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The respirator as one of the personal protective equipment is essential for industrial activities (e.g., mining,
painting, woodcutting, manufacturing) for protection from contaminants in the air and during the Covid-19
pandemic to protect the wearer from infection. The respirators nowadays are commonly made of rigid plastic.
They are expensive, cumbersome, and not comfortable to wear. The many components with complex structures
prevent it from cleaning and reusing. We develop a practical and scalable strategy to create customized respi-

rators with durability using computational modeling and 3D printing. It is shown that by morphing the shape
according to the user’s photo, the respirator is designed to fit a user’s face without air leaks. Using a printing-
mold-casting method, this respirator can be manufactured by silicone rubber with accuracy, which is highly
durable, with its mechanics primarily not affected by sterilization. These features provide the current respirator
adaptivity and convenience in carrying and storing, as well as more comfort for long-time wearing.

1. Introduction

Due to the worldwide outbreak of COVID-19, the shortage of medical
masks has always been a problem worldwide. At this stage, most medical
masks are disposable after a single usage. According to the World Health
Organization (WHO) modeling (Chaib, 2020), an estimated 89 million
medical masks are required for the COVID-19 response each month as
this crisis is likely to persist for some time, and people need daily con-
sumption for personal protection (Xiang et al., 2020). The practical
filtering part of most face masks are manufactured with melt-blown
non-woven fabric, and their manufacturing requires either poly-
propylene or polyethylene, polyurethane, polystyrene, polycarbonate,
polyacrylonitrile as the raw materials (Akber Abbasi et al., 2020). The
production process also needs high energy input for material melting
and fiber spinning and heavy machines for massive production
(Rubio-Romero et al., 2020). Moreover, ecological concern has resulted
in the urge to limit the use of polypropylene, as it takes more than 10
years to decompose in landfills completely and only 7 percent of such
waste is currently used for post-consumer recovery (Canopoli et al.,
2020; Oladimeji Azeez, 2020). The ongoing global-wide COVID-19
disease significantly affects the everyday routine of human life as the
respirator becomes primary personal protective equipment. Massive

usage of the single-use disposable mask causes long-term environmental
issues. There is currently no effective way to collect, isolate and recycle
them. Using the respirators that can be re-sterilized can significantly
reduce the amount of waste and make the filter material exchangeable,
making it also possible to collect and recycle the filter material over
time.

A sterilizable mask is desirable to reduce the need of melt-blown non-
woven fabric materials (Chellamani et al., 2013). A conventional sur-
gical mask turns out to be effective for personal protection because it
covers the face to protect the nose and mouth from exposure to splashes,
sprays, splatter, and respiratory secretions (Chellamani et al., 2013). It is
also helpful for source control in the public area as it prevents the spread
of respiratory secretions when sick people are talking, sneezing, or
coughing. The currently FDA-cleared masks are made of a universal
shape for averaged face profile and sometimes may fail to close contact
with an individual face. One recent study shows that a low-cost
3D-printed frame significantly improves its inward protection effi-
ciency for airborne particles known to transmit COVID by pushing
against the face and establishing a form-fitting seal, which improves the
efficiency in protection by effectively turning the flat cloth mask into a
well fitted one (Tong et al., 2021). It is innovative as the 3D model is
highly customized according to the face profile, while it is necessary to
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use a large piece of cloth to cover the most area of the face.

