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ABSTRACT 
The COVID-19 pandemic has led to persistent supply shortages of respiratory protective equipment in 
many jurisdictions. Reusable industrial respirators have been proposed and deployed as an alternative, 
but also face severe supply limitations. In addition, industrial respirators do not filter the user’s expired 
breath, a major limitation in health care settings where bidirectional protection is required. We present the 
development and quantitative testing of a reusable silicone respirator that can be locally manufactured 
using low-cost desktop infrastructure. Using standardized quantitative fit-testing (QNFT including resting 
and activity components according to CSA Z94.4-18) in a cohort of 41 healthcare workers (HCWs), we 
compared the performance of the mask to the individually-fitted disposable N95 masks that the HCWs 
had been assigned by our institution. Overall QNFT pass rates for disposable N95 respirators were 
58.5% vs. 100% for the reusable mask. For a production run of 1000 masks, unit cost is approximately 
$25 CAD in materials and 35 minutes in labor per mask. The device requires further testing to assess flow 
resistance, carbon dioxide rebreathing, and full conformance with technical standards required for 
regulatory approval.  



Introduction  
Health care workers (HCWs) face hazardous occupational exposures to infectious organisms, many of 
which are spread through airborne or aerosolized droplet routes1. To reduce the risk of infection, the 
Centers for Disease Control and Prevention (CDC) recommends the use of personal protective 
equipment (PPE): gowns, gloves, face shields, goggles and a disposable N95 respirator. 

N95 is a standard defined by the United States’ National Institute for Occupational Safety and Health 
(NIOSH) requiring an approved device to remove at least 95% of airborne particles of ~0.3 m from 
inspired air with a complete face seal2. Comparable standards from other jurisdictions, such as FFP in 
Europe, KN95 in China and several others are functionally equivalent3. Disposable respirators meeting 
these standards are currently the most commonly used devices in healthcare settings for protecting 
HCWs during high-risk procedures. Despite significant increases in production capacity since the onset of 
the COVID-19 pandemic, demand for these devices continues to outstrip supply in most jurisdictions4.  

Many centers have deployed reusable silicone respirators developed for industrial applications. These 
masks offer comparable or superior filtration properties for the wearer and can be decontaminated with 
relative ease. In addition, they have been designed to be worn for longer periods of time than disposable 
masks. Their reusability makes it possible to predict demand with greater certainty, facilitating planning 
and ensuring reliable supply once obtained. These masks have two major limitations: their supply is still 
significantly limited in many areas and they do not filter expired gases. This can be partially mitigated by 
placing a surgical mask overtop of the reusable respirator, but this can complicate the doffing process 
potentially increasing the risk of contamination.  

Low-cost manufacturing technologies such as 3D printing and molding permit effective small to medium 
scale local manufacturing of increasingly complex devices using a rapidly growing range of materials. 
Availability of a validated open-source device designed specifically for healthcare, with well-defined 
manufacturing and quality control processes that conform to technical standards and are consistent with 
regulatory requirements can provide a valuable alternative for many centers during the current and future 
pandemics. Distributed manufacture of such devices can enhance the resilience of supply chains. 
Numerous respirator designs have been proposed since the start of the current pandemic, but few have 
been systematically tested in HCWs. There is currently no validated open-source respirator design for 
healthcare settings.  

Respirator performance relies on two crucial factors: the seal of the mask on the user’s face which ideally 
forces all flow to pass through the filter surface, and the filter’s performance. Given the availability of 
ventilator heat-moisture exchange (HME) filters with adequate filtration properties, we focused on 
developing a well-fitting reusable silicone half-face respirator with a standard 22 mm port that would 
connect to a HME filter. Quantitative fit testing in volunteer HCWs showed that a model, with a single 
pleated-membrane HME filter (Hydro-Guard Mini™, Intersurgical, Wokingham, UK) exceeded the filtration 
efficiency of the existing disposable N95 respirators5. However, evaluation of this device raised concerns 
regarding work of breathing, communication, and comfort. The universal one-size-fits-all model did not 
provide adequate face seal on all users. In this paper, we describe the next major iteration of the design, 
named “Duo” which now includes separate, valved, inspiratory and expiratory pathways and 
accommodates up to two filters. The separation of the inspiratory and expiratory paths and addition of the 
second filter reduces inspiratory resistance, reduces respiratory dead space, and prolongs filter life. The 
filtration performance of the mask was compared to individually fitted disposable N95s using QNFT in a 
cohort of 41 HCWs, during resting and active maneuvers, per CSA Z94.4-186.  

