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Abstract— The COVID-19 pandemic disrupted the world by
interrupting most supply chains, including that of the medical
supply industry. The threat imposed by export restriction
measures and the limitation in the availability of mechanical
ventilators posed a higher risk for smaller, developing countries,
used to importing most of their technologies. To actively respond
to the possible device shortage, the initiative “Ventilators for
Panama” was established and was able to develop two different,
non-competing, open-source hardware mechanical ventilator
models for emergency use in case of shortages: one based on a
bag-valve design and another based on positive airway pressure.
The aim of this article is to compare both devices in terms of
feasibility and functionality. Results from the functional testing
show that both devices perform within specification, as the error
percentage is lower than 5% for the desired pressure values and
a standard deviation of less than 0.5 for all cases.

Clinical Relevance— This study shows the feasibility of
quickly deploying two different mechanical ventilator designs
for emergency use and their effectiveness.

I. INTRODUCTION

SARS-CoV-2 is the most recently discovered
coronavirus, responsible for the current COVID-19 pandemic
declared by the World Health Organization (WHO) on March
11" 2020 [1]. Since then, more than 220 countries/regions
have been affected, totaling more than 150 million positive
cases and over 3 million confirmed deaths around the world
[2]. COVID-19 disease can have a wide range of
manifestations, ranging from no symptoms to mild common-
cold symptoms, all the way to serious respiratory illness and
death.

Close to 10% of confirmed COVID-19 patients are
hospitalized [3] and probably end up requiring invasive
mechanical ventilation (IMV) support to treat the acute
respiratory failure caused by the disease [4], [5]. The drastic
increase and continuous waves of COVID-19 cases around
the world and the subsequent high demand of intensive care
unit (ICU) equipment, has led to a shortage of mechanical
ventilators (MV) and their components since early in the
pandemic [5], [6]. Issues such as export limitations from
manufacturing countries to cover their local demand,
asymmetries in the power of negotiation and price volatility
due to speculation have all heavily affected smaller,
developing countries used to importing biomedical
technology [7], [8]. At the beginning of May 2020, over 70
countries had taken some sort of export limitation measures
[7]. This forced most countries around the world, including
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developing countries such as Panama, to rely on their local
scientific communities to produce MV with the resources
readily available to them.

Regulatory agencies such as the Food and Drug
Administration (FDA), the Medicine and Healthcare products
Regulatory Agency (MHRA) and many others around the
world, have to rely on emergency use authorizations (EUA)
for MV that loosened or outright eliminated certain
manufacturing requirements, considering the known potential
benefits of such devices for COVID-19 treatment compared to
the any known or potential risks from these devices or from a
shortage of supply [7], [9]-[11]. Some regulatory agencies
have also published guidelines for local manufacture of
minimally viable ventilators by academic laboratories or non-
biomedical factories, for use as emergency devices only for the
duration of the pandemic [12]-[14]. However, few of these
guidelines have come from Latin America and the Caribbean,
where less than 4% of medical products are sourced within the
region itself, making them highly dependent on exportations
[15].

Figure 1. Daily new confirmed COVID-19 cases per million people when
COVID-19 was declared as a pandemic by the WHO, March 11,2020 [18].

Shortly before these regulations were relaxed, a number of
initiatives belonging to the field of Open-Source Hardware
(OSH) developed low-cost alternatives for MV [16]-[21]. The
OSH community claims to be an alternative to the medical
device industry [22], which is characterized by high-costs,
proprietary systems, and patented technologies. Such high-end
medical devices are certainly reliable, but they also exert a
heavy burden on low-budget healthcare systems in developing
countries and have been inadequate to respond to rapidly
escalating emergencies, such as the one posed by COVID-19
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[22]. On the other hand, most OSH devices are not developed
with standardized procedures, and their design depends on the
resources available to the OSH laboratory.

The rapid spread of the SARS-CoV-2 virus around the
world materialized the fears of a global pandemic on MV
availability and forced OSH engineers and makers to push the
boundaries of surge emergency MV design in order to respond
to this situation. Developed countries, mainly from the
northern hemisphere, were the first hit by the pandemic (Fig.
1) [23]. Engineers in these countries had the challenge of
designing the first low-cost, rapid-deployment MV, probably
based on previous scientific literature related to past epidemic
outbreaks [17], [23]-[25] and causing dwindling inventories
of common components used for these devices, such as valves
and sensors (e.g., pressure and flow). These components
quickly became scarce and, as the coronavirus spread among
the developing countries, both commercial and OHS-based
MYV seemed out of reach for these populations. This has put
the spotlight on local scientific communities and has forced
them to produce MV with resources readily available to them.