A respirator is a device designed to protect the wearer from inhaling
dangerous air, including particulate matter such as dust and airborne
microorganisms, as well as harmful fumes, vapors, and gases. It is widely
used in medical, industrial, construction, etc. All respirators can be
secured to the wearer’s head by straps that generate compression be-
tween the wearer’s face and the device. The respirator covers the entire
face or the lower part of the face, including the nose and mouth. There
are many different styles and sizes to suit all face shapes. The difference
in the design of the respirator will affect the protection coefficient
assigned by the respirator, that is, what kind of hazard the level of
protection produced. According to the Center for Disease Control and
Prevention (CDC), three filter efficiency N, R, and P (95%, 99%, and
99.97%) are commonly used in the design of the respirator (NIOSH,
1996). If worn correctly, the filtering capacity of the respirator is better
than that of ordinary masks and medical masks. However, even if it is
worn in full compliance with the requirements, it cannot be 100% iso-
lated from the inhalation of particles in the air. A respirator that suits the
wearer’s face is crucial to fits tightly and provide comfort in long-time
wearing, protecting the wearer from exposure. At present, most of the
respirators on the market are of universal size, but because each person’s
facial features are different, a universal size may not provide greatest
protection. Moreover, they are made of hard plastic with a cumbersome
size, making it hard to carry and store. It is assembled from multiple
parts, leading to many gaps and corners that are hard to clean for reused.
Once a respirator cannot be reused, it generates more waste materials
than the disposable masks and they are harder to degrade (Akber Abbasi
et al., 2020). Therefore, we are motivated to design innovative respi-
rators. Our experiment focuses on reducing the size and increasing the
reliability through computer modeling and analysis of facial images for
customized fitting, as well as the disinfection and durability for
repeating usage.
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2. Materials and methods
2.1. Overall design

We combine computational modeling, 3D printing and various of
experimental tests to facilitate the design of this fully customized
respirator with flexibility. The overall design workflow is summarized in
Fig. la, with each experimental method described in the following
sections.

2.2. Airtight testing of the respirator

We built our platform to detect the airtightness of the respirator by
measuring the CO2 concentration. As inhalation can generate pressure
less than the atmosphere and the respirator is pushed against the face,
exhalation may open the gap between the respirator and face to enter
unwanted airborne particles. Since the exhaled air contained a much
higher concentration of CO, than that of air (409 ppm, 25 °C), by
measuring it at the periphery of the respirator using usage (Fig. 1c), we
can locate the gaps, this platform is composed of a CO; sensor (Analog
Infrared CO2 Sensor For Arduino by DFRobot that can sense CO5 level
between 0-5000 ppm and send a corresponding electric signal) that is
connected to an Arduino board, which is used to read the electric signal
from the CO; sensor with a scanning rate of 9600 Hz. The connection
between the CO, sensor and Arduino board is same as any standard
sensor, as illustrated in Fig. 1d, and we tried our best to ensure the
connection between the sensor and Arduino board tight. The Arduino
board is connected to a computer through a USB port, and Arduino IDE
regulates the voltage signal from the CO; sensor and record the CO2
level as a function of time (Fig. 1e). Since the respirator is made of soft
material, we tested multiple places at the respirator periphery. We found
that the respirator’s left, right, and underside easily fit the experi-
menter’s face by tightening the elastic stripe, which is consistent with
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Fig. 1. 3D modeling and printing of an arbitrary respirator connecting to respiratory devices and test airtight with a CO, sensor. a. schematic diagram for
the design procedure of the respirator. b. the computational model of the respirator, the multi-material 3D printer, and the 3D printed respirator connecting to a
respiratory device. c. The test of CO, of the printed mask at different positions along its edge against the face during normal breathing, d. schematics of how the
sensor is connected to the analog input of an Arduino board and a computer, as well as the main reason for the air leak at the top of the mask. e. The CO, test results
of i) at the right side, ii) at the bottom, and iii) at the top of the mask, as illustrated in panel b.
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our expectations. The upper part of the respirator leaks gas and can only
stop by adding a metal strip seal or changing the shape. This is like most
commercial respirators have done. Once we test the respirator with both
stripe and filter, the people can easily breathe without resistance.