Results 

Device design   

The Duo builds on the previous Simple Silicone Mask (SSM)5 and was designed, modified, and produced 
locally using 3D printing and silicone molding at a hospital laboratory-based workshop (Lynn and Arnold 
Irwin Advanced Perioperative Imaging Lab, Toronto General Hospital). The design of the Duo focused on 



resolving two main issues from the SSM: improving the face seal and reducing the work of breathing. To 
improve the face seal the Duo was designed in two sizes (regular and small). To reduce work of 
breathing, inspiratory resistance and mask dead space had to be reduced. This was accomplished by 1) 
the introduction of valves to partially separate the inspiratory and expiratory paths, which removed the 
filter volume from the effective dead space; and 2) addition of a second filtered inspiratory port to reduce 
resistance. Two Hydro-Guard Mini™ HME filters (Intersurgical, Wokingham, UK) were used on the 
inspiratory ports. A single layer of Halyard 100 surgical sterilization wrap (O&M Halyard Inc., Alpharetta, 
GA) was used to cover the circular, 26.6 mm diameter expiratory port (cross sectional area ~5.6 cm2).  

Device manufacturing 

Computer-aided design of the main mask body and corresponding mold were performed using 
Onshape.com, v.1.116 (Onshape, Cambridge MA). The 4-part mold was 3-D printed using a Prusa 3 
MK3S (Prusa Research, Prague, Czech Republic) and is shown in Figure 1a. A skin safe curable rubber 
silicone (Dragon Skin 20™ 2-part liquid rubber, Smooth-On Inc. Macungie, PA) was poured into the mold 
and allowed to cure for 3 hours.  

 

Figure 1. Production process of the Duo silicone respirator. A) The 4-part 3D-printed mold B) Complete 
set of components C) Valve assemblies D) Assembled Duo respirator. 

The three ports in the body (center expiratory port, diameter 26.6 mm, and two inspiratory side ports, 
diameter 26.3 mm) were designed to accept valve seats, printed using a Stratasys J750 printer (Stratasys 
Ltd., Eden Prairie MN). The large outer rim of the expiratory valve seat accepts a single (5 cm x 5 cm) 
sheet of Halyard 100 surgical sterilization wrap. This is held in place by a removable cap that snaps to the 



valve seat. This configuration filters expired air, similar to a surgical mask. Medical grade silicone 
mushroom valve leaflets (TME Inc., Toronto, ON) were placed in the valve seats and oriented to ensure 
unidirectional inspiratory and expiratory flows (Figure 1c). As mentioned above, two pleated-membrane 
HME filters were placed at the inspiratory ports. A 4-pronged harness was designed, and 3D printed, 
accommodating two elastic straps (60 cm x1 cm).  

All components are illustrated in Figure 1b. The fully assembled respirator (weighting 156 grams) is 
shown in Figure 1d. Complete designs, manufacturing instructions and detailed testing data are available 
at: https://github.com/tgh-apil/Reusable-N95-Respirator 

Figure 1 depicts the mold, disassembled components, and finished device. The complete manufacturing 
process is outlined in the Supplementary Methods file. All project documentation, including detailed 
design and manufacturing files, as well as test data, are available at the open-source project repository: 
https://github.com/tgh-apil/Reusable-N95-Respirator.  

Cohort Characteristics 

41 HCWs (mean [SD] age 36 [7] years; 51% male) provided informed consent and underwent quantitative 
fit testing of their hospital approved, qualitative fit-tested (denatonium benzoate), disposable N95 model 
and the appropriately sized Duo mask. Participant characteristics are described in Table 1. Mean BMI 
was 22.9[3.4] kg/m2; 80% of participants had BMIs in the normal range (18.5-24.9) kg/m2. To guide mask 
fit testing, NIOSH provides a classification of 10 face morphologies, known as panels7. Our sample 
included at least one participant for nine of the ten NIOSH panels. Seven participants (17.1%) 
demonstrated measurements outside of the standard NIOSH panel range. The distribution of N95 models 
in the cohort was as follows (all models from 3MTM, St. Paul, MN): 1870+ (43.9%), 1860 (22.0%), 1860S 
(17.1%), 8210 (14.6%), and 9105S (2.4%). 

