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a b s t r a c t 

Objective: To compare the effectiveness of different mask types in limiting the dispersal of coughed air. 

Method: The Schlieren method with a single curved mirror was used in this study. Coughed air has 

a slightly higher temperature than ambient air, which generates a refractive index gradient. A curved 

mirror with a radius of curvature of 10 m and a diameter of 60 cm was used. The spread of the cough 

wavefront was investigated among five subjects wearing: (1) no mask; (2) a single surgical mask; (3) a 

double surgical mask; (4) a cloth mask; (5) a valveless N95 mask; and (6) a valved N95 mask. 

Results: All mask types reduced the size of the contaminated region significantly. The percentage reduc- 

tion in the cross-sectional area of the contaminated region for the same mask types on different subjects 

revealed by normalized data suggests that the fit of a mask plays an important role. 

Conclusions: No significant difference in the spread of coughed air was found between the use of a single 

surgical mask or a double surgical mask. Cloth masks may be effective, depending on the quality of the 

cloth. Valved N95 masks exclusively protect the user. The fit of a mask is an important factor to minimize 

the contaminated region. 

© 2021 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious 

Diseases. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Coronavirus disease 2019 (COVID-19) is an acute respiratory ill- 

ess caused by severe acute respiratory syndrome coronavirus-2 

SARS-CoV-2). The World Health Organization declared a pandemic 

ituation on 11 March 2020. The basic reproductive rate (R0) of 

ARS-CoV-2 has been determined as 2.5, which is higher than the 

0 of influenza, SARS-CoV-1 and Middle East respiratory syndrome 
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oronavirus ( Petersen et al., 2020 ). One of the most effective ways 

o prevent the spread of SARS-CoV-2 is proper use of masks. Al- 

hough extensive research has been undertaken into the use of var- 

ous types of mask ( Tang et al., 2009 ; Simha and Rao, 2020 ), to the

uthors’ knowledge, there are no comprehensive studies about the 

se of double masks. As such, there is an urgent need to measure 

he dispersal of a cough when two surgical masks are worn to- 

ether. 

Coughed air has a higher temperature than ambient air, which 

enerates a refractive index gradient. Schlieren’s method is a use- 

ul tool to image transparent fluids that exhibit variations in re- 

ractive index across the imaged area. It has been used in dif- 

erent applications in many engineering fields, as well as in bi- 
iety for Infectious Diseases. This is an open access article under the CC BY-NC-ND 
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Figure 1. Schematic representation of the Schlieren set-up with a single curved mirror. 
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logy, including the investigation of flow visualization generated 

y insects ( Liu et al., 2018 ), human thermal plume ( Gena et al.,

020 ), protein crystal formation and hyperquenching protein crys- 

als ( Poodt et al., 2006 , Warkentin and Thorne, 2007 ). The recent

OVID-19 pandemic has turned research attention to transmission 

f respiratory diseases via droplets generated during coughing. Al- 

hough studies have suggested slightly different droplet size distri- 

utions in coughed air, it can be safely said that the droplet sizes 

re of the order of microns. Previous work using a laser diffraction 

ystem ( Zayas et al., 2012 ) or an aerodynamic particle sizer and 

canning mobility particle sizer ( Yang et al., 2007 ) reported that 

he majority of droplets produced are < 5 μm in size. The use of 

ace masks reduces the number of virus-laden droplets spread to 

he surrounding area; nevertheless, some droplets are still emitted 

hrough masks due to the small size of the droplets ( Johnson et al.,

011 ; Asadi et al., 2020 ) or leaks due to improperly fitted masks.

he risk of infection increases when coughed air travels greater 

istances. Schlieren imaging can help to determine the effective- 

ess of different mask types by employing refractive index vari- 

tions in coughed air due to the temperature difference between 

xhaled and ambient air. 

This study aimed to compare and measure the effectiveness of 

ace masks in limiting the dispersal of coughed air using either sin- 

le or double surgical masks (Mumu 

TM , Istanbul, Turkey), valved 

nd valveless N95 masks (3M 

TM , Saint Paul, MN, USA), and cloth 

asks (from organically grown cotton). The outcome of this re- 

earch did not consider the protection of the mask wearer but fo- 

used on the protection of others. 

aterials and methods 

chlieren imaging 

A schematic representation of Schlieren imaging can be seen 

n Figure 1 . In the simple Schlieren set-up discussed here, a light 

ource (either a point source or an extended source such as a slit) 

s placed slightly off-axis (a few centimetres), 2f away from the 

urved mirror where f is the focal length of the mirror. The light 

ource is imaged next to itself, and a knife edge is placed close to 

he optical axis so that it blocks the desired portion of the incom- 

ng light. (Figure S1, see online supplementary material). The knife 

p

311 
dge can move perpendicular to the optical axis so that it blocks 

he desired percentage of the incoming beam reaching the camera. 

