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Abstract

Healthcare workers are at high risk of catching SARS-CoV-2 because of their regular interaction with
patients with the disease. In low-resource settings, the ratio of healthcare workers to the whole
population is lower than in high income countries, and there is often limited access to personal
protective equipment (PPE). lliness or death of healthcare workers will, therefore, have a
disproportionate impact in these settings, so it is particularly important to find ways to protect
them.

To protect against airborne infection in healthcare settings, PPE recommendations typically include
filtering facemask respirators or powered air purifying respirators (PAPR). The former, passively filter
inhaled air. They are small, noiseless and do not require a power supply, but they are single-use,
presenting manufacturing and supply issues. Fit testing is crucial, and many users find them difficult
to tolerate, due to breathing resistance and elevated humidity. There is also the potential for
contamination due to the exposed face. PAPRs are re-usable devices that may last for months and



provide airflow through a filter from a battery-powered blower unit to a hood or helmet which
covers the face. This creates a positive pressure in the hood or helmet that enables the wearer to
breathe filtered air easily, without requiring an air-tight fit needed for standard face masks. This is
reported to be more comfortable and provides better protection for the face from droplets and
splashes, and infection by self-contact with the hands. PAPRs have typically been expensive, bulky
and not readily available or easy to ship to low-resource settings.

Although the design presented here has not been through any form of regulatory approval, the aim
of this paper is to share ideas and offer possible solutions to other groups around the World who
may be thinking of manufacturing a low-cost, reusable PAPR. The design is novel because it uses
readily available materials, scalable manufacturing processes, and it may be shipped flat-packed and
easily assembled. This offers an option for manufacturing in low-resource settings and for shipping in
bulk. This paper provides the CAD designs that can be fabricated using a laser cutter.

1. INTRODUCTION

The disease and its risks for low-resource regions

SARS-CoV-2 was classed as a global pandemic by the World Health Organization (WHO) on 11t
March 2020 [1][2]. Infection results in the clinical disease COVID-19, and can cause severe acute
respiratory syndrome. Early in the pandemic, the healthcare systems of many high-income countries
were at capacity and close to being overwhelmed, and the potential health, social and economic
impacts of the pandemic on low-resource settings with lesser infrastructure and healthcare
availability could be devastating and long-lasting [3][4]. In low-resource settings there is a greater
risk that personal protective equipment (PPE) has limited availability, and it is harder for individuals
to self-isolate because many of these countries have high population density, larger household sizes
and less support for people who lose their jobs or need time off work [5][6][7]. The ratio of
healthcare workers to the whole population is lower than in high income countries, and therefore
sickness of healthcare workers can have a greater effect [8].

Staff in healthcare settings, including medical staff, allied health professionals, administrators and
cleaners, have a high likelihood of catching SARS-CoV-2 because of their regular interaction with
patients with the disease [9], and recurrent exposure may be associated with increased mortality
[10]. Access to effective PPE for healthcare staff is vital, to minimise the risks of catching
symptomatic Covid-19 or asymptomatic onward transmission to patients, colleagues or families [11].

SARS-CoV-2 transmission routes

The disease primarily spreads through droplet transmission when an infected person exhales,
coughs, sneezes, or talks, and a susceptible person inhales aerosol droplets. People can also become
infected by touching surfaces that have the virus on them, then touching their eyes, nose or mouth
[12]. The SARS-CoV-2 virus is approximately in 50-200 nm in diameter [13]. However, it is not
commonly transmitted as individual virions. It is transmitted, to varying degrees, as aerosol droplet
nuclei (smaller than 5 um diameter), respiratory droplets (5-10 um diameter) and through fomites
(via infected surfaces), with the virus coming into contact with the body’s mucosal surfaces and
airways through touch or re-aerosolisation [14]. Virus remains viable in fomites for varying times,
from hours to days depending on the substrate, and lingers as aerosol, with a half-life of 1.2 hours
[15]. SARS-CoV-2 has been found to be present in faecal samples [16], and in toilets which have been
used by COVID-19 patients or where healthcare workers changed out of their personal protective



equipment [17]. However, the presence of viral RNA does not necessarily mean that viable virus is
present, so the faecal-oral/inhalation route has neither been confirmed nor ruled out.

Current prevention measures

For prevention of transmission, the WHO advises cleaning hands frequently with soap and water or
alcohol-based hand sanitiser, and avoiding contact with people coughing and sneezing [18].
Nevertheless, in countries where access to clean water is limited, even this basic precaution poses
challenges [19]. A UNICEF and WHO joint study showed that 40% of health care facilities are not
equipped to practice hand hygiene at point of care, and 4 in 10 households do not have soap and
water on premises. Many governments have also advised people to wear face coverings over the
nose and mouth when outdoors or meeting other people, to try to reduce the rate of infection [20],
and this may reduce availability of PPE for healthcare workers.