Although the working principle and theory of operation of
MVs has been thoroughly explained in literature [26]-[29], it
is worth noting that not all mechanical ventilators are meant to
work the same way nor under the same conditions; some are
better suited for transportation, such as the Bag-Valve Design
(BVD) ventilator, while others are better for long term
operation, such as the Intermittent Positive Pressure
Ventilation (IPPV) ventilator [22]. Few studies, to our
knowledge, have directly compared the feasibility of low-cost,
rapidly deployable MV to respond to a global pandemic from
a developing country perspective. Thus, the purpose of this
article is to describe and characterize two different, non-
competing, OSH mechanical ventilator models: a BVD based
ventilator and a IPPV mechanical ventilator, both designed to
respond to the device shortage caused by COVID-19.

The two mechanical ventilators described in this paper
were developed simultaneously by two different groups: one
in charge of the BVD-based ventilator and another in charge
of the IPPV ventilator. Special considerations such as ease of
production and modularity were contemplated to provide a
solution which consisted of components that were available in
the market while complying with the minimum safety and
performance requirements needed. Initially, both devices were
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Fig. 2. Bag-valve mechanical ventilator during a functional test, with a IMT Analytics, PF-300 gas flow analyzer as measuring reference.

tested with simulation manikins and, after ensuring correct and
robust operation, we proceeded with animal tests under the
supervision of both veterinarians and intensive care
physicians, with all experimental procedures involving animal
models approved by the Institutional Animal Care and Ethics
Committee.

II. BAG-VALVE DESIGN

The device based on the bag-valve design (BVD) consists
of a lever that, controlled by a mechanical actuator, squeezes
the bag at user-defined distances to displace the required air
volume. This type of OSH ventilator has the advantage of
parts availability, minimal number of components, simple
mechanism, and being low-cost and rapidly deployable [21].
An additional benefit of this design is that all components that
are in touch with the air flow are already medical-grade and
biocompatible, including the bag-valve, PEEP and pressure-
release valves and tubing.

A. Electronics - BVD device

The main variable that needs to be measured to ensure the
correct functioning of most OSH devices is pressure. For the
BVD device, pressure sensing and flow estimation were done
with an MPX5010 (NXP, Eindhoven, Netherlands) integrated
silicon pressure sensor, connected to a proximal flow sensor
(Hamilton Medical, Bonaduz, Switzerland). The MPX5010
sensor was chosen because it has a conditioned output (i.e.,
amplification and temperature compensation) and the input
pressure range (0-100 cm H20) is within the typical pressure
range used for mechanical ventilation [28].

The control algorithm was embedded in a 4PPC70.101G-
20B programmable logic controller (PLC) (B&R, Eggelsberg,
Austria). An analog input module, model X20A14622 (B&R)
with 13-bit digital converter resolution and 400 ps conversion
time, was used to digitize the pressure sensor’s output. A
X20MM4456 pulse-width modulation (PWM) motor bridge
(B&R) was used to drive a 23HS45-420AS stepper motor
(OSM, Ningbo, China), which actuated on the lever to squeeze
the bag.
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Fig. 3. Pneumatic system configuration for the CPAP MV. Above from right to left: diss connector containing air/oxygen blend, proportional valve, flow
sensor, outlet port towards patient (inspiration). Below: from left to right, inlet containing exhalation gas, solenoid valve, outlet port for PEEP valve.

B. Algorithm - BVD device

The control scheme of the BVD device is that of an open
loop control system, where the controlled variable is the travel
distance of the lever. The pressure and flow curve profiles for
this device correspond to volume-control ventilation (Fig. 2B).
The BVD MV operator manually tuned the system to deliver
the tidal volume within the inspiration time asked by the
physician.The variables set by the user comprised the percent
of lever compression of the bag (10 to 100%, which directly
controlled the tidal volume) and the respiratory rate (10 to 30
bpm) through the PLC, electronically; and the positive end-
expiratory pressure (PEEP, 5 to 20 cmH20), manually. The
ventilation process consisted mainly of three stages:
inspiration (bag squeezing), hold (plateau) and exhalation (bag
release). Additionally, an assisted control mode was included,
which allows the patient to set the pace of breathing by
triggering an inspiration event if the pressure sensor detects
any negative pressure during exhalation. Specifically, if the
pressure fell below a user-specified threshold after the PEEP
pressure was reached, and 50% of the exhalation time had
passed, this would trigger an inspiration event. This was
implemented to have the option of weaning the patient from
mechanical ventilation.