hen refractive index variations exist in the transparent medium 

etween the light source and the curved mirror, the propagating 

eam experiences a slight change in its propagation direction in 

ccordance with Snell’s law (Figure S2, see online supplementary 

aterial). This is illustrated in Figure 1 as the beam (shown in red) 

ntering the test area at point A would reach point B if there were 

o changes in the refractive index in the test area. However, slight 

ariations in the refractive index induced by temperature changes 

end the propagation direction of the beam by angle θ , and di- 

ect it to point C (deflected beam shown in blue). As a result, the 

ncoming beam that would reach the camera is deflected down to- 

ards the knife edge and blocked by it (as illustrated in Figure 1 ),

r the beam that would propagate towards the knife edge could 

ave been deflected away from it and reached the camera. This, 

n turn, generates brighter and darker regions in the image, car- 

ying information about the refractive index gradients in the test 

rea. 

A Schlieren set-up with a single curved mirror was assembled 

t Koç University Isbank Research Centre for Infectious Diseases, 

stanbul, Turkey. A curved mirror with a radius of curvature of 

0 m and a diameter of 60 cm was manufactured by Aselsan Inc. 

Ankara, Turkey) for these experiments. The optomechanical design 

f the mirror used parametric optimization with finite element 

echniques for light weighting. The light weighting pattern of the 

ack surface and flexure design at the mounting interface are cru- 

ial for the performance of a 60-cm-diameter mirror under grav- 

ty and mounting force to eliminate surface deformation. An alu- 

inum alloy was chosen as the mirror material, and single point 

iamond turning was used as the manufacturing technique. The 

anufacturing process was developed specifically to obtain the re- 

uired surface quality and precision because the required diameter 

f 60 cm is so close to the limit of a single point diamond turning

achine (Figures S3 and S4, see online supplementary material). 

he feed rate and rotation speed of machining were optimized to 

mprove surface irregularities and roughness. 

A 21V, 150W fibre-optic illuminator (Bel Engineering SRL, 

onza, Italy) was used with an attached optical aperture in front 

f it as a point light source. The light coming out of the aper- 

ure was imaged 3 cm away from itself, where a carpet blade was 

laced vertically as a knife edge to visualize horizontal refractive 
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Figure 2. Propagation of the contaminated region for an unmasked case from initiation of the cough to 60 ms. 
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ndex variations in the test area due to warmer coughed air. Fi- 

ally, the camera (EOS 800D; Canon Inc., Tokyo, Japan) was placed 

long the optical axis of the mirror, 5 cm behind the knife edge 

Figure S1, see online supplementary material). 

ask experiments 

Verbal consent of the test subjects were taken before starting 

he experiments. The test subjects were seated 50 cm in front of 

he mirror, next to the imaged area, facing perpendicular to the 

ptical axis ( Figure 1 and Figure S5, see online supplementary ma- 

erial). The field of view (60 cm), limited by the diameter of the 

irror, was sufficient to investigate the propagation of the cough 

avefront, defined as the interface between warmer coughed air 

nd ambient air ( Simha and Rao, 2020 ). 

The contaminated region was defined as the region surrounded 

y the cough wavefront. Mask effectiveness was determined based 

n the size and shape of the contaminated region. Six different 

cenarios were studied to investigate the effectiveness of masks: 

1) no mask, (2) a surgical mask, (3) a double surgical mask, (4) a 

loth mask, (5) a valveless N95 mask, and (6) a valved N95 mask. 

or each scenario, five individual test subjects were initially in- 

tructed to cough while facing parallel to the mirror. They were 

dvised to take a deep breath and cough at expiration. The exact 

istances changed + /- 5 cm during the experiments because the 

est subjects were not fully restrained when they produced volun- 

ary coughs. The lower body of each test subject was covered with 

 nylon sheet as an insulator to minimize the interference of warm 

ir dissipated by the test subject. 

esults 

ata analysis 

The videos were recorded at 50 frames per second through- 

ut the experiments. In each recording, the first frame was des- 

gnated as the frame in which the cough was initiated. The cough 

avefronts in the fourth frame, which corresponded to 60 ms after 

he initiation of the cough, were drawn manually as closed poly- 

ons. In each frame, in order to determine the area of the con- 
312 
aminated region, the area of the closed polygon was calculated. 