2.3. The morphing of face profile with Blender

We used the Blender package (2.8.2) to create the human head model
to reflect the customized face profile. We used the function KeenTools
FaceBuilder for Blender (Version 2.1.0) to help build 3D models of head
models using a couple of photographs that can be in any dimension. This
is an add-on tool to BlenderApp. The FaceBuilder has a feature to cap-
ture the face shape by adding specific points, which the user needs to
add the points for eyes, forehead, mouth, nose, etc. The function helps us
to create a head model from a set of 2D images (at least one photo from
the front and one from the side) to a 3D model that provides quick
operation for the experiment. The information helps the tool determine
the 3D position of the featuring points (eyes, forehead, mouth, nose,
etc.) and after that alter the overall shape of the model face to maximize
the match to the location of the featuring points and thus generate the
target custom 3D head model. We use MeshMixer to select the relevant
region of the morphed head model, uniformly thicken the part and
merge to the existing respirator model for maximized fitness.

2.4. Multimaterial 3D printing

3D printed respirators and molds are enabled by a high-resolution
and multi-material 3D printer Object 260 made by Stratasys (Fig. 1b),
which allows us to print complex geometries with 20 pm in resolution.
The materials we used for printing is ABS for the respirator cap model in
connection to other medical equipment, which has p = 1175 mg/ em®, E
= 1.11 GPa, and 6 = 57.9 MPa corresponding to the density, Young’s
modulus, and tensile strength of the bulk material properties, as well as
Agilus30Black for the flexible respirator body, which has p = 1175 mg/
em®, E = 0.18 MPa and ¢ = 0.42 MPa.

2.5. Mold design for silicone casting

We take the geometric features of a standard type IV dog bone
sample to design and build a two-piece mold for casting silicone. The
mold was produced with the 3D printer. The upper part is designed with
two 5 mm holes to connect to coffee straws to get rid of air bubbles and
extra material during model casting.

2.6. Polymer resins for casting respirator

The primary materials used to casting the respirator are silicone
rubber and polyurethane, as they are generally available on the market
from multiple providers. The general procedure of casting includes 1).
Mix material A/B according to the mixture ratio as designed and evenly.
2). Put the mixture into the vacuum chamber and activate the pump to
eliminate air bubbles. 3). After eliminating the bubbles, spray the
release agent (Sprayway NO. 946 Silicone Spray (“SW946 Silicone
Spray,” n.d.), alternative mold release includes Vaseline) to the bottom
and top part of the mold and then put the mixture into the mold and
cover the top part. (act fast since some materials have limited pour time)
4). Close the mold and put the weight on the top part to squeeze out the
extra material. 5). Wait different demold times for the material to fully
cure, take the sample out, and clean. Table 1 summarizes the mixture
ratio, pour time, and demold time of different materials for making the
respirator. Silicone 1-4 are obtained from Polytek with the product
number of PlatSil® Gel-10, PlatSil® 73-20, PlatSil® 73-45, and PlatSil®
73-60, respectively (Polytek, n.d.). Polyurethane is from Thermosetso-
lutions with a product number of HSA340 (Solutions, n.d.).
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Table 1
Summary of the mixture ratio, pour time, and demold time of different candidate
polymer resins with their mechanics tested (Fig. 3) for making the respirators.

Type of Material Mixture Pour Time (Minutes) Demold Time (Hours)
Ratio
A B

Silicone 1 1 1 6 0.5

Silicone 2 1 1 5 1

Silicone 3 1 10 40 16

Silicone 4 1 10 45 16

Polyurethane 1 1 7 2-3

2.7. The casting of the respirator

The material that used to make the respirator is the PlatSil® Gel-10.
The central part of the respirator, which is made by silicone gels, needs
to mix two different kinds of gels. The mix ratio by weight between resin
A to resin B is 1:1. We measure 55-60 g A into 55-60 g B with a scale.
The mold is designed with 4 holes with coffee straws on the top of the
mold. When pressuring the top of the mold, the residue air and excess gel
will flow upward along with the straw. Before pouring, spray the release
agent inside the mold for easy mold release. After 30-40 min after
pouring, the gel is completely set. Take off the top part of the mold by
rotating the 6 screws on the top. And then take off the respirator and
clean the mold.

