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Abstract

Background: In response to supply shortages caused by the COVID-19 pandemic, N95 filtering facepiece
respirators (FFRs or “masks”), which are typically single-use devices in healthcare settings, are routinely being used
for prolonged periods and in some cases decontaminated under “reuse” and “extended use” policies. However, the
reusability of N95 masks is limited by degradation of fit. Possible substitutes, such as KN95 masks meeting Chinese
standards, frequently fail fit testing even when new. The purpose of this study was to develop an inexpensive frame
for damaged and poorly fitting masks using readily available materials and 3D printing.

Results: An iterative design process yielded a mask frame consisting of two 3D printed side pieces, malleable wire
links that users press against their face, and cut lengths of elastic material that go around the head to hold the
frame and mask in place. Volunteers (n = 45; average BMI = 25.4), underwent qualitative fit testing with and without
mask frames wearing one or more of four different brands of FFRs conforming to US N95 or Chinese KN95
standards. Masks passed qualitative fit testing in the absence of a frame at rates varying from 48 to 94 %
(depending on mask model). For individuals who underwent testing using respirators with broken or defective
straps, 80–100 % (average 85 %) passed fit testing with mask frames. Among individuals who failed fit testing with a
KN95, ~ 50 % passed testing by using a frame.

Conclusions: Our study suggests that mask frames can prolong the lifespan of N95 and KN95 masks by serving as
a substitute for broken or defective bands without adversely affecting fit. Use of frames made it possible for ~ 73 %
of the test population to achieve a good fit based on qualitative and quantitative testing criteria, approaching the
85–90 % success rate observed for intact N95 masks. Frames therefore represent a simple and inexpensive way of
expanding access to PPE and extending their useful life. For clinicians and institutions interested in mask frames,
designs and specifications are provided without restriction for use or modification. To ensure adequate
performance in clinical settings, fit testing with user-specific masks and PanFab frames is required.
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Background
Frontline health care workers are vulnerable to infection
by the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), which causes coronavirus disease 2019
(COVID-19) [1–4]. Respiratory protection is an essential
component of preventing hospital-based infections, but
an unprecedented demand for N95 filtering facepiece
respirators (FFRs; N95 masks) has led to severe short-
ages. Many institutions have been forced to look for
ways to reuse masks, rely on unfamiliar makes and
models, and even develop alternative forms of respira-
tory protection [5–8].
The US Centers for Disease Control and Prevention

(CDC) recommends that healthcare workers dispose of
N95 masks after each patient encounter. However, dur-
ing the 2009 influenza A (H1N1) pandemic, which in-
volved many fewer cases and deaths than the current
COVID-19 pandemic, N95 respirator supplies were de-
pleted [9–11]. In response, guidelines were developed
for N95 “extended use” and “reuse” as a means to con-
serve supplies during shortages. Extended use is the
practice of wearing the same respirator for contact with
several different patients infected with the same respira-
tory pathogen, without disposing of the respirator be-
tween patients. Reuse refers to using the same N95
respirator after removing it (“doffing”), for instance after
a healthcare worker’s shift has ended, and then putting it
back on (“donning”) prior to the next patient encounter.
In the current COVID-19 pandemic, there is no specific
regulation limiting the number donning/doffing cycles
for N95 masks [7], although previous work has found
that masks consistently fail fit testing after five consecu-
tive donnings [12]. Individual healthcare settings have
therefore enacted their own policies to restrict respirator
reuse and extended use [13].
In the US, surgical N95 FFRs used in healthcare

are regulated by the National Institute for Occupa-
tional Safety and Health (NIOSH; part of the CDC)
and the Food and Drug Administration (FDA) and
must conform to standards set out in US 42 CFR
part 84. Other countries have analogous regulations,
including the GB2626-2006 standard for KN95
masks in China and the EN 149:2001 standard for
FFP2 masks in Europe. All such masks must exhibit
three essential properties: (i) efficient filtration of
small particles (ii) unencumbered inhalation and ex-
halation when a mask is in place and (iii) snug fit to
the face of a user so that all inhaled air passes
through the filtering fabric. Mask reuse is often lim-
ited by the difficulty of achieving good fit as a result
of breakage or degradation of elastic bands that hold
the mask in place; unused masks that have been in
storage for an extended period of time (e.g. in emer-
gency stockpiles) also suffer from a loss of band

elasticity and integrity. When respirators are reused,
fit is also negatively impacted by degradation of nose
clips and other components required to seal a mask
tightly to a user’s face [14].
The aim of this study was to develop a freely available

public domain design for a simple device (a mask frame)
to improve the fit of N95 respirators damaged by ex-
tended storage or reuse, thereby prolonging their life-
span and increasing overall mask availability. A
secondary goal was to improve mask fit for individuals
who failed baseline testing, thereby increasing the num-
ber of individuals who could potentially benefit from
low-cost respiratory protection. In the latter case, we fo-
cused on Chinese-made KN95 masks, which are similar
in performance to N95 FFRs [15]. KN95s are increas-
ingly available but often fail fit testing [16]. The mask
frame that we developed uses readily available materials
and simple 3D printing technologies (on consumer-
grade machines), and can be customized to individual
faces simply by bending malleable components. To sim-
plify deployment, we sought to cover the great majority
of users with as few mask frame parts as possible and
settled on a solution with two frame sizes.