Quantitative Fit-Testing and Inhalation Resistance Testing 

Quantitative fit test as prescribed by CSA Z94.4-18 consists of 7 trials: normal breathing, deep breathing, 
turning, nodding, talking, bending, and normal breathing repeated. An overall pass requires passing at 
least 6 of 7 trials. The overall pass rate of QNFT fitted disposable N95s was 58.5% (24/41), and 100% for 
the Duo. Table 1 presents the distribution of participant demographics, anthropometric characteristics, 
and N95 models by the QNFT pass/fail outcome for the disposable N95s. The specific N95 model was a 
significant predictor of failure (p = 0.016). The 1870+ and 8210 models had the highest pass rates 
with14/18 (78%) and 5/6 (83%) overall respectively. 

Table 1. Demographics, anthropometric characteristics and disposable N95 model distributions overall 

and by disposable N95 quantitative fit-test outcome. Percentage values are based on column totals. 

 

Total /  
Overall Value 

Disposable N95 Overall 
QNFT Result 

P-Value 

Pass Fail 

Demographics 

N 41 24 17  

Age, mean (SD), y 36.1 (7.0) 35.7 (7.1) 36.6 (7.0)  0.68 

Female, n (%) 20 (48.8%) 11 (45.8%) 9 (52.9%)  0.65 

BMI, mean (SD), kg/m2 22.9 (3.3) 22.8 (3.5)  22.9 (3.3)  0.98 

 Normal weight (18.5-24.9) 33 (80.5%) 21 (87.5%) 12 (70.6%)  0.047 

  Overweight (25-30) 6 (14.6%) 1 (4.2%) 5 (29.4%) 



 Obese (>30) 2 (4.9%) 2 (8.3%)  0 

Anthropometric variables 

Face width, mean (SD), mm 133 (12) 132 (9)  134 (15) 0.34 

Face length, mean (SD), mm 120 (9) 120 (7) 121 (12)  0.77 

NIOSH panel, n (%) 

 1 2 (4.9%) 2 (100%)  0  0.21 

 2 0 (0.0%) - - 

 3 7 (17.1%) 5 (71.4%)  2 (28.6%)  

 4 4 (9.8%) 2 (50.0%)  2 (50.0%) 

 5 3 (7.3%) 2 (66.7%) 1 (33.3%)  

 6 5 (12.2%) 5 (100%) 0  

 7 8 (19.5%) 4 (50.0%) 4 (50.0%)  

 8 1 (2.4%) 1 (100%)  0  

 9 2 (4.9%) 1 (50.0%) 1 (50.0%) 

 10 2 (4.9%) 0  2 (100%) 

 NA  7 (17.1%) 2 (28.6%) 5 (71.4%)  

Disposable N95 model n (%) 

 1870+  18 (43.9%) 14 (77.8%) 4 (32.2%) 0.016 

 

 

 

 

 1860 9 (21.9%) 2 (32.2%) 7 (77.8%) 

 1860S 7 (17.1%) 3 (42.9%) 4 (57.1%) 

 8210 6 (14.6%) 5 (83.3%) 1 (16.7%)  

 9105S  1 (2.4%)  0  1 (100%)  



Pass rates and fit factors for individual maneuvers are presented in Table 2 and Figure 2. All participants 
passed all individual trials with the Duo. The median overall fit-factors were 2947 and 77.2 for the Duo and 
disposable N95 respirators respectively. Fit factors were consistently higher with the Duo across all 
individual maneuvers (Table 2 and Figure 3; p < 0.001 by Wilcoxon signed-rank test). The lowest pass 
rate with the disposable N95s was during speech: 20/41 (48.8%). The disposable N95 pass rate was lower 
during dynamic maneuvers (turning, nodding, talking, bending; 100/164, 61%) than stationary maneuvers 
(89/123, 73%). (Figure 4; p < 0.0001 by two-sample test of proportions) 

Table 2. Comparison of pass rates and fit factors across the 7 maneuvers in the QNFT. P-values are 
based on comparison of harmonic means using Wilcoxon Signed-rank Test. 