It is worth noting that a key benefit of the BVD is that it is
a standardized device used for ventilation [30]. No further
analysis regarding its composition, mechanical properties,
biocompatibility or oxygen compatibility is needed, paving the
way for rapid deployment for clinical applications.

III. INTERMITTENT POSITIVE PRESSURE VENTILATION
DEVICE

An Intermittent Positive Pressure Ventilation device is a
generic term used for a mandatory ventilation mode, with fixed
volume and frequency. The role of the ventilator machine is to

control the air/oxygen volume (Volume Control) being
delivered to the patient. These ventilators can be safely
connected directly to the medical gas supply system for
oxygen and medical air inputs, normally available in all
hospitals using pressure regulators at 15 psi (or a pressure that
allows a maximum desired airflow, normally of 60 LPM) and
using safety valves (80 cmH2O) at the airway hoses. Gas
cylinders can be used in case of lack of centralized gas supply.
The IPPV device consists mainly of a pneumatic system and
an electronic system.

A. Pneumatic System

The pneumatic system involves the tubing and the electro-
valves to be operated by the control circuit. The pneumatic
layout of the system can be seen in Fig. 3.

The inspiratory valve used was a direct-acting standard
solenoid control, proportional valve Type 2873 (Burkert,
Huntersville, NC, USA). A proportional valve is needed in the
inspiration to modulate flow and respiratory frequency, as
patients’ need for air flow and inspiratory times vary. The
expiratory valve is an on/off, oxygen solenoid valve type 6027
(Burkert). Because exhalation is a passive process, air flow
needs to be unrestricted, which we empirically determined can
be achieved by valves with a 10 mm bore or higher. Because
there were no direct-acting, proportional valves with 10 mm
bore or more available, the expiratory valve was chosen as an
on/off.

B. Material compatibility

To our best knowledge, few other OHS initiatives
established worldwide to produce and test mechanical
ventilators [20] have shared any information to verify the
oxygen compatibility with components in contact with air
flow. Considering that oxygen systems have many inherent
hazards, a risk assessment was carried out to evaluate the
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pneumatic components that were in direct contact with the
fluid, using the worst-case design parameters.

A list of materials used for this device (directly in contact
with oxygen) is described in Table 1.

TABLE L. MATERIAL COMPATIBILITY CHART
. . Oxygen

Device Material/seal Compatibility Brand, Model
Proportional « Burkert, Type 2873
Valve Brass/FKM SFOA! 239081
Solenoid % Burkert, Type 6027
Valve Brass/PTFE SFOA! 184683
Flow sensor Multiple** Compatible | Sensirion, SFM3000
Pneumatic Polyamide Compatible Tameson (hlgh .
hose pressure applications)
Hose fittings | Polyamide Compatible | Generic
Tubings Copper Compatible | N/A

* SFOA stands for “Suitable for Oxygen Applications”

** PPE+PS blend (medical grade: biocompatible; ISO 10993 or USP Class
VI), Si, Si3N4, SiOx, Gold, Epoxy, Polyurethane, stainless steel (annealed)
[26]. The flow sensor used, according to the manufacturer datasheet, is
designed for critical care ventilation and for respiratory devices [26].

Oxygen compatibility analysis is a critical aspect related to
fire hazards in any oxygen system. According to ASTM
Manuals 36, ASTM G63 (non-metallic materials) and ASTM
G94 (metallic materials), test data of evaluated materials
includes the information about the ignition and combustion
characteristics [35,36].

Copper and nickel-based alloys are the best choice in terms
of compatibility, due to their ignition resistance. The lower
the heat of combustion, the greater the oxygen compatibility
of the metal. In the case of copper, the heat of combustion is
~2500 J/g and its thermal conductivity is around 407 W/(mK)
[33], corresponding to a high thermal conductivity value.