2.8. Mechanical testing of the material samples

Using the Instron 5966 machine, we test all the material samples to
get their stress-strain curve. We use the 10 KN static load cell with 1 KN
pneumatic grips to hold the dog-bone sample for testing. The pressure to
drive the pneumatic grips for holding is set to 90 psi. We measure the
initial sample length as the distance between the edge of the two grips as
Lo and zero the force and displacement before the test. A pin fixes the
lower grips during the test, and the upper grips move at a constant
displacement speed of v = 20 mm/min. The traveling distance of the
upper grips is given by d = vt at any time t after the test starts, and the
engineering strain is defined by ¢ = %. The load cell records the loading

force f and computes the engineering stress with 6 = ALO, where Ay is the
initial cross-section area of the uniform testing region of the dog-bone
sample. The test automatically stops when the sample is broken. The
software with the Instron machine returns the ¢ — ¢ curve as well as
Young’s modulus, yield stress, and breaking strain during the test.

3. Results and discussion
3.1. 3D printing of sterilizable respirator and airtight testing

One way to reduce the usage of polypropylene is to use a sterilizable
material to make the regions of the respirator with the main function of
giving structural support. These regions can be fully closed to prevent
infectious materials from entering, leaving the rest of the area covered
by the non-woven fabric or by connecting to other respiratory devices.
Fig. 1b shows the fast prototype of such a respirator with a polyjet multi-
material 3D printer (Grezzana et al., 2020; Qin et al., 2017; Xiang Gu
et al., n.d.). The 3D model was modified based on an open-source ster-
eolithography file (“MY FACE MASK: 3D printed face Mask with a
replaceable filter,” n.d.), which has a thickness of ~0.5 mm, and the
overall shape was designed based on a 3D scanning of a model face. The
advantage of this polyjet multi-material 3D printer is the high resolution
and the UV curing printing process that prevent generating small gaps
and defects.

After printing, the respirator was worn with elastic bands and we
tested the airtight of the device by using a simple device composed of an
Arduino chip and a CO; sensor (Fig. 1c and d). Because the respirator
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and human face will not permanently adhere, gaps allow air leakage and
infectious materials can occur during either the inhale or exhale process.
With the existence of filtering material, the pressure within the respi-
rator during inhaling can be smaller than the atmosphere and thus
generate a larger pressing force against the human face that minimizes
the respirator gaps. Thus, we mainly focus on detecting the gap and
associated air leak during the exhale. We use a CO; sensor here based on
the fact that the CO, content during the exhale process (38,000 ppm)
(Siobal, 2016) is much higher than the content in the natural environ-
ment (409 ppm) (Lindsey, 2020; Liithi et al., 2008), making it possible to
detect the location of the leak by recording the CO, content around the
respirator during its usage. It is shown that although the major body of
the respirator has no air leak (Fig. 1e), as the CO; content at most places
of the respirator edge is measured to be ~500 ppm (same as the overall
indoor CO; content), the region between the mask and the upper side of
the nose is recorded as high as 1500 ppm, suggesting the local leakage.

This situation cannot be improved much by simply tightening the
elastic band, reducing or increasing the overall mask size, or even
changing the mask material from rigid plastic to rubber-like material, as
they all lead to a similar situation. Moreover, wearing the hard plastic is
rather uncomfortable, and the entire printing process takes more than
20 h because of the slow printing speed, motivating us to explore ways to
improve the model and producing method.