Methods
Frame design process
Development of a modular mask frame model was in-
spired by the work of Dr. Christopher Wiles at the Uni-
versity of Connecticut, who has used 3D printed frames
to enable use of alternative filter fabrics such as Halyard
H600 sterilization wrap [17]. We attempted to use the
same relatively rigid 3D printed design to hold in place a
standard 3M Model 8210 (St. Paul, MN) N95 industrial
respirator. However, we found that the frame did not fit
many individuals, particularly females with narrow faces.
Previous research has shown that there are key facial di-
mensions affecting respirator fit [18]. We therefore
sought to develop a frame with flexible components that
could be molded by a user to assist in optimizing fit
along these dimensions. The final design was the result
of an iterative process, which consisted of multiple
rounds of mask and prototype fit testing on volunteers
(students and healthcare professionals) with design mod-
ifications made based on user feedback. Direct inter-
action between users and designers facilitated the
process. Key features added in the iterative design
process included the production of two frame sizes to
improve fit to faces of different shapes, the addition of
clips to help secure the mask frame to the underlying
respirator and decrease the likelihood of the frame fall-
ing off during use, and modifications to the location and
length of the frame head bands to make donning and
doffing easier. We freely provide all designs in standard
electronic formats for use by others or for further
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modification through the NIH 3D Print Exchange
(https://3dprint.nih.gov/discover/3dpx-014725).

Mask frame software and design
3D printed mask frames were designed in Rhinoceros(R)

Rhino 6 (Fig. 1) in two sizes. A 3D model (0.3 dm) of
the lateral frames was exported in Rhino 6 to a Standard
Tessellation Language (.STL) file. The .STL was
uploaded to 3dPrinterOS, a cloud-based 3D printing ser-
vice. 3dPrinterOS converted the .STL to a G-code file,
which contains machine commands that control the 3D
printers’ movement and deposition of material, which
was then sent to a 3D printer. Print settings were chosen
by using the default values for the 3dPrinterOS custom-
ized for the Dremel 3d45 3D printer, including a print
nozzle temperature of 230 °C and a print bed
temperature of 60 °C. Other printer settings included a
standard layer height of .3mm, a 1.2mm sidewall shell
thickness, 10 % infill in a ‘grid’ pattern, and a top and
bottom layer shell thickness of 2mm.

3D printer model and hardware
Dremel-branded 1.75 mm diameter PLA was used in a
compact consumer-grade Dremel 3d45 3D printer for all
frames. The printer had a .4mm nozzle extrusion width
and a build volume of 254 × 152 × 170 mm. Print time

for one regular sized mask frame was approximately
30 min.

Mask frame assembly
Two methods of mask frame assembly were developed,
each of which involved a slight modification to the 3D
printed lateral frame. Method 1 (Fig. 2a) uses an adhe-
sive, cyanoacrylate (“super glue”), to join the mask frame
components; the prototype design is shown in Fig. 1.
The Method 1 assembly sequence is as follows: gather
components (2 flexible wires cut to 127 mm, 2 PLA lat-
eral frames, and 1 bottle of super glue). (1) Place one
drop of super glue in the lateral frame joint. (2) Insert
wire into joint. Follow instructions accompanying super
glue for holding wire in place to properly allow the glue
to set and cure. (3) Repeat for each joint.
Method 2 (Fig. 2b) involves a mechanical connection

in which formable wire is twisted to join mask frame
components. Method 2 assembly sequence is as follows:
gather components (2 flexible wires cut to 195 mm and
two PLA lateral frames that have a hole through the
joint). (1) Push wire through the joint in the lateral
frame. (2) Loop wire back. (3) Twist wire around itself.
Use of pliers is recommended to assist in bending and
twisting of wire to ensure a secure twist. (4) Repeat for
each connection. Widely available solid wire, often used
for electrical cable, works well in this application.