 frame with no obstacle in front of the mirror was used as the 

eference frame, in which the mirror was manually annotated as 

 closed polygon. Using the mirror dimensions, the areas calcu- 

ated in other frames were converted into metric units. Propagation 

f the contaminated region for an unmasked case can be seen in 

igure 2 . Furthermore, contaminated regions 60 ms after initiation 

f the cough are shown in Figure 3 for each of the six cases for the

ame test subject. In the case of no mask, the mean cross-sectional 

ontaminated region of the five subjects was 291 cm 

2 , representing 

as expected – the largest contaminated area among all recorded 

cenarios ( Figure 4 a). The mean area was reduced to 61 cm 

2 , 67

m 

2 and 63 cm 

2 when the subject’s face was covered with a sin- 

le mask, a double mask or a cloth mask, respectively. Valveless 

95 masks showed the best performance, allowing a contaminated 

egion of 52 cm 

2 ( Figure 4 a). However, valved N95 masks were 

he least successful of all types of masks tested, with a contami- 

ated region of 113 cm 

2 (as seen in Figure 4 a). To compare the per-

entage reduction in the contaminated region with different mask 

ypes, the areas were normalized by dividing them by the area of 

he unmasked case for each individual, respectively (see Figure 4 b). 

he variance in the normalized values was, among other factors, 

ue to the improper fitting of the masks for some of the test sub- 

ects (see Figure 4 b). This can also be seen in Figure 3 b–d, where

here was leakage of coughed air above the nose. 

iscussion 

As the new SARS-CoV-2 variants emerged, extra precautions 

ere taken, including the use of double masks as standard in many 

ountries. However, this study found similar results for exhala- 

ional spread for single and double surgical masks. Cloth masks 

an be effective, depending on the quality of the cloth. The wave- 

ront measurements confirmed that valved N95 masks exclusively 

rotect the user. Mask fit is an important factor to minimize the 

ontaminated region. 

The majority of mask types were fairly successful in pre- 

enting the spread of the contaminated region by approximately 

0%, while this prevention was approximately 60% for valved N95 

asks ( Figure 4 b). This result was expected as valved N95 masks 
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Figure 3. Contaminated regions at 60 ms after initiation of the cough for cases wearing: (a) no mask, (b) a surgical mask, (c) a double surgical mask, (d) a cloth mask, (e) 

a valveless N95 mask, and (f) a valved N95 mask. Note the leakage of air above the nose indicated by arrows. 

Figure 4. (a). Mean cross-sectional area of contaminated regions 60 ms after initiation of the cough. (b) Mean normalized cross-sectional area of contaminated regions for 

different mask types with respect to the unmasked case. 
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ermit leakage of air through the valves. In this study, leakage was 

bserved along the direction of the valves (Figure S6, see online 

upplementary material). This finding regarding valved N95 masks 

grees with the results of previous studies ( Staymates, 2020 ). 

herefore, discouragement of the use of valved N95 masks in pub- 

ic places is appropriate. Instead, the use of valveless N95 masks 

hould be preferred as they exhibit protection against inhalational 

xposure to viruses, and they were fairly successful in minimizing 

he contaminated region ( Figure 3 e and Figure 4 ). Another impor- 

ant point is that single and double surgical masks performed sim- 

larly in reducing the area of the contaminated region ( Figure 3 b,c 

nd Figure 4 ). Although most of the coughed air escaped through 

he gap around the nose in Fig. 3 b, this was not the case for all test

ubjects (Figure S7, see online supplementary material). A plausi- 

le explanation is that differences in the fit of the masks among 

ifferent test subjects become more pronounced in double mask- 

ng. As a result, this directs more coughed air above the nose in 

ome test subjects, as in Figure 3 b. The larger variation in double 

asking in Figure 4 b also supports differences in mask fit between 

est subjects. The main limitation of this study is that the Schlieren 

echnique only images warmer coughed air, and does not image 

ndividual aerosols or droplets. Therefore, although the dispersal of 

oughed air was fairly similar for single and double surgical masks, 

here may be differences between them in terms of the number of 

irus-laden particles emitted and their success in preventing in- 

alational exposure to viruses ( Konda et al., 2020 ; Brooks et al., 

021 ). Furthermore, the concentration of droplets can be expected 

o be higher in air that is leaked through gaps (shown by the ar- 

ow in Figure 3 b–e) as opposed to air that is leaked through the

ace mask as the former is not filtered. The effectiveness of cloth 

asks in reducing the contaminated region is also noteworthy. 

Schlieren imaging is a very robust method and allows di- 

ect testing of real-life scenarios. These data suggest that peo- 

le must wear masks appropriately, which means a mask con- 

orms to the person’s face at the nose, under the chin and on 

he cheeks rather than gaping and letting air in. Although double 

ayering adds extra filtration, most of the benefit comes in ensur- 

ng that gaps around the mask are covered, because all masks do 

ot fit equally. Although double surgical masks are recommended 

n many countries, the increased emphasis should be on ‘better 

asking’ and better mask use, as the next phase of the pandemic 

ay well be dominated by the fight against emerging respiratory 

athogens. 
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