In the case of polymers, the use of polytetrafluoroethylene
(PTFE) for sealing within valves is common in oxygen
systems because of its resistance to ignition by mechanical
impact (LOX) (0/20 98J), high auto-ignition temperature
(AIT) (512°C -527 °C), high oxygen index (OI) (100) and low
heat of combustion (5334 j/g) [34]. In general, fluorinated
materials such as polytetrafluoroethylene (PTFE Teflon®),
are preferred for use in oxygen systems because of their
oxygen compatibility characteristics [32].

Fluorinated elastomers, such as polyhexafluoropropylene-
co-vinylidene fluoride (FKM) are useful to approximately
520 K (475°F) above their transition temperature; considering
that the transition temperature normally is below room
temperature. Because of this, they are commonly used in
oxygen systems [34]. In fact, only tested and certified oxygen
compatible sealants should be used in oxygen systems.

Polyamides (PA), or Nylon, is a high-performance
thermoplastic class. This material has been used in oxygen
systems for its superior mechanical properties. PA or Nylon
ignition and combustion characteristics are not as favorable
as the fully fluorinated materials [32]. In the selected
pneumatic hose, the PA is in the outer layer of the hose [35].

Fig. 4. Intermittent Positive Pressure MV during a preclinical test.

The selection criteria of non-metallic materials for oxygen
service are as follows [36,38]: few reactions when tested by
mechanical impact, high auto-ignition temperature (AIT), low
heat of combustion, high oxygen index (OI), low flame
temperature, high threshold pressure and low burn rate.

Materials with combustion heat less than 6.3 MJ kg-1 (1500
cal g-1) generally do not promote ignition at oxygen pressures
up to 17.2 MPa (2500 psi) [40,41]. In general, metals are
harder to ignite than non-metals because of their high AIT and
high thermal conductivity, that helps to dissipate local heat.
AIT temperatures of metals are in the range of 900 °C to 2000
°C. In the case of non-metallic materials, AIT temperatures
are in the range of 150 °C to 500 °C [33].

Based on these criteria, all materials used in our IPPV
device were suitable for use with oxygen [42,43]. After
verifying material compatibility, it was necessary to verify the
ignition probabilities relative to the design parameters.

C. Ignition Hazards

Ignition hazards can occur when localized, high
temperatures arise from conditions such as flow velocity,
foreign particle impingement, vibrations, rapid gas
compressions or static discharges [40].

Copper and nickel-based alloys are resistant to ignition by
particle impact and do not propagate combustion, making
them generally suitable for oxygen service [31]. Ranking for
the oxygen compatibility of metals and alloys using data from
tests of particle impact, friction ignition, promoted ignition
and oxygen index is shown in BS EN ISO 15001:2010 [33].

A risk assessment procedure was implemented to evaluate
ignition hazard probability [31], as shown in Table 2.

TABLE II. IGNITION HAZARD PROBABILITY
Ignition ] Ignition Notes
mechanism hazard

Maximum flow speed lower than 30
m/s (3.5 m/s*)

Upstream pressure less than 275
psia (65 psia*)

Particle impact 0

Rapid
pressurization

Resonance 0 No use of sonic gases

Regulators and relief valves are in
use but frictional forces due to side
loads and forces needed to produce
ignition are not present

Mechanical
impact / Galling | 0
and friction
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Toniti Toniti
gnition . 'gnition Notes
mechanism hazard
Continuous heating due to valve
Thermal 0 operation is present but filtered
runaway medical-grade gaseous streams
prevent particle accumulation
Chemical . .
. 0 No other chemical reactions present
reaction
Electrical arc 0 Use of oxygen-compatible valves

*: maximum design values.

Since materials used are suitable for use with oxygen and
had no identified ignition hazards, we concluded that the
ignition risk was minimum. It is important to mention that the
compatibility analysis considers the history of use of every
component and material used in similar conditions (oxygen
management).

D. Electronics

As in the BVD device, pressure sensing was done with a
MPX5010. The digitization of the sensor’s outputs was done
with a low-cost, 16-bit Analog to Digital converter ADS1115
(Adafruit, NY, USA). Air flow was measured with a low
pressure drop, mass flow meter SFM3000 (Sensirion, Stifa,
Switzerland). Despite its higher cost, this sensor was preferred
to the classical proximal sensor approach because of its high
accuracy, and direct measurement instead of using
estimations. Flow measurement accuracy in a IPPV device is
more critical than in a BVD device since the bag’s air volume
will not exceed a fixed value. The flow sensor was connected
in series after the inspiratory valve (as shown in Fig. 3). In this
way, it does not encounter the patient’s exhalation gases, thus,
it minimizes any contamination risk.