3.2. Customized 3D face profile by morphing

We improve the design of the respirator by altering its shape to
maximize its fitness to a specific person’s facial profile. There are several
hand-hold 3D scanning devices available and most of them require
specialized software and hardware to work (Su et al., 2018; Tong et al.,
2012). They work by using the sheet laser to project a line of light onto
the surface while two sensor cameras continuously record the changing
distance and shape of the laser line in three-dimensional space as it
sweeps along the object. These methods are limited by the availability of
the equipment and the consumption of processing time and
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computational resource, as the 3D modeling always starts from scratch.
To reduce the barrier and make it possible for everyone to get their
respirator, we use an image-based method. Here, we used the Blender
package (v2.8.2) to accurately generate the 3D customized face profile
(Fig. 2). The add-on tool for Blender makes it convenient to morph an
arbitrary shell surface to the face profile according to a couple of pho-
tographs (Fig. 2a), which any phone camera can take. In the actual
application, two photos are the minimum number of the photo needed to
generate the head model, which is one photo from the front and one
from the side, as well as some guidance to the tool to point out the
location of the reference points on the photo (e.g., eyes, forehead,
mouth, nose, etc) will be necessary to generate a 3D shell model ac-
cording to the customized face profile (Fig. 2b). There can be more
photos added throughout the process and the accuracy of the head
model will be increased by adding more feature points through these
additional photos.

3.3. Use strong, durable silicone for respirator material

Silicones are widely used in engineering applications (e.g., sealants,
adhesives, lubricants, medicine, cooking utensils, and thermal and
electrical insulation). Such rubber-like materials have the advantage of
mechanical strength and thermal stability (Polytek, n.d.). Instead of
using 3D printing material, which is slow and subject to limited material
types, we choose to use silicone to make the masks (Table 1). We 3D
print the molds of the dog-bone sample and use them to cast and prepare
the mechanical samples for testing different silicone gels (Polytek, n.d.).
The loading curves (Fig. 3a—e with their main mechanical features
summarized in Table 2) show that all silicone materials are strain stiff-
ening, in contrast to the strain-softening polyurethane (as another resin
material for mold casting) (Solutions, n.d.), suggesting that these ma-
terials are flexible at relaxation and small deformation but becomes
more difficult to deform for large deformation. This overall
strain-stiffening feature is similar to the cytoskeleton and many bio-
logical tissues including pigskin (Fig. 3f), making them more compatible

e

Left Upper Lower

Final Model Final Model with Texture

Fig. 2. Using simple photos to customize the face profile 3D model for accurate mask design. a. Different featuring points are selected from the photo to
recognize their 3D coordinates for face morphing. b. illustrate of how the model profile is edited from the original model after receiving information from

different photos.
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Fig. 3. Stress-strain curve of different polymer materials in comparison to natural material. (a-d) for 4 different kinds of silicone rubbers (Polytek, n.d.) and
(e) for a polyurethane material (Solutions, n.d.). We tested different materials a few times to reduce the error from preparing the sample. f. the stress-strain curve of
pigskin in a tensile test. It is shown that the overall strain stiffening behavior of the silicone rubbers agrees with that of natural skin and is thus more mechanically
compatible than other strain softening polymers. Different line colors in each panel simply mean different repeats of the mechanical test with the same testing
parameters. The statistical results of the mechanical properties of the materials are summarized in Table 2. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

Table 2

Summary of the mechanical features including Young’s modulus (E), yield
strength (oy), ultimate strength (oy), and corresponding strain (ep) of the
polymer materials that have been tested in tensile loading tests.

E (MPa) oy (MPa) oy (MPa) €B
Silicone 1 0.28 £ 0.04  0.87 +0.08 0.87 £0.08 5.43 +0.14
Silicone 2 0.79 £0.12 1.13+0.19 1.13+£0.19 3.54+0.25
Silicone 3 0.91 £0.09 2.46 + 0.04 2.46 £ 0.04 1.8+0.11
Silicone 4 0.98 £ 0.02  2.52 +0.07 2.52+0.07 1.85+0.17
Polyurethane  0.62 + 0.01 0.00124 £+ 0.00013  0.78 +0.04  5.20 &+ 0.20

with the face than other 3D printed plastics. It is noted that the loading
curve of the pigskin is not very smooth because the sample slips from the
grips during test and we numerical remove the effect of slipping from the
strain (Ling et al., 2016). We want to emphasize that this loading test on
the pigskin has not reach the rupture strength but it can clearly show the
strain stiffening behavior. It is also found that most of the silicone ma-
terials have the strength of the same order of magnitude (break at few
MPa) while one of them provides the largest extensibility (breaking
strain as 5.43 + 0.14) and lowest Young’s modulus (0.28 + 0.04 MPa),
making it more suitable for making the wearable device.