 Disposable N95 Duo  

 Fit- Factor 

Harmonic 
Mean  

[95% CI] 

Pass 

N (%) 

Fit-Factor 

Harmonic 
Mean  

[95% CI] 

Pass 

N (%) 

P-value* 

Normal Breathing  86.7  
[54.7-208.0] 

27 (65.9%) 3936 

[2959- 5873]  

41 (100%) 

 

P < 0.0001 

Deep Breathing  69.5  
[41.9-202.3] 

22 (53.7%)  4752 

[3619- 6915] 

41 (100%) 

 

P < 0.0001 

Head Side-to-side  80.1  
[50.9-188.7] 

28 (68.3%) 4589 

[3432- 6923]  

41 (100%) 

 

P < 0.0001 

Head Up-and-
Down  

79.0  
[52.6 - 
158.8] 

28 (68.3%) 4432 

[3288- 6797]  

41 (100%) 

 

P < 0.0001 

Talking out loud  73.8  
[57.3-103.7] 

21 (51.2%) 1798 

[1524- 2192]  

41 (100%) 

 

P < 0.0001 

Bending over  62.1  
[42.0-119.2] 

23 (56.1%)  2312 

[1353- 7949]  

41 (100%) 

 

P < 0.0001 

Normal Breathing  100.2  
[65.9-208.2] 

30 (73.2%)  2087 

[1165- 
10013]  

41 (100%) 

 

P < 0.0001 

Overall 77.4 [51.9-
152.1] 

25 (61.0%) 2959 [2228-
4405] 

41 (100%) P < 0.0001 

 

 



Figure 2. Heat maps illustrating the results of quantitative fit testing (QNFT) for the Duo and disposable 
N95 masks. The results for each participant are represented along each column with the Duo on top and 
Disposable 95 at bottom. Rows represent the fit factors for each of the 7 maneuvers, overall fit factor, 
mask models (legends on left) as well as NIOSH morphometric panel number (bottom row). Participants 
have been ordered by their qualitatively fit-tested disposable N95 models. Fit factor values are colour 
coded with green values representing fit factors > 100, indicating a pass according to CSA Z94.4-18 and 
red boxes indicating failures.  



 

Figure 3. Comparison of overall fit factors for disposable N95 vs the Duo in 41 health care workers. 
Green values indicate a pass according to CSA Z94.4-18.  Log scale. p < 0.001 (Wilcoxon signed-rank 
test). 



 

Figure 4. Comparison of individual maneuver fit factors for disposable N95 vs the Duo in 41 health care 
workers, aggregated by stationary (normal breathing, deep breathing) and dynamic maneuvers (turning, 
nodding, speaking, bending). p < 0.0001 by two-sample test of proportions. 

Results for inspiratory resistance are shown Table 3. NIOSH, requires that the resistance of non-
powered, air-purifying particulate respirators shall not exceed 3.5 cm H2O at a flow rate of 85 L/min8. In 
the single filter condition, the resistance measured was 7.44 ± 0.11 cm H2O at 80 L/min. This resistance 
exceeds the NIOSH limit, and is far higher than the resistance values of the disposables N95 models as 
reported by a NIOSH study (range 0.7 for 3M 1870 to 1.0 cm H2O for the 3M 8000)9. However, with two 
filters, the resistance of the Duo was reduced to 2.47 ± 0.11 cm H2O at 80 L/min, therefore meeting the 
NIOSH requirement.  

Table 3. Summary of the average pressure and the average flow (air suction set to 25 L/min, 50 L/min, 75 
L/min, and 80 L/min). The flow measurements were recorded at the back of the mouth of the headform 
(Oropharynx). 