Types of PPE: N95/FFP2 face coverings and PAPRs, advantages and disadvantages

To protect against airborne infection for higher risk aerosol-generating procedures (AGPs) in
healthcare settings, PPE recommendations typically include two types of filtering devices: N95/FFP2
respirators (or N99/FFP3 as recommended in the UK) and powered air purifying respirators (PAPR)
[21] (see Table 1 for summary of common masks and respirators). The former passively filter inhaled
air, requiring removal of 94% of aerosol particles (smaller than 5 um in diameter) and droplets (5 um
to 50 um), while allowing for stethoscopes to be used, being noiseless and not requiring power
supplies. However, these are recommended for single-use, presenting significant manufacturing,
supply and logistic issues, and fit testing is crucial for their optimal use and efficacy. Many users find
them difficult to tolerate, due to breathing resistance and moisture formation, and there is a
potential for contamination due to the exposed face [21] [22]. On the other hand, PAPRs are re-
usable devices that may last for months and provide airflow through a filter from a battery-powered
blower unit to a hood or helmet which covers face. This creates a positive pressure in the hood or
helmet that enables the wearer to breathe filtered air easily, without requiring an air-tight fit
needed for standard face coverings. This is reported to be more comfortable and provides better
protection for the face from droplets and splashes, and infection by self-contact with the hands [23].

PAPRs contain filters that are usually housed as cartridges and can be interchanged according to the
size and type of infection source. A typical filter used in PAPR is the high-efficiency particulate air
(HEPA) filter [24], which can filter at least 99.97% of particles 0.3 um in diameter, meaning that a
HEPA filter-equipped PAPR should provide greater protection than most N95/FFP2 respirators.
PAPRs may be more inclusive, as they do not necessitate fit testing, and have other advantages, such
as benefitting people with hearing impairment who lip read, and improving communication, as
patients can see doctors’ and nurses’ faces [25] [26]. Additionally, PAPRs are easier to wear for a
long period of time, because fresh air flows on the user’s face and the avoidance of contact with skin
on the face might avoid the soft tissue discomfort and skin damage experienced in FFPR use.
However, they can be bulkier, noisier, and they require a power supply [21] [27], so they may not
always be more usable and inclusive than mask-type respirators. Reusing fabric face coverings is not
advisable because SARS-CoV-2 virus survives for a long time on face covering material, so some
organisations recommend that they are disposed of after every use, in a hospital context above all
because not all of them are fit-tested meaning that there is an airflow leakage around the masks.
However, cloth masks help protecting from large droplets especially when composed of different
fabric layers [28] [29]. Overall, PAPRs offer better potential protection against respiratory pathogens,
they can be cleaned and reused, and their filters can be substituted easily and safely [30] [31].



Technical specifications for personal respirators for health-care workers are summarised in a recent
work by Elkington et al. [32].

Table 1 — Summary of common types of face coverings and respirators. Filter efficiency, advantages
and disadvantages are described for surgical masks, FFP type medical masks and air purifying

respirators.

__ Price scale “

Surgical mask

FFP1 Medical mask

FFP2/N95 Medical mask

FFP3 Medical mask

Air Purifying Respirator
(APR)

Powered Air Purifying
Respirator
(PAPR)

L QN

$$

$5%

$55-555%

Surgical masks resistant to fluids protect against large droplets, splashes, or
sprays of
bodily or other hazardous fluids [33].
Typically FFP2 {Filtering Face Piece - Class 2) protection, but without a tight fit to
the face.

FFP1 (Filtering Face Piece - Class 1)
provides protection against low level,
non-hazardous dusts and oil or water

based mists, typically found during hand
sanding and basic DIY activities [36].
The duration of use is dependent on
the environment conditions and
individual factors. These masks
should be disposed of appropriately
after removal [35].

Medical masks work properly when

held tightly at user’s face.

EFP2 (Filtering Face Piece - Class 2)
protects against solid and liquid
irritating aerosols [36). Minimum filter
efficiency of 94% [38]. This is equivalent
0 USA approved N95 respirators [40].

FFP3 (Filtering Face Picce - Class 3)
protects against solid and liquid toxic
aerosols [36). Minimun filter efficiency
of 99% [38]. Advised for healthcare
workers in direct contact with SARS-
CoV-2 (41).

Typically same efficiency of FFP2-FFP3. Filters can usually be replaced [42].

Typically same efficiency of FFP2-FFP3 (HEPA filters). Filters can usually be
replaced (23). Fan and filter can be face or waist mounted through belt or bag
(43).

Amask protects the patient form liquid droplets, whereas a PAPR protects the
healthcare worker from infectious airborne particles such as coronaviruses,
tuberculosis or various types of influenza [44].

It protects the whole head.