For this device, the algorithm was embedded in a Teensy
4.0 (PJRC, Sherwood, OR, USA) due to its low cost and high
processing capabilities. A logic level converter was needed to
shift the logic level coming from the ADS’s output for the
Teensy’s inputs and the control was done through a MOSFET
and a PWM signal for the actuation of the valves.
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E. Algorithm

In the IPPV MV, the algorithm was implemented as a
closed loop On/Off controller. First, during the inspiration
phase, the exhalation valve is closed, and the proportional
valve remained open while the measured pressure was lower
than the support pressure plus the PEEP, and while the tidal
volume was lower than the set value. The tidal volume was
estimated as the integral of the values measured from the flow
sensor. After either the measured pressure or the estimated
tidal volume reached their maximum values, the inhalation
valve closes for the plateau time (hold phase). After the hold
phase, the exhalation valve opened for the set exhalation time.
The IPPV MV also had an assisted control mode which works
equally as in the BVD MV.

IV. RESULTS

Table III shows the functional test results for a 5-minute
benchmarking test using an IMT Analytics PF-300 Flow
Analyzer as reference. In this test, a desired pressure value
was set, and the sensor’s measurements were recorded. An
extract from the pressure and flow profiles can be seen in Fig.
5. Beside the pressure measurements, both devices were
tested against the minimal emergency MV requirements, such
as stable functionality, alarms and changeable set up
thresholds, and compliance with safety operation.

TABLE IIL FUNCTIONAL TEST RESULTS
Test Pressure (cm H20) Flow (L/min)
Device Value
(ecmH20) | Mean | % error | Std | Mean | Std
BVD- 60 | 62,44 4,07 [ 0,18 | 94,87 0,47
MV 40| 4037| 092]006| 586| 012
IPPV- 60 |59,12|  147| 032546 0,12
Mv 25| 25,42 1,68 0,09 | 25,53 | 0,07
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Fig. 5. Pressure and airflow profile samples obtained during the functional testing of the Bag-Valve Mask Mechanical Ventilator and the Intermittent Positive
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V. DIScuSsSION

From the results shown in Table III, we can see that both
devices perform correctly, as the error percentage is lower
than 5% for the desired pressure values and a standard
deviation less than 0.5 for all cases. It is worth noting that the
control scheme for both devices is different, as their
functioning principles differ. For the BVD-MV, a
modification of the air flow to have a constant inspiration time
was achieved, as it is mostly influenced by the BVD’s
compression time. Conversely, varying the desired pressure
in the IPPV MV does not adjust the inspiration time,
accordingly, meaning that the inspiration time increases
considerably. In the IPPV MV, flow remains constant unless
the proportional valve’s input voltage is modified. To modify
the inspiration time, manual tuning must be performed by
varying the voltage applied to the inspiration valve. At the
end, this translates into multiple variables the clinician needs
to vary to achieve a desired functioning of the IPPV MV and,
being voltage one of these variables, it might be a source of
confusion in an emergency scenario and increased training
time when comparing the IPPV MV vs the BVD MV.

The BMV MV has other advantages such as ease of
production, less components, and a safer operating principle,
because at its core, it makes use of a medical device already
designed for this purpose. This greatly reduced the
prototyping time of this device, which took roughly 2 months
to develop. Conversely, the IPPV MV took significatively
more time (7 months) because parts needed were not available
in the local market and these parts were not accessible from
the international market because of the import restrictions.
However, it is worth noting that, even if the IPPV MV is a
more complex device, most commercially available MV use
this principle of operation. Thus, this is a more versatile
device, capable of achieving all options present in a
professional MV.

Before receiving the bioethics committee approval for
animal procedures, exhaustive testing regarding the stability
and precision of the functional parameters was performed on
artificial lungs. Both devices had to comply with the
minimum requirements for emergency mechanical ventilators
regarding respiratory parameters setting, reading and alarms
[41]. The lack of skilled operators was another key issue
during the period with the highest infection rate. In Panama,
this was palliated by having the pneumologists,
anesthesiologists and internists handle the patients, under
direct supervision from the intensivist physicians. For this
reason, the final human-machine interface (HMI) for both
prototypes were designed to be identical and was developed
mimicking the aspect and behavior of a commercial
mechanical ventilator, translating into ease of use and reduced
training time (Fig. 6). This usability aspect was assessed by
the intensivist physician that was part of our research group
and the local association of respiratory therapist that were also
assisting us in this project.