Fig. 1 Mask frame components. a PLA lateral frames in two sizes: the small size is 6.35 cm long and regular size is 7.62 cm long. b and
c Assembled mask frames consisting of both mask frame and malleable wire (copper, steel, or aluminum). Note that this mask frame involves
attaching 3D printed components to wire using cyanoacrylate “super glue”. A mechanical attachment method is described in Fig. 2
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Band and clip attachment
Based on prior work creating 3D printed mask frames
by colleagues at the University of Connecticut [17], the
band material used for this study was Monprene(R) PR-
23040 in the following size: 0.25 in x 0.015 in (Teknor
Apex; Pawtucket, RI). Two strips of elastic 305 mm and
330 mm in length were cut for the 1860 and KN95
masks, two strips 356 mm and 381 mm in length were
cut for the 8210, and two strips 254 mm and 279 mm in
length were cut for the duckbill. A knot was tied at each
end of each band, approximately 25 mm from the end of
the band. The knot was locked into each slot in the PLA
frame as shown in Fig. 3a and b. The clips along the
PLA frame were attached to existing bands of the

respirator, if still present, to secure the frame to the
mask (Fig. 3c).

Donning, doffing and sterilization
Once the mask frame is attached to the respirator using
the clips, the respirator is donned just like a respirator
without a frame. Holding the respirator and mask frame
in the palms of two hands, the respirator and then the
frame is brought to the face to cover the nose and
mouth; the mask frame should not pass outside the bor-
ders of the mask. The bottom strap attached to the mask
frame is brought up and over the top of the head and
placed at the nape of the neck below the ears. The upper
strap is pulled up behind the head and placed at the

Fig. 2 Methods for mask frame assembly. a Method 1 for mask frame assembly utilizing glue adhesive. (1) One drop of cyanoacrylate super glue
is placed into the end slot for the wire within the PLA lateral frame. (2) The end of a wire is inserted into the slot. (3) All four wire ends are
inserted into the PLA slots as shown to complete the frame. b Method 2 for mask frame assembly using wire alone (no adhesive). (1) Wire is
pushed through the opening in the PLA lateral frame. (2) The wire is looped back and (3) twisted around itself using pliers. (4) This process is
repeated for each of the four total connections

Fig. 3 Attachment of the head band to a mask frame. a A knot is tied at the end of each band and the band is then slid into and locked in
place using the PLA slot. b Mask frame with bands. c Clip attachment of the frame to the bands on the 3M N95 Model 1860 respirator
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crown of the head. Then, the nosepiece of the mask
frame is manipulated in the shape of the user’s nose
until a secure seal and good fit are achieved (Fig. 4). A
seal check is performed by placing both hands over the
mask and inhaling, then exhaling. The mask should first
collapse slightly; during exhalation, if air leakage is ob-
served, the fit is inadequate and the nosepiece and wires
should be adjusted and straps pulled tighter until a
proper seal is obtained. For masks passing seal check, fit
was then tested using qualitative and quantitative fit
testing apparatus and methods [19]. Mask frames can be
sterilized using 70 % isopropyl alcohol wipes.

Selection of FFRs for testing
Four different types of N95-style FFRs were selected
for testing: a 3M Model 1860 N95, a 3M Model 8210
N95, a Kimberly Clark 46827/46767 (hereafter re-
ferred to as “duckbill”), and a Cooper KN95
(imprinted with number XK02-001-00010; Cooper
USA; Las Vegas, NV). The 3M model 1860, available
in both small and regular sizes, is a standard dome or
cup-shaped respirator commonly used in healthcare
settings [20] and is fabricated from media (fabric) that
provides enhanced fluid and splash resistance (per
ASTM Test Method F1862 [21]). The Kimberly Clark
regular (46767) and small (46827) models, like the
3M 1860 model, were used in healthcare settings
prior to the pandemic and are fabricated according to
ASTM standards but are duckbill instead of dome-

shaped. We also tested an industrial 3M model 8210
mask, only available in a single standard size, that
would not normally be used in a healthcare setting
but whose temporary use is permitted in the US
under an FDA Emergency Use Authorization (EUA)
issued on April 3, 2020 [22]. The Cooper flat-fold
KN95 respirator, available in one standard size, was
selected as prototypical of a non-US manufactured
FFR whose use in healthcare is also allowed by an
FDA EUA. With KN95 masks it has been observed
that even when filtration efficiency meets specifica-
tions, fit can be problematic [23, 24].

Test subject demographics
A total of 45 volunteers were involved in this study
and consisted of attending physicians, resident physi-
cians, clinical fellows, medical students, nurses, med-
ical assistants, clinic staff, and research scientists, with
predominantly female participants (making up 60–
88 % of each test group; Table 1; raw data presented
in Additional Material 1). The proportion of female
participants is representative of the healthcare work-
force, which is predominantly female in the US and
worldwide [25]. Of note, prior literature shows that
women fail fit testing approximately 10 % more fre-
quently than men [26], suggesting a greater potential
need for methods to improve fit with female FFR
users. Individuals had a BMI ranging from 18.5 to
56.6 (averaging 25.4 for all groups).