Silicone is a cause of allergic dermatitis, but allergies caused by it are
very rare. The major allergen may be a by-product from the
manufacturing process, rather than the silicone itself (Prasad and
Reeder, 2021). At the same time, only a small area of the silicone will
contact the human’s face, so the size of contact has been limited to a
small region of a ring shape (Fig. 4a). Thus, the device made of silicone is
appliable to most people. Meanwhile, the silicone respirator studied in
this paper is in analogy to an Elastomeric Half Mask Respirator (EHMR),
which has shown more advantage in safety and fitness than N95 face-
masks (Barros et al., 2021). Moreover, the oxygen permeability is

important for the gas exchange of the skin cells. It is known that silicone
has a much higher (25 time) permeability to oxygen than natural rubber
and the permeability increase with temperature (Zhang and Cloud,
2006), which is another reason to use silicone of the respirator. Other
allergic test with skin will be necessary before the application of the
respirator and that will be included in the future study.

3.4. Customized design of respirator and scalable manufacturing

Instead of directly printing the respirators, we use the high-precision
3D printer to prepare the molds for casting the respirators for efficiency
and scalability. The geometry of the 3D model is modified by incorpo-
rating a sealant ribbon, as the grey part of Fig. 4a with its geometry cut
from the face profile and uniformly extruded, to improve the airtight
performance. This entire modified mask model is then used to generate
the negative and positive molds for casting silicone, which is composed
of 4 pieces as shown in Fig. 4b to make it easy to take off the mask after
curing. We use the simple vacuum chamber to remove the air bubbles
after mixing the silicone materials and use weight and clamps to push
the 4 pieces together after pouring the silicone (Fig. 4b-d). Instead of
using more than 20 h in printing and cleaning the mask, this process
generally takes less than 30 min, including material preparation and
mold cleaning, making it much more scalable.

Wearing the mask is easy as the shape fully adapts to the individual
face profile. It does not need to adjust the piece of metal over the nose
and dramatically helps to reduce the common mistakes in mask-
wearing, as the place where the mask best fits the face provides
maximum protection. It is made of silicone makes it more comfortable to
wear than hard plastic. Using the CO sensor, we test the airtight of the
new respirator by blocking its front with both a regular paper towel and
a piece of surgery mask (Fig. 4e), the testing results, as shown in Fig. 4f
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Fig. 4. Design and production of the customized respirator. a. 3D model of the respirator modified according to the customized face profile (orange) for large fitness.
b. the 4-pieces mold (grey) used to cast and make the silicone respirator (orange). c. The silicone respirators are made from mold. d. simple devices (vacuum
chamber, pump, mold, silicone gels) are used to make the mask. e. testing of the mask for airtight by blocking the front with a piece of paper towel (upper) and
surgery respirator (lower). This is to qualitatively mimic the effect of the filter of the respirator in blocking the airflow, in order to test the breathability and air
tightness of the respirator against the face. f. the CO, was recorded during normal breathing at different positions. The low CO5 magnitude suggests airtight at any
place around the mask edge. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

for the surgery mask, for example, both suggest that all the periphery
regions of the mask (i.e., top, bottom, right) are adequately sealed as the
CO;, level is much lower than that in the exhaled air during the normal
breathing.