Reduced heart, lung, and heat stress. It is fresh and comfortable and works with a
positive pressure of air.

It improves communication.

If the PAPR is equipped with loose-fitting facepieces it does not require fit testing
as masks do with financial, administrative and safety advantages.

Novelty: low-cost, easy to make and flat-pack, easy to ship

They do not provide protection against airborne
particles (such as SARS-CoV-2) [24]. For infection
control purposes, surgical masks are
typically disposed of after each procedure/patient
activity.

Fit test is required [37];

Only suitable for protection against irritating, not
harmful substances. It does not protect against SARS-
CoVv-2.

Minimum filter efficiency of 80% [38].

It must be worn along with eye protection in cases of
AGPs (39).

Fit test is required [37];
It must be worn along with eye protection in cases of
AGPs [39).

Fit test is required [37);
It must be worn along with eye protection in cases of
AGPs [39].

Fit test is required;
Lung powered with discomfort caused by prolonged
use;
Negative pressure: if not fitted properly, contaminants
can get into the mask.
May or may not include face shield, which is
recommended for AGPs.

Only workers trained to do so can make repairs or
adjustments to respirators [45]. In case of damage a
new unit is often needed that involves higher costs.

PAPRs have typically been expensive and not as readily available or as easy to ship to low-resource
settings as N95 respirators. Therefore, this paper aims to provide an open-source design for a PAPR
prototype which can be made using low cost and off-the-shelf components and materials, with
common manufacturing techniques such as laser cutting and 3D printing. The objectives were to
make it simple to assemble, easy to clean, flat-pack for easy shipping and functionally comparable to
more expensive, commercially available respirators.

2. METHODS

The presented prototype respirator is designed to provide protection for healthcare staff against
COVID-19 where respiratory protective equipment is not available or prohibitively expensive, or
where logistics make single-use items impossible, both for supply and clinical waste handling. The
Methods section covers the design requirements, materials and manufacturing techniques used to
create this prototype. The Results section provides the designs, with images and links to the CAD
files, and the results of testing the prototype.



Figure 1 — Flat-pack PeRSo respirator with parts labelled.

The prototype has been divided into 7 parts: the hood and visor; the headband; the breather tube;
the centrifugal fan, motor and battery; the filter and filter case; the connector; and the belt that
holds the fan and electronics (Figure 1). For each part, the design aimed to meet the following
specifications:

- flat or compact, prior to assembly,

- made of easily available, low-cost materials,

- easy to manufacture (using a laser cutter and a 3D printer),

- easy to assemble using common tools such as glue and screwdrivers,
- easy to clean and sterilise after each use,

- durable, efficient and meeting regulatory standards.

CAD software was used to draw designs (find them at the DOI provided above), and the prototype
was built using a laser cutter (LS1690 PRO Laser, HPC Laser LTD., UK; native software: Lasercut53)
and a 3D printer (Ultimaker S5, Ultimaker).

Specifications for each part:

1. Hood
Design: The hood is designed to go over the whole head, covering the face to protect the face from
airborne droplets, splashes, and infection by self-contact with the hands. This design means that the
air flowing into the hood creates a positive pressure in the hood that enables the wearer to breathe
filtered air easily, without requiring an air-tight seal. This prevents the skin damage that can be
caused by pressure or rubbing of a seal against the skin. The design aims to be comfortable,
lightweight and sound transmitting, with a clear panel across the whole face so the wearer can see
and communicate easily with patients and their family members and carers. It needs to be able to fit



all face shapes comfortably. The hood also needs to be simple to put on, take off and clean without
spreading any virus that is present on the outside surface of it.

Materials, manufacturing and assembly: The materials used are propylene for the hood and
transparent Tuftane thermoplastic polyurethane for the visor. A laser cutter is used both to cut the
material and fuse the seams. Double sided tape is used to attach the visor to the hood, and Velcro is
used to attach the hood to the headband.

2. Headband
Design: The headband supports the hood and the breather tube, so they can deliver the filtered air
to the face. It also keeps the hood off the face. It needs to be easily adjustable to fit the individual,
so that the device is comfortable and stays in place. As part of the headband, a diffuser spreads the
flow of the air from the breather tube more evenly across the face.
Materials, manufacturing and assembly: Polypropylene sheet is cut to shape using a laser cutter,
and Velcro is used to attach it to the hood. The headband slots together and features adjustable
bands for resizing.

3. Breather tube
Design: a breather tube is required to transport the filtered air from the fan to the hood, because
the weight of the fan and battery is more comfortable to wear on the back or the waist, rather than
on the head. It is therefore a requirement that the breather tube is lightweight and flexible, so it
does not limit the movements of the wearer.
Materials, manufacturing and assembly: Any type of medical grade tube can be used. In order to
have the most flexibility, this prototype breather tube is made out of a common spiral cable tidy and
covered in lay-flat polypropylene tubing.