Fig. 4 Properly donned mask frames and respirators on three different volunteers. a A 3M 1860 N95 domed healthcare respirator, b a 3M 8210
N95 domed industrial respirator (note a valve-less version of the model is used in healthcare settings but was not always available for testing due
to widespread respirator shortages), c a Kimberly Clark duckbill, and d a KN95 flat-fold respirator. The bands should be sufficiently tight and the
nosepiece manipulated to achieve a good seal
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Qualitative and quantitative fit testing
This study was approved by the Partners Healthcare In-
stitutional Review Board (protocol #2020P001209). All
subjects underwent qualitative fit testing at the Brigham
and Women’s Hospital or Dana-Farber Cancer Institute
during May 2020-March 2021. Qualitative fit testing
using a 3M FT-14 hood and 3M FT-32 bitter testing so-
lution was performed over two different testing sessions,
both consisting of tests without the mask frame (base-
line) and with the 3D printed mask frame (Fig. 5). Quali-
tative fit failure occurred if the participant could taste
the solution (bitter taste). Four different models of respi-
rators were tested: 1860, 8210, duckbill, and KN95. Data
was analyzed using Prism version 8 (GraphPad, San
Diego, CA). Quantitative fit testing was also performed
on the respirators with the mask frame in place. Quanti-
tative fit testing employed a non-hazardous aerosol in a
test chamber (PortaCount, TSI Inc., Shoreview, MN) to
measure the volumetric leak rate and to calculate the

respirator fit factor (FF). The FF is the ratio of the aver-
age chamber aerosol concentration compared to the
concentration inside the respirator, with a passing value
consisting of an FF above 100. Three different models of
respirators were tested: 3M Model 1860 N95, 3M Model
8210 N95, and Cooper KN95.

Results
Frame design and fabrication
The mask frame we developed consisted of two malle-
able wire components (made of copper, steel, or
aluminum) that link together two rigid lateral PLA
frames fabricated by 3D printing (Fig. 1). A total of six
weeks was required to design, prototype, and fabricate
mask frames for testing (additional information on the
iterative design process can be found in Methods). The
resulting design was flexible enough to conform to a di-
versity of face types and sizes but rigid enough to seal
masks to users’ faces. The malleable wires enable the

Table 1 Demographics and characteristics of participants undergoing baseline fit testing. SD = standard deviation. KC denotes
Kimberly-Clark Inc

No. (%) or Mean +/- SD (range)

Characteristic 1860 N95 respirators
(n=34)

8210 N95 respirators
(n=10)

KC duckbill respirators
(n=16)

KN95 respirators
(n=25)

Sex

Female 28 (82.4%) 6 (60.0%) 14 (87.5%) 22 (88.0%)

Male 6 (17.6%) 4 (40.0%) 2 (12.5%) 3 (12.0%)

Age 36.4 +/- 10.3 32.9 +/- 9.1 33.1 +/- 9.3 36.5 +/- 12.5

Ethnicity

Asian/Pacific Islander 11 (32.4%) 3 (30.0%) 2 (12.5%) 5 (20.0%)

White/Caucasian 11 (32.4%) 7 (70.0%) 3 (18.8%) 8 (32.0%)

Black/African American 8 (23.5%) 0 (0.0%) 8 (50.0 %) 9 (36.0%)

Hispanic/Latino 3 (8.8%) 0 (0.0%) 2 (12.5%) 3 (12.0%)

Native American 1 (2.9%) 0 (0.0%) 1 (6.3%) 0 (0.0%)

Body mass index (BMI) 25.7 +/- 8.0 23.3 +/-2.7 30.1 +/- 10.0 26.7 +/- 8.5

Healthcare role

Attending physician 15 (44.1%) 2 (20.0%) 1 (6.3%) 6 (24.0%)

Resident physician or fellow 1 (2.9%) 0 (0.0%) 0 (0.0%) 2 (8.0%)

Medical student 3 (8.8%) 3 (30.0%) 0 (0.0%) 2 (8.0%)

Researcher 5 (14.7%) 5 (50.0%) 3 (18.8%) 1 (4.0%)

Nurse 3 (8.8%) 0 (0.0%) 3 (18.8%) 5 (20.0%)

Medical Assistant 5 (14.7%) 0 (0.0%) 5 (31.3%) 5 (20.0%)