In the context where this study was carried out, which is
that of a developing country, the development of these MV is
an unprecedented feat. This is the first time in Panama that a
medical device is designed and deployed locally and allowed
to perform preclinical tests under the approval of the national
bioethics committee, with the conjoint efforts between public

Ventilador UTP-100P V4.0

PP

Fig. 6. Final version of the Human-Machine Interface for both prototypes,
mimicking a traditional mechanical ventilator for ease of use and reduced
training time.

and private institutions and the academia. The design and
development of the devices was done as part of the
“Ventilators for Panama” initiative that was established after
the health authority in the country projected a catastrophic
public health system collapse in May 2020 if no interventions
were implemented. Access to most of the crucial components
needed was impossible either because of the multiple national
lockdowns or because of the manufacturer’s exports ban. At
the end, both developing teams had to make three prototypes
before arriving to a final device approved by clinicians and
the leadership team for the initiative. Each prototype was the
result of a balance between the minimally viable buildable
design for emergency use when needed, and the risk of
causing increased harm.

Despite complying with the minimum/simplified
functional parameter requirements, the devices were not used
during the pandemic. Panama was able to control the infection
rate through strict national lockdowns, which gave the health
authority time to acquire enough commercial MV to cover
demand. The lack of urgency for the use of locally
manufactured devices held back the impetus to pave the
regulatory pathway for emergency use authorizations of this
class of device. The lack of experience in the manufacturing
of biomedical devices and local manufacturing regulations,
lack of political will, and cultural motives such as the
underestimation of the local talent and low investment in
research and development, could have contributed as well to
the lack of regulatory preparedness.

The COVID-19 pandemic has revealed the weakness of the
global supply chain. While developed countries could still
satisfy their needs, developing countries needed to rely
entirely on their scientific communities to address the
situation, which may be unrealistic in most cases. Our study
highlights the need for developing countries to improve
emergency preparedness, such as increasing investment in
research and development, establishing biomedical device
stockpiles and implementing emergency-use regulations.

ACKNOWLEDGMENT

We would like to thank the rest of the participants and
sponsors of this project namely: ANAPOR, SENACYT, The
Presidency of the Republic of Panama, Aceti-Oxigeno, Grupo
Gasol, and B&R Automation.

7634



(1

(2]

(3]
(4]

(3]

(6]

(7]

(8]

(9]

[14]

[15]

[16]

[17]

(18]

[19]

REFERENCES

World Health Organization, “Coronavirus disease (COVID-19)
pandemic,” 2020. https://www.euro.who.int/en/health-topics/health-
emergencies/coronavirus-covid-19/novel-coronavirus-2019-ncov
(accessed Sep. 11, 2020).

John Hopkins University and Medicine, “COVID-19 Dashboard by
the Center for Systems Science and Engineering (CSSE) at Johns
Hopkins University (JHU).” https://coronavirus.jhu.edu/map.html
(accessed Sep. 09, 2020).

“Healthcare | Coronavirus in the UK.”
https://coronavirus.data.gov.uk/details (accessed Apr. 04, 2021).

R. Chang, K. M. Elhusseiny, Y.-C. Yeh, and W.-Z. Sun, “COVID-19
ICU and mechanical ventilation patient characteristics and
outcomes—A systematic review and meta-analysis,” PLoS One, vol.
16, no. 2, p. €0246318, Feb. 2021, doi:
10.1371/journal.pone.0246318.

M. Dar, L. Swamy, D. Gavin, and A. Theodore, “Mechanical-
Ventilation Supply and Options for the COVID-19 Pandemic
Leveraging All Available Resources for a Limited Resource in a
Crisis,” Annals of the American Thoracic Society, vol. 18, no. 3.
American Thoracic Society, pp. 408-416, Mar. 01, 2021, doi:
10.1513/AnnalsATS.202004-317CME.

K. Iyengar, S. Bahl, Raju Vaishya, and A. Vaish, “Challenges and
solutions in meeting up the urgent requirement of ventilators for
COVID-19 patients,” Diabetes Metab. Syndr. Clin. Res. Rev., vol.
14, no. 4, pp. 499-501, 2020, doi: 10.1016/j.dsx.2020.04.048.
Official Journal of the European Union L 77 L., “Commission
Implementing Regulation (EU) 2020/402 of 14 March 2020 making
the exportation of certain products subject to the production of an
export authorisation.,” 2020.