4. Centrifugal fan, motor and batteries
Design: The fan consists of impeller plates and blades, along with a case; a brushless motor and case;
and screws. Ideally, the battery should enable the device to power for 8 hours, or the standard
length of a healthcare worker’s shift. However, if the device does not meet this requirement, it is
easy to change over the batteries when they are getting low.
Materials, manufacturing and assembly: This prototype uses a drone motor (A2212/6T 2200KV -
operating voltage: 7.2V to 12V with no load current: 0.5 A). The centrifugal fan is laser cut, and the
case for the motor is 3D printed. This prototype uses 6 rechargeable NiMh, 1.2 V, 1300 mAh AA
batteries (Duracell).

5. Filter and filter case
Design: The filter needs to remove virus participles from the air and be easily replaceable if it gets
damaged or clogged up. The filter case needs to protect the filter and be easy to clean.
Materials, manufacturing and assembly: This prototype uses a HEPA-FLO NVM-1CH (Numatic
International) filter and the filter case is made out of laser cut Perspex, covered in polypropylene for
easy cleaning.

6. Connector
Design: A connector is required to link the air output from the centrifugal fan to the breather tube.
There needs to be an airtight seal at the entrance to the breather tube, so unfiltered air does not
enter the breather tube and the filtered air efficiently reaches the hood.
Materials, manufacturing and assembly: The connectors are laser cut out of polypropylene and
sealed with duct tape.



7. Belt
Design: The belt is designed to hold the fan and the electronics in an ergonomic manner suitable for
healthcare workers. It is designed to be easy to access the internal parts, easy to clean, and have
size-adjustable straps for the waist.
Materials, manufacturing and assembly: The belt is made out of laser cut out of polypropylene and
the pieces slot together.

Testing the prototype

Initial testing was performed on the prototype to test that its battery life was suitable for a full
health-worker shift length, the airflow rate was fast enough for the wearer to breathe easily and to
have no CO; build-up in the hood, and to check the sealing of components.

a) Battery life
A commercial floating ball flowmeter was used to assess the flow rate of the fabricated fan in outlet
after mounting it with the HEPA filter material. A small section of hose (26 mm internal diameter,
Part no. CUXS10, Griflex, Birmingham, UK) was used to connect the fan to the flowmeter. Flow rate
was kept at 165 L/min [46], increasing the voltage over time to ensure ideal flow rate would reach
the hood through the breather tube.

b) Flowmeter test
An anemometer (Kestrel 5200 Professional Weather Meter 0852LHVG, Kestrel Meters, USA) was
employed to test the flow rate of the assembled fan with the electronics mentioned above.

c) Nebuliser bitter test to check sealing of components
Commercially available nebuliser and test solutions (FT-30 & FT-32 solution and spray apparatus, 3M
UK, St Paul, MN, USA) were employed to ensure acceptable positive pressure inside hood,
particulate efficacy of filter, and sealing around assembly. The bitter solution was sprayed 30 times
directly in front of the visor while the users wearing the respirators performed simple actions such
as breathing normally, breathing heavily, tilting the head left/right and up/down, talking and
bending. During these tests, a user wearing the respirator should not taste or smell the atomised
bitter solution. As a positive control, the solution was sprayed close to the users’ face to ensure
sensibility to the compound.

3. RESULTS

Hood

The hood polypropylene was sourced from standard rubble bags (508 mm x 762 mm from Polystar
Plastics Ltd, UK). The transparent rubble bag (effectively two layers of polypropylene sheets sealed
at the long edges and at one short edge) was placed on the bed of the laser cutter and the laser was
focussed at a height of 40 mm (this value depends on the machine employed). This height, which
changes according to the different machines available, is optimal for a well-focused laser which can
cut the chosen material, in specific areas. Figure 2 shows the hood and visor pattern. The black lines
were cut with a speed of 150% and a power of 50% (Figure 2.A, black lines). After this step, the laser
cutter was also used to cut and seal the blue lines on the hood. The laser was moved out of focus at
a height of 60 mm above the rubble bag. The cut and seal process was achieved with a speed of 20%
and a power of 25% (Figure 2.A, blue lines).

To make the visor, a 0.5 mm thick sheet of transparent Tuftane thermoplastic polyurethane (TPU)
was laser cut to fit the region of hood corresponding to the face. TPU was cut with a speed of 50%
and a power of 30% (Figure 2.B). Then the Tuftane visor was attached internally to the rubble bag
hood with double sided tape to ensure the sealing. Figure 2.C shows the assembled hood and Figure
S 1 shows the laser cutting process of the hood.
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Figure 2 - Hood from rubble bag. A) side design of hood to be laser cut from rubble bag. Black lines are
to be cut, and leave open features or edges, whereas blue lines are to be cut and sealed, creating a
seam; B) visor design to be cut and taped to the upper opening of the hood; C) complete fabricated
hood design with visor.