Clinic Staff 2 (5.9%) 0 (0.0%) 4 (25.0%) 4 (16.0%)

Mask size (previously fitted)

Small 11 (32.4%) 6 (60.0%) 3 (18.8%) 6 (24.0%)

Regular 23 (67.6%) 4 (40.0%) 13 (81.3%) 19 (76.0%)

Baseline Testing Pass Rate 30/34 (88.2%) 9/10 (90.0%) 15/16 (93.8%) 12/25 (48.0%)
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mask frame to be molded to each user’s face, creating a
personalized fit unique to individual facial contours and
respirator models (Fig. 4). Frames were fabricated on a
standard consumer grade 3D printer in less than 30 min
at a cost of approximately 0.50 USD. Two sizes of lateral
frames were printed in PLA and made available to par-
ticipants: a “small” size (6.35 cm long) and a “regular”
size (7.62 cm long) (Fig. 1a). Additional features in-
cluded radiused edges on the lateral frame to prevent
the N95 FFR from being excessively deformed (Fig. 1b);
deformation was observed with prototypes in which the
edges were square or “V” shaped. We tested two differ-
ent methods of attaching the malleable wire, one that
used adhesive (Fig. 2a) and a second that involved mech-
anical twisting (Fig. 2b). The method of wire attachment
did not detectably affect comfort or function but slight
design modifications were necessary to accommodate
3D printed frames to the two attachment methods. As a

source of replacement elastic straps, we used a non-latex
material (Monprene(R) PR-23040) which is widely avail-
able, FDA-approved, and used for phlebotomy tourni-
quets. All design files and testing results are included in
this manuscript and available for reuse without restric-
tion; design information is also available via the NIH 3D
Print Exchange (https://3dprint.nih.gov/discover/3dpx-
014725).
In use, elastic straps lock into slots on each side of the

3D printed piece and are cut to a standardized length
that fits around a users’ head, just like factory-supplied
straps (Fig. 3a, b). Additional clips along the frame make
it possible to secure any remaining respirator bands to
the frame. By adjusting the position of the strap in the
frame slots it is possible to adjust the pressure holding
the mask in place and achieve a good but comfortable
seal (Figs. 1c, 3c). A frame with an attached mask is
donned just like a mask without a frame: the respirator

Fig. 5 Flow chart of study qualitative fit testing methods
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is brought to the face to cover the nose and mouth, the
lower strap is brought up and over the top of the head
and the upper strap is pulled up behind the head. The
nosepiece of the mask frame is then press-fit, or other-
wise bent, to conform to shape of a user’s nose (Fig. 6;
additional fitting, assembly, and donning instructions are
described in detail in Additional Material 2; example fits
are shown in Fig. 4). Individual users were allowed to
choose a frame size based on whether their faces were
“small” or “regular.”

Fit testing
Among our group of 45 volunteers, 34 were fit-tested
with 3M model 1860 masks, 10 with 3M 8210, 25 with
Cooper KN95 masks, and 16 with the Kimberly Clark

duckbills. It was not possible to test all masks on all in-
dividuals due to severely limited supply of healthcare
FFRs resulting from the COVID-19 pandemic (each
mask could only be tested on a single individual for
safety reasons). As a result, volunteers were asked to se-
lect a mask and mask frame size based on previous ex-
perience in a clinical setting (if available) (Table 1).
Qualitative fit testing was performed using a 3M FT-14
standardized hood and 3M FT-32 bitter testing solution;
if a user could taste the aerosolized fluid, the fit test was
judged to have failed. Fit was tested without a mask
frame (the baseline condition) and with the 3D printed
mask frame in place of the mask straps (the test condi-
tion; outlined in Fig. 5). For 3M 8210 masks and Kim-
berly Clark duckbills, 9/10 (90.0 %) and 15/16 (93.8 %) of

Fig. 6 Mask frame assembly instructions
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participants passed baseline testing without a 3D printed
mask frame, respectively. For the 3M 1860 and KN95
masks, baseline passing rates were lower at 30/34
(88.2 %) and 12/25 (48.0 %), respectively. The passing
rates for the 1860, duckbill, and 8210 models are con-
sistent with previous literature demonstrating 82–95 %
fit rates across N95 respirator models [26, 27]. Fit for
KN95 masks was poorer, as previously reported [16].
We then asked whether individuals for whom a mask

