0002-4530-2841

4. Summary Elad Levintalf® http:/orcid.org/0000-0002-5029-0742

o . Anthony S. Wexlei®) http:/orcid.org/0000-0003-1565-814X

In summary, the overall filtering efficiency of the cloth ggnziana A Romaf@) http://orcid.org/0000-0002-6911-2508

singing mask when fit properly compares favorably to

that expected for N95 respirators both for filtration of

exhaled respiratory particles and inhalation of ambient

particles. The higher efficiency results, in part, from theAll data needed to evaluate the conclusions in the article

substantial mask-face distance compared to typical mas'® Present in the article and/or theupplementary materi-

desians. Sufficient exchanae between air in the mas Is Additional data and files related to this article are pub-
gns. 9 icly available at doi:10.25338/B8GD1B and are available for

deadspace and the ambient environment constraing COreview athttps:/bit.ly/3qUJpiy
buildup below that observed in N95 respirators and pre-
vents  physiologically important £ depletion.
Additionally, the relative humidity in the singing mask
is lower than that in N95 masks (65% compares to Abkarian, M., S. Mendez, N. Xue, F. Yang, and H. A. Stone.
90%, respectively). As the materials comprising the 2020 Speech can produce jet-like transport relevant to

. . o .. asymptomatic spreading of viru®roc. Natl. Acad. Sci.
singing mask and N95s differ, the singing mask, or simi- 5, 717" (41).252325. doi10.1073/pnas.2012156117

larly designed masks, could provide a viable alternative\syed, M., A. Matamis, R. Bohlin, M. Richter, P. E.
to N95s outside of healthcare or other specialized occu- Bengtsson, C. J. Fraenkel, P. Medstrand, andsddahl.
pational settings for situations when greater mask effi- 2020 Exhaled respiratory particles during singing and
ciency is necessary or desired. For singers and other talking. Aerosol Sci. Technd4 (11):12458. doi10.1080/

performers, in particular, the singing mask, when fit 02786826.2020.1812502
’ ’ ’ Anand, S., and Y. S. Mayy2020 Size distribution of virus

properly, has sufficiently high efficieneymaintained laden droplets from expiratory ejecta of infected subjects.
throughout the act of singingthat its adoption could Sci. Repl0 (1):21174. dadi0.1038/s41598-020-78110-x
facilitate in-person rehearsals with multiple people asAsadi, S., C. D. Cappa, S. Barreda, A. S. Wexler, N. M.

long as other best practices (e.g., good ventilation) are Bouvier, and W. D. Ristenpar2020 Efficacy of masks
also adopted and face coverings in controlling outward aerosol particle

emission from expiratory activitie$Sci. Repl10 (1):15665.
doi:10.1038/s41598-020-72798-7
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