Headband
The headband was fabricated by laser cutting of 0.75 mm thick polypropylene sheet. The headband

was designed to be easy to assemble without requiring further parts or tools. It is made of three
parts: (i) a strip which when assembled goes on the sides of the head and comprises an air diffuser
on the forehead. The ends are designed as a series of inverted Us which then lock into a back plate
(Figure 3.A); (ii) a strip to hold the headgear from sliding down and to hold the breather tube in
position (Figure 3.B); and (iii) a back plate which has a rectangular shape with small slots that can fit
the strips in order to adjust the size of the headband on the sides and on the top of the head (Figure
3.C). This allows for the headband to be easily adjusted to head sizes spanning from 480 mm to 640
mm in circumference (or different sizes when editing the design provided). The part was laser cut
with a speed of 75%, a power of 100% and a corner power of 30%.

Figure 3.D shows the complete headband. Figure S 2 and Video 1 show the assembling process.

A.
Diffuser
Headgear side strap o / Headgear side strap
| PeiSo \

( <] o )
| = - <— Strip holding breather tube
B. \ and diffuser
ﬂ Slot to lock top strip into
( <— Band locking into T-shaped strip
Adjustable band locking into back plate
<— Strips holding the breather tube
C.

Figure 3 — Headband to hold hood and breather tube on user’s head. A) T-shaped strip that goes
around the sides of the head, contains the PeRSo shaped diffuser and joins with (B) and (C) to form the
complete headband; B) top strip to hold the breather tube that connects to (A) through (C); C) back
plate with vertical slots for (A) and horizontal slots for (B); D) the assembled headband.



Breather tube

The breather tube has an external diameter of 30 mm and internal diameter of 28 mm. It was made
out of common spiral cable tidy (30 mm external diameter) and covered in lay flat tubing
(polypropylene, 2” x 500 gauge) (see Figure 4). The tube length can be tailored to the height of the
user; however, a length of 120 mm is appropriate for most users ranging from 1.60 m to 1.90 m in
height. This results in a very deformable and light breather tube that allows for air flow to travel
from fan to hood.

Figure 4 — The breather tube, made of spiral cable tidy and covered in polypropylene lay-flat tubing.

The breather tube was glued in position at the top part of the headband by the headgear side straps
and its outlet flows onto the diffuser at the forehead. Then the headband was attached inside the
hood using Velcro straps. Figure S 3-left shows the upper part of the respirator which consists of
hood, headband and breather tube. The total weight of the upper part was 150 g.

Centrifugal fan and motor
The centrifugal fan has the following components:

1. Fan case: made of laser cut Perspex (3 mm thick) (Figure 5.A) and laser cut polypropylene
(0.75 mm thick) (Figure 5.D)
Impeller plates: laser cut out of Perspex (3 mm thick) (Figure 5.B)
Impeller blades (18): laser cut out of polypropylene (0.75 mm thick) (Figure 5.C)
Brushless motor (off-the-shelf drone motor) and 3D printed case (Figure 5.G-frame).

5. M4 screws for fan case, M3 screws for impeller, M3 screws for motor case.
The laser cutter settings for the Perspex were: speed 40%, power 100% (cut twice); for engraving
(red in Figure 5.A) offset 0.2 mm (x6) speed 50%, power 20%. Laser cutter settings for
polypropylene: speed 75%, power 100%, corner power 30%.

PwnN
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Figure 5 - Centrifugal fan assembly with off-the-shelf drone motor. A) top plate (left) with opening for
air intake, and back plate (right) with holes for motor screws and spindle. Red lines show the path in
which the wall strip in (D) locks; B) impeller plates with slots for blades, and holes to hold motor case so
that the impeller spins with the motor; C) impeller blades; D) strip locking into red path in (A) which
encloses the impeller; (E) laser-cut parts for centrifugal fan are (F) assembled using hot glue. The top
fan plate is attached to the back assembly using screws for easy access to drone motor; (G) assembly of
centrifugal fan with drone motor, battery pack and controller connected to it. The controller has a I/0
switch and a wheel to control the voltage supplied to the fan. The green frame shows the assembly of
the drone motor in the 3D printed holder which connects to the impeller to allow rotation.

The brushless drone motor (A2212/6T 2200KV - operating voltage: 7.2V to 12V with no load current:
0.5 A), was connected to a speed regulator controller (Part ID: Keensonvggo3z9sw, CS Priority
Industrial Ltd, China) which is also connected to 6 AA batteries (7.2 V total). The controller has a
potentiometer that can be turned to adjust the voltage provided to the motor and hence the flow
rate going into the hood. In order to connect the motor to the fan case, a motor case was designed,
and 3D printed. The 3D printing settings were: infill 60%, layer height 0.2 mm, adhesion, no support.