passed qualitative fit testing under baseline conditions
would also pass fit testing when elastic straps were re-
moved (or allowed to hang down) and the masks held in
place only using a frame and replacement straps. We
note that masks lacking straps are normally unusable
and thus, 0 % would be able to pass testing. For model
8210 (Table 2; Fig. 4b), 100 % of participants who passed
qualitative fit testing at baseline preserved fit using a
mask frame in the broken or defective strap test (9/9).
For individuals who passed fit testing with a model 1860
mask (Table 2; Fig. 4a), a Kimberly Clark duckbill
(Table 2; Fig. 4c), or a KN95 mask (Table 2; Fig. 4d), the
passing rates with the 3D mask frame in the broken or
defective strap test were 24/30 (80.0 %), 12/15 (80.0 %),
and 11/12 (91.7 %) respectively (raw data presented in
Additional Material 1).
We also asked whether mask frames would improve fit

for participants who failed baseline qualitative testing.
For N95 masks, the relatively small number of individ-
uals who failed made it difficult to obtain statistically ro-
bust results. All participants who failed baseline testing
for the three models of N95 masks also failed to pass
qualitative fit testing using a frame including for 1860
masks (0/4 participants passed), 8210 masks (the single
participant did not pass), and Kimberly Clark duckbills
(the single participant did not pass). The most promising
data were obtained with KN95 masks. Among the 13 in-
dividuals for whom a KN95 did not pass qualitative fit
testing, six (46.2 %) achieved an acceptable fit with a
frame (Table 2). We also conducted limited quantitative
fit testing on 1860, 8210, and KN95 masks (Table 3).

The quantitative fit test results with frames were similar
to the qualitative fit test passing rates: 1/1 passing for
each of the 1860 and 8210 models and 1/2 (50.0 %) pass-
ing with a KN95 model. These results suggest that it
may be possible to use frames to overcome previously
noted problems in achieving adequate fit with KN95
masks.

Discussion
In this paper we describe an iterative design process, in-
volving multiple rounds of prototyping, clinical feedback,
and design modification that resulted in a simple mask
frame consisting of two identical 3D printed compo-
nents (made in two sizes to accommodate different
faces) and two pieces of malleable wire that together
hold an N95 or KN95 mask to users’ faces in the ab-
sence of factory-supplied straps or following repeated
donning and doffing cycles that interfere with fit. Such
mask frames are reusable and can be sterilized using
70 % isopropyl alcohol wipes. Across a diverse group of
volunteers, we found that mask frames were effective in
replacing the original straps on all three N95 masks and
one KN95 model tested. The ability to replace masks de-
graded with age or by multiple donning/doffing cycles
has the potential to immediately impact PPE supplies for
healthcare workers at low cost and complexity. Other
approaches have been proposed for specifically for re-
placing defective straps, including sewing new elastic
bands directly to the respirator material [28]. We are not
aware of any testing performed on this approach, but
when the pandemic recedes, medical grade FFRs once
again become widely available, and demand on fit-
testing apparatus falls, a systematic comparison of differ-
ent ways to reuse damaged or degraded FFRs will be-
come feasible. Such a study will be valuable for future
emergencies. Until then, each group should perform its
own evaluation by fit testing users who will use mask
frames or replacement straps in a clinical setting.
Results were promising but not fully conclusive with

respect to our additional goal of improving fit for

Table 2 Qualitative fit testing results using mask frames

Type of test: Performance of frames with respirators
with broken or defective straps

Performance of frames for individuals
who failed baseline testing

1860 model (total n = 34)

Number Passed (%) 24/30 (80.0 %) 0/4 (0 %)

8210 model (total n = 10)

Number Passed (%) 9/9 (100 %) 0/1 (0 %)

Kimberly Clark duckbill model (total n = 16)

Number Passed (%) 12/15 (80.0 %) 0/1 (0 %)

KN95 model (total n = 25)

Number Passed (%) 11/12 (91.7 %) 6/13 (46.2 %)
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participants who failed baseline qualitative fit-testing:
frames were effective for some individuals and mask
models and ineffective in other cases. The most promis-
ing results were obtained with KN95 flat-fold masks, for
which achieving a good fit is known to be challenging
[16]. Among individuals for whom a KN95 did not pass
fit testing, ~ 50 % achieved an acceptable fit as judged by
both quantitative and qualitative fit testing criteria (e.g.
using a PortaCount quantitative fit testing apparatus,
TSI Inc., Shoreview, MN). When this is combined with
individuals for whom KN95 masks fit without any modi-
fication, around three-quarters of individuals tested
could use a KN95 mask in a clinical setting. Because
KN95 masks are widely available and in use for respira-
tory protection in medical settings [29], this aspect of
our work represents a contribution of immediate prac-
tical value and goes beyond simply replacing defective
straps. Existing studies have described modifications that
improve the fit of cloth or procedural masks [30] but to
our knowledge we are the first to develop and test a
product that improves KN95 fit for a substantial fraction
of individuals. We anticipate that with additional modifi-
cations, some as simple as developing frames specifically
for narrow faces, or creating a phone-based image pro-
cessing tool for optimizing wire length for different
faces, it will be possible to further extend our findings to
solve long-standing problems in FFR fit.
Multiple recent projects have attempted to develop re-