Test Condition Flow (L/min) 
Mean [SD] 

Pressure (cm H20) 
Mean [SD] 

Single Filter  25.24 [0.16]  1.53 [0.08] 



Double Filter  25.33 [0.15]  0.41 [0.10]  

Single Filter  49.43 [0.18]  3.73 [0.11] 

Double Filter  49.66 [0.21] 1.33 [0.11] 

Single Filter  74.63 [0.29]  6.72 [0.13] 

Double Filter  74.79 [0.31]  2.32 [0.12]  

Single Filter  79.85 [0.27]  7.44 [0.07] 

Double Filter  80.01 [0.30] 2.47 [0.11] 

 

Discussion 

The surge in demand for N95 and comparable respirators during the current pandemic has repeatedly 
exceeded the capacity of global manufacturing and supply chains. This has led to critical shortages even 
in traditionally well-resourced countries and has exacerbated the chronic shortages that are a constant 
reality for much of the world’s population10.  

In this paper we describe the development and quantitative user testing of a reusable, valved, silicone 
respirator that can be manufactured locally with low-cost infrastructure, and exceeds the filtration 
performance of the current standard of care for high-risk procedures. In addition, we performed 
preliminary testing of flow resistance. The device requires further refinement and testing to rigorously 
evaluate these and other factors effecting user performance such as heat and moisture retention, and 
voice transmission. User comfort is a critical determinant of both user performance and compliance. 
Several survey studies have shown that HCWs are only partly compliant with guidelines for respiratory 
protection often citing lack of device comfort as a dominant factor11–13.  

Our test results join the growing body of evidence on the poor performance of disposable N95 respirators. 
The overall QNFT pass rate of 58.5% found in our study is slightly lower but generally in keeping with 
previously reported pass rates of 70-83%14–16. In our sample we noted an effect of the disposable N95 
model, with the recently introduced (and currently in very short supply) 3M™ 1870+ and 8210 having 
markedly better performance than other models. 

Few studies have assessed novel respirator performance. Most rely on user seal checks to detect mask 
leaks and a few have used qualitative fit testing with denatonium benzoate (Bitrex® QLFT)17–19. Our study 
used an objective and standardized path for the evaluation of reusable face-masks using the same QNFT 
procedures applied to an earlier version of the device5. As in the previous study, we observed a clinically 
significant difference in efficiency between the disposable N95 and the Duo respirators, with overall fit 
factors of 77.2 and 2947 respectively. The improved fit factor of the Duo may be explained by the 
improved face seal provided by silicone compared to polypropylene fibers in the disposable N95 models. 
To be noticed, we observed a difference in total filter surface area between the Duo 438.6 cm2 versus 135 
cm2 (1804S) - 182 cm2 (1870+) for the disposable N95 models, however this difference does not explain 
the difference in resistance of the two respirators. At 80 L/min of inspiratory flow, the inhalation resistance 
(maximum pressure drop) in the Duo was 2.47 cm H2O while the resistance of disposable respirator 
ranged from 0.7 for 3M 1870 to 1.0 cm H2O for the 3M 8000. With resistance less than 3.5 cm H2O at 80 
L/min Duo appears to meet the NIOSH requirements3 Reusable valved silicone respirators have been 
proposed as an alternative to disposable N95s and industrial versions such as the 3M 7500 (3MTM, St. 
Paul, MN) have been adopted by many centers20. A significant concern with these respirators in health 
care settings is the potential for aerosol spread through unfiltered expired air21. Previous studies have 



also identified increased temperature and work of breathing as the principal reasons for inappropriate use 
of respirators in general22,23. Functional dead space volume, flow resistance and thermal properties result 
in subjective discomfort characterized as increased breathing resistance, fatigue, drowsiness, heat, and 
moisture build-up within the mask. These are in turn associated with physiological signs of stress such as 
increased heart rate16,24,25. 

In our candidate device, the separation of inspiratory and expiratory paths using valves; the addition of a 
second inspiratory port and filter; and the addition of an expiratory filter material using Halyard sterilization 
wrap, H100 (O&M Halyard Inc., Alpharetta, GA) were intended to mitigate these problems. The use of the 
sterilization wrap as expiratory filter material is appropriate since they are readily available in the hospital 
setting. Moreover, the Halyard (H100) sterilization wrap has been shown to have a particle filtration 
efficiency (PFE 79.8%) comparable to the standard hospital surgical mask (PFE 74.4%)26.  The 
unidirectional air flow reduces moisture build-up and contamination of the inspiratory filters potentially 
prolonging their life. Moisture can degrade the performance of electrostatic filter materials and raises 
concerns of microbial and fungal growth with prolonged use27. Therefore, the Duo provides a more 
ergonomic device that can be tolerated for longer periods with fewer breaches in compliance and 
impairment of performance. In response to feedback on the first design iteration, the current version of 
the respirator was designed in two sizes, with a new smaller version for wearers with smaller nasal 
bridges. This model also provides better accommodation for eyeglasses. 