Video 2 shows the assembling of the centrifugal fan.

However, 3D printing can be avoided if the drone motor is equipped with an integrated screw on top
of the spindle that can be anchored through a nut to the impeller. This would result in the whole
respirator being manufactured just by laser cutting, which makes the process much faster than 3D
printing.

Once the fan parts were laser cut, the fan back plate was hot glued to the wall strip, and the impeller
blades were glued to the plates (Figure 5.E-F). The top casing plate was connected to the back
assembly by 6 M3 screws for easy access to the motor. The drone motor was placed into the 3D
printed holder (green frame in Figure 5.G) and this was secured to the back impeller plate, whereas
the drone motor was attached to the fan back plate by M2 screws (supplied with the motor) going
into the drone motor body. Then, the motor was connected to the controller and the battery pack.

Filter and filter case
The filter case was mounted outside the fan so that the air that is drawn first through the filter for
purification, then into the fan, and blown into the breather tube and into the hood. The filter case



was made out of laser cut Perspex (Figure 6.A) and covered with laser cut 0.75 mm thick
polypropylene (Figure 6.B) that can be easily cleaned.

Filter medium of choice was HEPA material from vacuum bags (HEPA-FLO NVM-1CH, Numatic
International), which was wetted before being laser cut (speed 100%, power 30%) (Figure 6.C).

Qo0 0 0 0 0 0 0 0 0 0O
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Figure 6 - Filter case with HEPA filter. A) clockwise from top left: i) ring to hold filter material, ii) ring to
support filter material, iii) back plate to hold filter in place, iv) side plates for filter cartridge; B) cover
for filter cartridge for easy cleaning and protection from spills and droplets; C) cut design for filter
material of choice; D) components for filter case. Rubber O-rings and rubber washers were used to
ensure sealing of the assembly; E) assembled filter case on the left with cover on the right.

The filter case was assembled to ensure sealing of all components (Figure 6.D) so that the air flowing
into the fan would be completely filtered before going into the breather tube. A large O-ring was
positioned on top of the fan case, then the next layer was the cut-out Perspex ring with six holes for
screws inside, followed by a smaller O-ring and the back plate to support the filter. Then the filter
material and the plate for the fan cover were placed on top of the assembly and rubber washers
were aligned to the 6 holes. These were held in place by 6 screws (left in Figure 6.E).

For the fan cover, the side Perspex plates were then attached to the polypropylene sheet through
pins and slots respectively (right in Figure 6.E). The assembled filter cover then slides into the back-
filter cover on the first assembly and it is held in place securely by two pairs of pins and slots in the
back plate and the filter cover respectively. This ensures that the filter case is well sealed and allows
for easy cleaning of the fan system.

Video 3 shows the assembling of the filter case.

Connector

A connector was designed to attach the fan and the hood to the breather tube. The connector was
laser cut out of polypropylene (speed 75%, power 100%, corner power 30%) and has a pyramidal
shape connecting the outlet of the fan to the inlet of the breather tube (Figure 7.A). The design
allows for connection to different size tubes. The assembled connector is shown in Figure 7.B and it
was later sealed with duct tape to the fan case and the breather tube to make the system airtight.
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Figure 7 — Connector for breather tube to centrifugal fan. A) Design; B) Laser-cut and assembled
connector.

Belt

The belt was made out of laser cut 0.75 mm thick polypropylene (speed: 75%, power: 100%, corner
power: 30%). The belt has a large plate to support (i) the fan, through 6 screws which are used to
hold the fan case (Figure 8.A), (ii) the controller, that is mounted at the upper edge of the belt for
easy access, and (iii) the battery pack, mounted in a pocket (Figure 8.B). The straps (Figure 8.D)
interlock in a frontal plate with slots and can be adjusted according to user’s waist (Figure 8.C).

Figure 8 — Belt to hold the blower units with the electronics. A) belt back plate holding battery pack on
the left and centrifugal fan on the right via the 6 screws in the fan case; B) strip holding battery pack.
This connects to the horizontal slots in (A); C) front plate with slots to lock the waist strips (D) with U-
shaped features to allow for different lengths to be chosen according to user’s waistline; E) fabricated
belt.

The belt was assembled as shown in Figure 8.E. The blower unit containing the electronics (battery
pack and controller) and the fan connected to the belt is shown in Figure S 3-right. The controller
allows the voltage supplied to the fan to be adjusted, by rotating the switch, which modifies the flow
rate. The total weight of the blower unit is 600 g.