usable respirators to replace disposable N95s, especially
within the global 3D printing community. For instance,
the Copper3D NanoHack mask is printed with a PLA
filament as a flat piece, and is manually assembled into a
3D configuration using hot air (e.g. hairdryer) or hot
water [31]; two reusable filter cartridges are then
inserted into an intake port. The HEPA Mask [32] and
the Lowell Makes Mask [33] both involve similar 3D
printed components in PLA but with different variations

in the filter holders. The Injection Molded Autoclavable,
Scalable, Conformable (iMASC) is constructed with
injection-molded liquid silicone rubber (Table 4). There
is little data evaluating the fit and seal for most of FFR
3D printed alternatives. Of the alternative mask frame
designs, the only study with available fit testing data
assessed the improvement of fit for procedural masks
(Table 4). None of the surveyed alternative designs in-
volve improving the fit and seal of commercially avail-
able N95-type masks. The issue of fit has been tackled in
creative ways, including by experimenting with flexible
materials or surface scanning an intended user’s face
and creating a custom-fit device (such as the World Ad-
vanced Saving Project (WASP) [34] and Bellus3D [35]).
A limitation in all of these approaches is that fabrication
is complex, limiting throughput [36, 37], and in some
cases supplies of the necessary filters have been largely
depleted, making it challenging to produce and distrib-
ute these products during a medical supply shortage [5].
A more fundamental problem is that, in the absence of
extensive testing across a wide range of conditions, it re-
mains unknown how well alternative filter media will
compare to the thoroughly validated electret fabric used
in N95 and KN95 masks. Conventional N95 masks are
therefore likely to remain the primary form of respira-
tory PPE during the current pandemic. It is therefore
reasonable to focus on improving N95 FFRs using sim-
ple supplementary devices that do not affect filtration
properties.
How great is the need for extending usable mask life

using a device such as the frame described here? Histor-
ical guidance by NIOSH specifies that the useful lifetime
of NIOSH-approved FFRs is limited by filter load and
that any filter or mask should be replaced if it becomes
soiled, damaged, or causes noticeably increased breath-
ing resistance [40]. In environments that generate high
cumulative filter loading, the recommended maximum

Table 3 Quantitative fit testing results using mask frames

Performance of frames with respirators with broken or defective straps

Mask type Fit factor with control mask Fit factor with mask frame on respirator with broken or defective straps

1860 model 185 200+

1860 model 13 9

8210 model 17 19

Performance of frames for individuals who failed baseline testing

Mask type Fit factor with control mask Fit factor with mask frame on respirator that failed baseline testing

1860 model 56 200+

8210 model 0 200+

KN95 model 0 101

KN95 model 0 6

Testing was performed on previously used and sterilized respirators due to supply shortages in the setting of the COVID-19 pandemic. Control testing was
performed for each respirator without the mask frame but with the use of functional straps. A fit factor of 100 is considered a passing value
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lifespan for N95 respirators is eight hours, and it is
standard practice in healthcare to dispose of N95 masks
after each patient encounter. However, during the first
SARS pandemic, the CDC stated that “health care facil-
ities may consider reuse as long as the device has not
been obviously soiled or damaged (e.g. creased or torn)”
and “if a sufficient supply of respirators is not available
[41].” Multiple mask decontamination methods were
tested and implemented during the COVID-19 pan-
demic and have further expanded on this concept, in-
cluding UV germicidal irradiation, vaporous and ionized
hydrogen peroxide (VHP/iHP) and moist heat [42–49],
all of which promise to enable N95 reuse (for instance,
the FDA EUA for the Battelle decontamination system
permits up to 20 vaporous hydrogen peroxide decon-
tamination cycles per respirator [50]). However, mask
reuse is generally limited by breakage or degradation of
the malleable nose clips and other components that are
bent to form a seal around a user’s nose and the elastic
bands that hold a mask in place. It has also been re-
ported that N95 masks stored in preparation for a pan-
demic have a high rate of band failure [14].
Quantitative fit testing has shown that multiple don-

nings and doffings degrade mask fit independent of band
failure. Bergman et al. [12] found that, after five con-
secutive donnings, fit factors consistently dropped to
failing values. Vuma et al. [51] showed that, when 25
tests subjects performed consecutive N95 donning and
doffing operations, fit factor differed significantly be-
tween the first and the sixth re-donnings. After the sixth
donning, only ~ 68 % of study subjects achieved a passing
fit. Degsys et al. [52] found that an increase in fit failures
was associated with an increasing number of shifts, each
of which was associated with a donning and doffing
cycle (median 4 shifts) and increasing hours of use (me-
dian 14 h). Additionally, mask fit is adversely affected by
repeated cycles of decontamination across a variety of