Unfortunately, our preliminary testing suggests that despite the unidirectional flow, the effective dead 
space of the device may lead to unacceptable levels of rebreathing and carbon dioxide retention (above 
2% CO2 retention)28. Further testing and a revision of the mask geometry to reduce internal volume are 
therefore indicated before the device can meet all technical requirements for CO2 retention as required by 
NIOSH28. 

The Duo requires further testing and likely revisions addressing issues such as exhalation flow 
resistance, CO2 retention and speech transmission. The major limitation of our study population was the 
low number of obese and overweight participants (< 10 participants), and that not all NIOSH bivariate 
facial panel sizes were represented7. The HCW population may be less obese than the general 
population, however this warrants a larger study sample size from other frontline worker groups. Our 
current experience indicates the smaller and very wide faces would require special respirator sizing and 
shaping. This problem applies equally to disposable N95 respirators that have failed subjective negative-
pressure fit-check and QNFT.  

The failures of global manufacturing and supply systems during this pandemic are multi-factorial. One 
recurrent theme is centralization, with a small number of producers responsible for the bulk of global 
supply for many critical items. This centralization bottlenecks efforts to ramp up production through a 
small (not infrequently a single) organization. Distributed manufacturing using lower-cost and more 
flexible infrastructure such as 3D printing presents a tantalizing possibility for addressing this challenge. 
Traditionally used for prototyping, such systems are increasingly used for small to medium scale 
production, including Class 1 medical devices such as stethoscopes and face shields29,30 and are being 
actively explored for more complex processes such as biochemical manufacturing31.  

Despite the promise and the significant boost provided by the pandemic, distributed manufacturing of 
regulatory approved medical devices is still in early stages and faces numerous challenges. Distributed 
manufacturing relies fundamentally on open-source intellectual property licensing that allows a network of 
manufacturers to collaboratively build capacity and share resources. Building and sustaining such 
collaborations in the face of the harshly competitive dynamics of global markets is a significant challenge. 
Precedents for such collaboration however do exist and have been fundamental to the development of 
our global digital infrastructure, to cite one example. During the current pandemic, we have seen 
numerous open-source collaborations aiming to address global shortages of medical supplies ranging 
from ventilators to PPE. To date, a wide number of designs have been developed and shared, but very 
few have reached even early levels of field testing, not to mention regulatory evaluation and the 
development of viable product life cycle plans for decentralized manufacturing, quality control, 



distribution, post deployment surveillance, device decontamination and reprocessing, decommissioning 
and disposal.  

Along with further device testing, translation of devices such as the Duo into marketable products requires 
the development of streamlined manufacturing, quality control and other product life cycle processes in 
keeping with a risk management framework as outlined in standards such as ISO 1497132,33. Such risk 
management frameworks are increasingly central to all levels of device development, manufacturing 
processes and regulation, including the very development of technical standards and regulatory 
requirements themselves. If carried out successfully, devices like the Duo can be manufactured in-house, 
at most hospitals, at reasonable cost, with initial infrastructure investments on the order of CAD $10 - 
20,000. Many large hospitals, especially academic research centers, already have the necessary 
administrative and technical infrastructure required for managing production and quality control processes 
and to obtain certifications required for the manufacturing of medical devices (for example ISO 13485). 
This combination of hospital-based infrastructure and structured device development process in an 
academic setting outlines one potentially viable path for translating the promise of open-source hardware 
development and distributed manufacturing into the frontlines of patient care. 

Methods  

Device design and manufacturing 

The Duo was designed, and locally manufactured using 3D printing and silicone molding at a hospital 
laboratory-based workshop. Complete designs, manufacturing instructions and detailed testing data are 
available at: https://github.com/tgh-apil/Reusable-N95-Respirator. 