3.1.6 Final prototype

Figure 1 shows the final prototype, connecting the hood-headband-breather tube upper assembly to
the connector-blower unit-electronics-belt lower assembly. The prototype has a clean, simple and
light appearance. Such a design, as showed previously by Elkington et al. 2020 [32] resultsin a
friendly look, helping people to see each other’s face and communicate easily.



The total cost of the materials used in this prototype was ~£50, which makes it a low-cost device.
The total weight is 750 g and it occupies a volume of 300 mm (L) x 300 mm (W) x 8 mm (D) when
assembled and stored.

Video 4 shows the demonstration of a fully developed prototype.

3.2 Flow rate, battery life and sealing tests

The flow rate of the drone motor and flat-pack fan was tested at 7.2 V and at the fan outlet a flow
rate of 190 L/min was recorded. Pre-use testing with an anemometer prototype may be useful to
ensure that the flow is sufficient for the usage. Flow may vary because of battery degradation or
tube length adjustment, therefore checking the flow before setting up the device is recommended.

The performance of the assembled blower unit in terms of battery life was tested by using a floating
ball flowmeter. The motor was switched on and the fan was controlled manually so that the
flowmeter indicated 165 L/min, for as long as the battery charge allowed. Using 6 NiMh, 1.2 V, 1300
mAh AA batteries, the fan was able to deliver 165 L/min for 2 hours and 45 minutes. Increasing the
total current supplied (i.e. the number of batteries connected in parallel) will consequently enhance
the battery life of the device. Using a power supply such as a power bank or battery packs equipped
with LEDs may be helpful to see the charge level and understand the remaining run time of the
power supply.

Additionally, the full prototype was fit tested by using a bitter solution atomised via a nebuliser.
Users could not taste the solution when wearing the respirators and while performing different
tasks, meaning that the hood properly seals the head. As a positive control, users could taste the
bitter solution when not wearing the flat-pack respirator.

4. DISCUSSION

The results demonstrate the feasibility of designing and building a low-cost PAPR using off-the-shelf
components, laser cutting and 3D printing. The paper provides detailed information on how to build
this simple, flat-pack design. Initial tests suggest that this design has comparable efficacy with more
expensive, commercially available respirators. Moreover, the materials used are selected for easy
cleaning and sterilisation after every use. The filter case is also designed so that it can work as a
cartridge, and different filter media can be integrated in the respirator.

With SARS-CoV-2 spreading rapidly in low-resource settings, healthcare systems are strained in both
staffing and infrastructure. The chronic supply issues related to disposable PPE are acutely
compounded by the coronavirus pandemic and associated economic disruption. Increased mortality
amongst healthcare workers has already been observed in high income countries [3][4], so it is vital
that PPE is adequate and available to protect the healthcare workers in low-resourced settings,
where there are shortages of healthcare workers. Recent UK data also indicates the greatest risk of
infection in Black and Asian healthcare workers, irrespective of their working location, but this may
due to the types of employment they hold, their greater reliance on public transport and living in
multigenerational or large households, compared to their white British counterparts, rather than a
genetic disposition [47]. It is important to remember to provide protection for all people who work
in healthcare settings, including cleaners and administrators, not only clinicians, and to consider how
to protect people on their commute to work.

Proper protocols need to be put in place for wearing, removing and cleaning the respirators as well,
because the virus that the respirator protects workers from is likely to land on the outside surface of



the respirator, so needs to be removed with care to stop the virus from spreading to the wearer’s
hands and face [32].

PAPRs represent an alternative strategy to standard filtering face covering PPE that may have
particular benefits for low-resource settings. Firstly, one reusable PAPR device can replace the
months-long requirement of facemask respirators, visors and caps or, realistically, avoid the risks of
re-using these single-use devices out of necessity. Secondly, healthcare staff will be more efficient,
able to move from patient to patient without repetitively changing their PPE. Thirdly, as the whole
face can be seen in a PAPR, communication is easier than with single-use face coverings, and finally,
PAPRs may be more comfortable than a tight-fitting face covering in hot climates because of the cool
air flow reducing sweat build-up, and avoidance of loading the face’s vulnerable soft tissues.

However, the PAPR design has some limitations. It can be more restricting of movement, due to
being bulkier than a single-use face covering, and because it covers the ears and has a fan, it can be
harder to hear through it and to use a stethoscope. It is therefore useful to prioritise a low-noise fan,
to direct the flow of air away from the ears, and to use materials that are not noise-insulating. The
addition of sensors and warning alarms to alert the wearer if the battery is low or the flow rate from
the fan has decreased beyond the recommended levels, can be useful for making sure the
healthcare workers remain protected throughout the day.