methods (including heat and ethanol) [53]. If un-
detected, poor fit causes air to flow around the mask
[14] potentially increasing disease transmission.
Problems with fit are not restricted to masks that are

being reused: it has previously been reported that even
with new masks, about 17 % of users will fail fit testing
with any specific model of N95 or N95-equivalent mask
[27]. The fit failure rate for KN95s has not been exten-
sively quantified in the literature, but available studies
suggest that fit failure is an issue with a majority of
KN95 models [16]. Improving fit by using a frame would
therefore be helpful even in non-pandemic situations.
The problem with failure to fit any mask is made worse
in a pandemic by shortages in alternative forms of re-
spiratory protection (e.g., powered air-purifying respira-
tors [54, 55]). Thus, both pandemic and non-pandemic
respiratory protection presents a substantial need for de-
vices – such as the mask frames described here - to ex-
tend the useful lifetime of FFRs, such as N95 or KN95
masks, or improve fit of new masks. It must be noted,
however, that clinical data supporting extended use and
reuse of N95 masks, with or without decontamination,
remains limited. Concerns about extended use and reuse
involve not only fit and the adequacy of the seal to a
user’s face [52], but also potential infection risks ac-
quired during donning/doffing (since the outer surface
of respirators can be contaminated with infectious
agents that can be transferred to a user [56]) and reduc-
tions in filtration efficiency over time. The mask frames
described here address only the first of these issues.

Limitations of this study
This study has several limitations; most notably, that
sample sizes and the number of mask models tested are
small. These limitations reflect a continuing shortage in
FFRs of all types and our inability to divert more than a
small number of masks from hospital or staff use to a

Table 4 Alternative mask and mask frame design solutions developed to address shortages in N95-tyle masks caused by the COVID
pandemic

Design Name Description Fit Testing Data
Available

Copper3D NanoHack De-novo mask design. 3D printed mask with filter media made of non-woven poly-
propylene impregnated with 5% copper oxide particles.

No [31]

HEPA Mask De-novo mask design. 3D printed mask to house commercial HEPA filter insert. No [32]

Injection Molded Autoclavable, Scalable,
Conformable (iMASC) system

De-novo mask design. Liquid silicone rubber mask using filters cut from 3M 1860 N95
FFRs.

Yes [38]

Lowell Makes Mask De-novo mask design. 3D printed mask with customizable filter insert. No [33]

WASP My Face MaskBellus 3D De-novo mask design. 3D printed mask with customizable filter insert. No [34]

Bellus 3D Mask frame design. Rigid 3D printed mask frame that fits over existing mask; uses
picture of user’s face to personalize printed design.

No [35]

Double Eight Masks Brace Mask frame design. Rubber band brace used over existing surgical mask. Yes [39]

PanFab Mask Frame Mask frame in two sizes for use with multiple models of N95 and KN95 masks to
replace defective straps or damaged nose pieces.

Yes (this work)
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research project. Results would be improved by finding a
much larger number of participants who failed baseline
fit testing and from whom multiple models of masks
could be evaluated with and without frames. For all of
the masks used in this study, straps were artificially
broken or allowed to hang free; to better represent the
real-world use case it will be necessary to perform fit
testing with and without a mask frame after actual use
in a clinical setting. Our study was also limited by an in-
ability to perform direct comparison between mask
frames and solutions proposed by others (Table 4). Fi-
nally, our data suggest that the precise shape of a mask
and the properties of the material may determine
whether a frame can successfully substitute for original
straps or improve fit for a specific individual. Additional
research will be required to identify these variables and
address them. Ideally, all of these issues will become in-
creasingly possible to address as supply disruptions re-
cede and sufficient FFRs can be dedicated to research
studies.

Conclusions
As a result of a collaboration with Partners in Health,
PanFab mask frames in two sizes are currently in use in
the field in Mexico, Malawi, and Haiti with appropriate
fit testing in place; we hope to be able to report on field
testing in the future. Our results from studies in the US
with volunteers clearly show that frames can substitute
for broken or defective bands without adversely affecting
fit and also improve fit for a substantial number of indi-
viduals who cannot use KN95 masks. Because degrad-
ation in fit is a limiting factor in extended mask use and
reuse of masks after decontamination, mask frames have
the potential to help offset the urgent need for respira-
tors encountered at the outset of the COVID-19 and po-
tential future medical emergencies.
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