3.5. Respirator sanitizing

Unlike the reusable respirators currently on the market, the silicone
respirators we designed do not need to use a specific disinfectant or
disinfectant wipes for treatment. Such a disinfection procedure also in-
creases the waste of materials. Silicone respirators can be directly put
into boiling water or 75% alcohol for immersion disinfection. Please
note that this article does not study the sterilization function of disin-
fection time against viruses or air pollutants but only studies the effect of
disinfection time and method on the durability of the respirator body.

We immersed the same batch of silica gel dog bone samples in the
same volume of 100 °C boiling water and 75% alcohol for different
periods (Fig. 5 and Table 3). By doing the tensile test of all the samples,
the breaking strain and Young’s Modulus remain the same compared to
the dog-bone sample without sanitizing. The variance in the loading
curve (Fig. 5a and b) mainly comes from the imperfections introduced
during the material pouring and sample preparation while the mean
values of the mechanical properties after repeating test are very
consistent with the results without treatments (Table 3). According to
US Centers for Disease Control and Prevention (CDC, (“Making Water
Safe in an Emergency,” n.d.)), a minute of boiling water is sufficient for
sanitizing. We have kept the sample in the boiling water for up to 8 h,
which is equivalent to 480 times of sanitizing. To understand the
behavior of the silicone material in cyclic loading, we apply a cyclic
loading test to the material sample for 100 cycles (Fig. 5¢). It is noted
that for a large upper limit strain (¢ = 2.0), the silicone loses its strength

quickly only in the first 20 cycles, mainly because of the local material
failure at the holding grips due to the large shear stress in biaxial loading
(inserted image of the sample in Fig. 5¢). However, the strength lost
becomes very small during the following cycles (inserted plot in Fig. 5¢).
By linear fitting the peak force as a function of the loading cycle, we can
predict that it would take at least 310 cycles before reaching half of the
strength. Moreover, by using Scanning Electron Microscope (SEM) we
do not observe any structural defects that is caused by the boiling water
or alcohol (Fig. 5d-f). The test result, combined with the boiling water
and alcohol test, make us believe that the material can be subjected to at
least a few hundreds of cycles of sanitizing and loading. The test results
show that the respirator body’s durability will not be affected after
disinfection with a different method, so the respirator can be reused and
disinfected with a simple ingredient.

4. Conclusion

Here, we study the ways to design and manufacture respirators that
can be re-sterilized for most of the respirator body that maximize per-
sonal protection (Akber Abbasi et al., 2020; Rubio-Romero et al., 2020;
Sangkham, 2020; Selvaranjan et al., 2021). We find the shape is crucial
to make it comfortable for wearing and effective protection and should
fully adapt to individual face profiles. We find an effective solution of
using single photos to build an accurate 3D face model to design the
mask geometry. We compare different materials with mechanical tests
and identify the silicone material as effective in providing flexibility,
strength, and thermal stability in making the mask. As well as the ma-
terial with sanitizing treatment. As the respirator is fully customized, we
use a high-precision 3D printer to produce the molds that are used to cast
and massively produce the silicone masks. We test the respirator’s per-
formance and find that it is comfortable to wear and provides airtight in
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Fig. 5. Stress-strain curve and SEM images of Silicone 1 Material in different sanitizing treatment times. a. Sanitizing in boiling water for 1, 2, 3, 4, and 8 h,
respectively. b. Sanitizing in Alcohol for 5 and 8 h, respectively. We tested different materials a few times to reduce the error from preparing the sample and the
statistical results of the mechanical properties of the materials are summarized in Table 3 c. the stress-strain curve of Silicone 1 sample under 100 loading-unloading
cycles with a constant speed of 100 mm/min and the upper strain of 2.0. The inserted plot gives the stress history as a function of the time and shows how the peak
stress decay as the number of loading cycles. SEM images of d. original Silicone 1 dogbone sample (without treatment, scale bar: 100 pm) e. with treatment in boil
water for 4 h (scale bar: 50 pm) and f. with treatment in Alcohol for 8 h (scale bar: 50 pm). By comparing the SEM images (d, e, f, and many others not shown), we do
not find any significant difference in the microstructure of the silicone surface after the treatment.