Often commercially available PAPRs are much higher specification than required for healthcare use,
as they are designed for industries such as welding. Therefore, we developed a cheap and simple
respirator. The components are deliberately suitable for mass production and often repurposed
from other widely available sources. The designs are presented in full, to support in-country
manufacture. They are available open source, with no intellectual property protection and all data
on the manufacture process is published online. In the present work, we have avoided direct
reverse-engineering, and are not aware of any intellectual property conflicts. However, we have not
undertaken a full international freedom to operate search, so we recommend that manufacturers
using this design run an independent intellectual property search to make sure there are no
infringements. In the case of infringements, governments may be able to invoke legislation like
Crown Use Exemption to authorise use of IP without the owner’s agreement, or the World Trade
Organisation’s Agreement on Trade Related Aspects of Intellectual Property Rights, but individuals
should be aware of the legal risks of infringement.

Local checks and regulatory approval will be needed to confirm the efficacy of respirators after
manufacture, such as checking for ingress around the filter using the spray test solutions. We will
provide technical updates on our website and aim to develop this as a community of practice,
showing different potential manufacturing solutions suitable for different geographic settings. We
propose that widespread manufacturing and use of PAPRs may reduce the impact of the SARS-CoV-2
pandemic, both short and long term, by enabling more effective healthcare provision and keeping
staff safe to care for others.
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WARNING

PeRSo is a prototype and this Specification is for information purposes only. It has not been
properly tested for safety, efficacy or durability whether for single, multiple or repeated use. We
have not obtained CE certification, regulatory approval or validated PeRSo units as a whole,
and/or the constituent components, so as to comply with the relevant Standard for personal
respiratory equipment. Final quality assured PeRSo units’ intended use is in a health care setting.
PeRSos should not be used in an industrial or manufacturing environment, drilling, welding,
close to flames, chemicals or fumes or otherwise where existing, if similar looking, products
would be more suitable.

Individuals should not rely on the information in this specification and attempt to self-assemble
their own PeRSo. They should seek to purchase a quality assured PeRSo device from a
reputable manufacturer who provides safety warnings, use instructions, gives product liability
assurances, guarantees and has effective product liability insurance in place. There is an
increased risk of contamination by individuals untrained in specialist donning, doffing and
cleaning protocols. Any individual’s use of self-made PeRSo is entirely at their own risk.

Manufacturers taking forward the production of PeRSo do so at their own risk. Manufacturers
will need to develop their own manufacturing specification and undertake or obtain the
necessary quality assurance, regulatory approvals, CE marking and/or compliance to the
appropriate Standard prior to supplying or selling any PeRSo or releasing onto the market.
Manufacturers should also undertake their own intellectual property freedom to operate checks
and have in place appropriate product liability insurance.

Organisations using PeRSo or related devices should establish careful protocols for “donning”,
“doffing” and cleaning to prevent these devices being a source of contamination to individuals.

DISCLAIMER

Except as represented here the Specification for the PeRSo Prototype is provided “AS IS”. The
University of Southampton gives no assurance, guarantee or warranty, express or implied, that
any PeRSo device manufactured or assembled following this specification: will be safe to use;
will be of merchantable quality; will be fit for any particular purpose; will protect individuals
from contracting COVID-19 or any other infectious disease or virus whilst using it; or that
individuals using it will not suffer personal injury or death. The University of Southampton does
not warrant or in any way assert that the manufacture, sale or use of PeRSos will not infringe the
intellectual property of any other person or organization. The University of Southampton hereby
disclaims any and all warranties, express or implied, and excludes, to the maximum extent
permitted by law, any and all liability for any loss, harm, damage, injury or death suffered by any
person caused by, or resulting from, their reliance on the information, designs and Specifications
provided.



Supplementary material

1st step: focused laser 2" step: out-of-focus laser

Figure S 1 — The hood was fabricated out of rubble bags laser cut following a 2-step procedure, where
the laser was focused to cut some features (black frame) such as the visor, the shoulder and the tube
areas, and was moved out of focus to cut-seal other features (blue frame) such as the top, the back
and the front under the chin areas. On the right, complete hood design.

Q)

Figure S 2 — Assembling process from 2D sheet to 3D fully functional headband.



Figure S 3 — Assembly of respirator. Left) Upper part — assembly of hood, headband and breather
tube (top-left) and fit test of assembly on user; Right) Lower part — assembly of fan to breather tube
connector and laser-cut belt to hold the blower unit and the electronics.

Additional material available at https://doi.org/10.5258/SOTON/D1582

Videos of assembly:

Video 1 - Headband.mp4

Video 2 - Centrifugal fan with drone motor.mp4
Video 3 - Filter case.mp4

Video 4 - Demonstrating PeRSo Flat-pack Respirator.mp4

CAD files for each part in PeRSo_Flat_pack_CAD _files.zip:
1 - Hood and visor.dxf

2 - Headband.dxf

3 - Centrifugal fan.dxf

4 - Drone motor mount.stl

5 - Filter case.dxf

6 - Connector.dxf

7 - Belt.dxf