Decontamination 

As per CDC instructions, possible methods for decontamination of reusable respirators are household 
bleach, vaporous hydrogen peroxide, ultraviolet germicidal irradiation, and moist heat. All reusable 
components of the respirator were sanitized prior to and after each participant. A diluted household 
bleach solution (5.25% sodium hypochlorite) was utilized as recommended by the CDC and outlined in 
CSA Z94.4-20186. To prepare the cleaning solution, approximately ~180 mL (¾ cup) of household bleach 
was added to 3.8 L of cold water. The respirator components were divided and remained submerged in 
the solution for 5 minutes, then rinsed thoroughly with tap water. After rinsing, the components were air-
dried in a well-ventilated and clean area prior to use. HME filters were not reused. The reusability of the 
silicone respirator body, the harness and elastic straps were tested by disinfecting each component 30 
times consecutively, with preserved mass and integrity. 

Quantitative Fit-Testing  

To test the filtration performance of the Duo respirator, a prospective observational cross-sectional study 
was conducted between May and June 2020 in accordance with the Declaration of Helsinki and Good 
Clinical Practice guidelines. The study was approved by the University Health Network (UHN) Research 
Ethics Board (#20-5435). HCWs were recruited Toronto General Hospital and written consent was 
obtained from each participant. Participants were required to have passed the UHN Occupational Health 
and Safety qualitative fit test on a disposable N95 respirator within the previous 12 months. Participants 
were excluded if they reported having flu-like symptoms or had facial hair.  

Respirators were tested on 41 healthcare workers, using QNFT on the AccuFIT 9000™ (Levitt-Safety, 
Oakville, Canada) respirator fit tester (CSA Z94.4-18 protocol). SARS-CoV-2 virions have been reported 
in the range of 50 - 200 nm in diameter34. In a recent aerosol protection study in reusable respirators, 
Sickbert-Bennett et al. highlighted that the US Code of Regulations (42 CFR Part 84, subpart K) 
stipulates the median particle size of 75 nm +/- 20 nm as the range for testing and certification of N95 
respirators35.  They also argue that protection against aerosols of 50 nm implies at least similar protection 
against much larger aerosols and droplets (greater than 3 um), because of the dynamics of aerosol 
movement by deposition, diffusion (Brownian motion), impaction and sedimentation. The AccuFIT™ 



system detects particles of range 20 nm to 1 um. During the test NaCl is aerosolized into the testing 
room. The testing device samples ambient air and air within the mask using two different channels and 
compares aerosol particle count values to compute a fit factor, as the ratio of two particle counts (ambient 
count being the numerator).  

For each participant tested, demographic data was recorded including age, gender, height, and weight. 
Anthropomorphic measurements of face-width (bizygomatic breadth) and face length (menton-sellion 
length) was also measured and recorded. These measurements have been found to significantly 
correlate with fit. National Institute for Occupational Safety and Health (NIOSH) defines a panel of 10 
facial morphology categories based on these measurements, which are used in testing of industrial 
respirators7. Face width is defined as the maximal horizontal distance as measured between the 
zygomatic arches. Face length is defined as the distance from the prominence of the nasal bridge to the 
prominence of the chin measured in the mid-sagittal plane. A fresh disposable N95 of the model for which 
the user was approved by QLFT was modified by the insertion of a standard testing grommet which was 
connected to the sampling line of the test device. Participants were instructed to don the mask and 
perform positive and negative pressure seal checks prior to testing. Adjustments were made until there 
was no detectable seal leak by pressure check. The Duo was equipped with a testing port and was also 
donned and adjusted to ensure no detectable seal leak in a similar fashion.  

Fit factor measurements were recorded for each of the seven standard maneuvers according to CSA 
Z94.4-18: normal breathing, deep breathing, turning head side to side, nodding up and down, counting 
out loud. The overall fit factor is calculated as the harmonic mean of the fit factors for each of the 7 
maneuvers. The pass criteria for an N95 respirator requires both an overall fit factor and at least six of 
seven individual maneuver fit factors to be 100 or greater 6,34. The maneuvers were categorized as either 
stationary (normal breathing, deep breathing) or dynamic (turning, nodding, talking, bending) for further 
analysis.  