Table 3

Summary of the mechanical features including Young’s modulus (E), yield
strength (oy), ultimate strength (oy), and corresponding strain (ep) of the Sili-
cone 1 after certain sanitization treatment (boiled water or 75% alcohol)
conditions.

Condition E (MPa) oy (MPa) oy (MPa) £p

Boiled Water (1h) 0.33 0.92 0.92 6.31

Boiled Water (2h) 0.32 + 0.03 0.97 + 0.03 0.97 + 0.03 6.90 + 0.19
Boiled Water (3h) 0.35 1.0 1.0 6.8

Boiled Water (4h) 0.40 + 0.05 0.90 + 0.08 0.90 + 0.08 5.73 £ 0.20
Boiled Water (8h) 0.36 = 0.10 1.03 £0.15 1.03 + 0.15 6.77 £0.21
75% Alcohol (5h) 0.27 + 0.05 0.95 + 0.12 0.95 + 0.12 6.23 + 0.26
75% Alcohol (8h) 0.25 + 0.02 0.87 + 0.04 0.87 + 0.04 5.27 £ 0.31

all the periphery directly during the entire breathing process.

The method we proposed in this study can lead to flexible respirators
that can provide the wearers more comfort. They are easy to carry and
store, which is essential in manufacturing, mining, and other intense
work. These designs are reusable and easy to sanitize without losing its
mechanical strength. The respirators are fully reusable, and their broad
usage may help to reduce the negative impact to the environment waste
of single-use respirators by only changing its filter.

One method to make the design process more automatic and suitable
for large-scale production is to categorize further different face profiles
(Richmond et al., 2018; Valentine et al., 2004). Instead of building the
customized face model for each individual, which requires an infinite
number of molds for production, categorizing all the face profiles into a
limited number of standard models will lead to a few molds. For that
purpose, we will need to use machine learning to learn from the
extensive library of face profiles, categorize them and develop a printed
mask model for each category. For customized design, image-based
machine learning (Z. Yang et al., 2021) can be used to determine

which category is more suitable for a person quickly and thus help to
select the respirator type. Moreover, once massive production of a
certain respirator model is necessary, production of metal molds of
durability can be done by 3D metal printing via the Selective Laser
Melting technique and using rubber-like thermal plastic polymers can
further accelerate the filling and demolding process for massive
production.

To balance the environmental issue and personal protection during
the usage of respirators, one solution is to develop substituting fibrous
network material that can provide similar protection but will not
generate environmental issues in the long term. Natural materials
including chitin, cellulose, hemicellulose, silk, collagen, keratin are
found to have forms of various fibrous networks including mycelium (L.
Yang et al., 2021), bamboo/wood/cotton fibers (Cui et al., 2021), spider
web/cocoon, basement membrane, and hair (Buehler and Yung, 2009)
that all have natural functions of filtration but can also be degraded
within a more reasonable timeframe than plastics by microorganisms,
causing no long-term issue to the environment (Greer and Deshpande,
2019; Grezzana et al., 2020; Jones et al., 2020; Qin and Buehler, 2013;
Shah et al., 2016). It is feasible to make fibrous membrane by using these
biodegradable materials with an electro/melt spinning method and
tailor the membrane into pieces of a desire shape to work as a change-
able filter for the respirator. The respirator can connect to different
covers as the adaptor to different changeable filtering devices. Since the
main body of the respirator can be sanitized and reused, it can signifi-
cantly reduce the waste generation. However, the chemical and me-
chanical functions of these degradable materials highly depend on their
chemical sequences and molecular structures and thus is crucial to un-
derstand their relationship via multiscale modeling, optimize through
statistical studies and design the specific process to produce new strong
fibrous materials not dissolve and weaken in water (Arbelaiz et al.,
2005), while also provide recyclability and environmental safety at the
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same time for air filtering.
Notes
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