Inhalation Resistance Testing 

Inhalation resistance testing was performed by mounting the Duo respirator on an anthropomorphic head 
form developed in-house. The respirator was fitted to the head form without any leaks. Wall suction was 
used as the vacuum source, thus creating a continuous inhalation flow through the respirator and into the 
mouth of the head form. To measure and record flow (L/min) and pressure (cmH2O), a FluxMed GrH 
(MBMed Company, Buenos Aires Argentina) portable respiratory mechanics monitor was used. 
Measurements were acquired at the back of the mouth (oropharynx level) of the head form. Testing 
conditions included the measurement of resistance at various flow rates and with single and double 
inspiratory filters.  Suction was titrated to achieve flows of 25 L/min, 50 L/min, 75 L/min, and 80 L/min and 
the corresponding pressure and flow readings were recorded using the FluxView software (MBMed 
Company, Buenos Aires Argentina). In the single filter condition, the second filter port was sealed. 
Pressure and flow readings were recorded and averaged over 120 seconds at 256 Hz.  

Sample Size Calculation 

The minimum sample size of 40 was selected firstly by estimation of the failure rate of less than one 
percent of the Duo and 33% of the disposable commercial N95, according to known studies of N95 by 
QLFT and internal reviews assessing N95 performance15. Sample size which was determined by 
accounting for two groups, an alpha of 0.05 and power of 0.8, indicated that a minimum of 32 volunteers 
were required to detect a 20% difference in overall pass rates. When each of the 7 “run” of the QNFT was 
treated as an observation, 41 fit tests resulted in 287 (7 x 41) paired runs, which was enough to detect a 
3% difference in pass rates of runs with 95% confidence.  

Statistical analysis  

Statistical analysis was executed using Stata 14 (StataCorp. 2015, College Station, TX), and RStudio 
version 1.3 (RStudio 2020, Boston, MA) for data visualizations. Univariate analysis was performed on 
demographic and risk factors likely to influence disposable commercial mask fit failure. The non-
parametric Wilcoxon signed-rank test was then used to compare differences in fit-factor scores of paired 



runs of equal sample size; the non-parametric Kruskal–Wallis test was also used to compare differences 
in fit factor scores of different sample sizes. Median overall fit factors were selected as summary statistics 
to compare the mask performances in the group. 

 

Study limitations 

In this study we present the development and quantitative testing of a reusable silicone respirator that can 
be locally manufactured using low-cost desktop infrastructure. Using standardized quantitative fit testing 
in a cohort of 41 HCWs, we compared the performance of the mask to the individually fitted disposable 
N95 masks. Nevertheless, this work has a number of limitations. First is the low number of obese and 
overweight participants, and the absence of some of the NIOSH bivariate facial panel sizes in our 
population7. An increase of the sample size may allow us to represent the HCW population of different 
facial type ranges and body size. 

Secondly, our testing had some deviations from the NIOSH requirements for the determination of 
inhalation resistance for air-purifying respirators8. Our vacuum source was only capable of providing 80 
L/min of continuous suction, and not 85 L/min as required by the NIOSH testing procedure8. The 
measurements were recorded at the back of the mouth of the head form, and not at the mouth. This is 
because we could not fit the sensor near the mouth without compromising the seal of the respirator to the 
headform. However, both the European and NIOSH standards for resistance testing are unclear with 
regards to the specific site of measurement during inhalation resistance testing8,36. Finally, NIOSH 
recommends the use of the Setra Datum 2000 Model 239 digital manometer to measure resistance, and 
the use of the Brooks Instrument Co. Model 5853S Mass Flow Controller with Brooks Control and Read-
out Unit Model 01548. We did not have access to the NIOSH specified equipment and used the FluxMed 
GrH respiratory mechanics monitoring system to measure resistance and flow.  

Disclaimer  

Respiratory protection devices including half-face elastomeric respirators for use in a workplace setting, 
including the healthcare setting, must have approval from appropriate regulatory agencies, viz. NIOSH 
certification as per Ontario Reg 185/19 sec.10(1) under the Occupational Health and Safety Act37. 
Therefore, The Lynn and Arnold Irwin Advanced Perioperative Imaging Lab (APIL) and its affiliates do not 
endorse the use of the stopgap respirators described above until additional testing and regulatory 
approval have been obtained. This half-face respirator as described is an investigational device under 
development and has not passed all relevant tests for safety and effectiveness and does not currently 
meet all regulatory requirements for respirators in Canada. 
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