D. E. McMahon, G. A. Peters, L. C. Ivers, and E. E. Freeman,
“Global resource shortages during covid-19: Bad news for low-
income countries,” PLoS Negl. Trop. Dis., vol. 14, no. 7, pp. 1-3,
2020, doi: 10.1371/journal.pntd.0008412.

S. Fink, “Worst-Case Estimates for U.S. Coronavirus Deaths,”
March 18,2020.
https://www.nytimes.com/2020/03/13/us/coronavirus-deaths-
estimate.html (accessed Sep. 11, 2020).

C. R. Wells et al., “Projecting the demand for ventilators at the peak
of the COVID-19 outbreak in the USA,” Lancet Infect. Dis., vol.
3099, no. 20, pp. 19-20, 2020, doi:10.1016/S1473-3099(20)30315-7.
World Health Organization, “Coronavirus disease 2019 (COVID-19)
Situation Report — 41,” vol. 41. 2020.

TGA, “Exemption to enable the domestic manufacture and supply of
ventilators | Therapeutic Goods Administration (TGA),” 26 August
2020, 2020. https://www.tga.gov.au/exemption-enable-domestic-
manufacture-and-supply-ventilators (accessed Jan. 19, 2021).

Food and Drug Administration, “Enforcement Policy for Ventilators
and Accessories and Other Respiratory Devices During the
Coronavirus Disease 2019 (COVID-19) Public Health Emergency |
FDA,” 22/03/2020, vol. 2019, no. March, p. 14, 2020, [Online].
Available: https://www.gov.uk/government/publications/coronavirus-
covid-19-ventilator-supply- specification/rapidly-manufactured-
ventilator-system-specification.

MHRA, “Rapidly manufactured ventilator system specification,”
Medicienes Healthc. Prod. Regul. Agency, vol. ¢, no. April, pp. 1-7,
2020, [Online]. Available:
https://www.gov.uk/government/publications/coronavirus-covid-19-
ventilator-supply- specification/rapidly-manufactured-ventilator-
system-specification.

Economic Comission for Latin America and the Caribbean, “C O V 1
D-19REPORT S Restrictions on the export of medical products
hamper efforts to contain coronavirus disease ( COVID-19 ) in Latin
America and the Caribbean,” vol. 2019, pp. 1-9, 2020.

“Code Life Ventilator Challenge.” https://codelifechallenge.com/
(accessed Sep. 11, 2020).

“THE VENTILATOR PROJECT A Rapid And Scalable Solution To
Solve The Global Ventilator Shortage.”
https://theventilatorproject.org/ (accessed Sep. 11, 2020).

“MIT Emergency Ventilator Project.” https://emergency-
vent.mit.edu/ (accessed Sep. 11, 2020).

A. Christou, M. Ntagios, A. Hart, and R. Dahiya, “GlasVent — The
Rapidly Deployable Emergency Ventilator,” vol. 2000046, 2020, doi:

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]
[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

7635

10.1002/gch2.202000046.

S. J. Raymond et al., “A low-cost, rapidly scalable, emergency use
ventilator for the COVID-19 crisis,” medRxiv, no. August, pp. 1-14,
2020, doi: 10.1101/2020.09.23.20199877.

Z.Fang, A. L. Li, H. Wang, R. Zhang, X. Mai, and T. Pan,
“AmbuBox: A Fast-Deployable Low-Cost Ventilator for COVID-19
Emergent Care,” SLAS Technol., vol. 25, no. 6, pp. 573-584, 2020,
doi: 10.1177/2472630320953801.

S. Mora, F. Duarte, and C. Ratti, “Can Open Source Hardware
Mechanical Ventilator (OSH-MVs) initiatives help cope with the
COVID-19 health crisis? Taxonomy and state of the art,”
HardwareX, vol. 8, p. e00150, 2020, doi:
10.1016/j.0hx.2020.e00150.

M. Roser, H. Ritchie, E. Ortiz-Ospina, and J. Hasell, “Coronavirus
(COVID-19) Cases - Statistics and Research - Our World in Data,”
Our World in Data, 2020. https://ourworldindata.org/covid-
cases?country=USA~CHN~VNM~NZL (accessed Mar. 28, 2021).
A. Mohsen Al Husseini, H. Ju Lee, J. Negrete, S. Powelson, A.
Tepper Servi, and A. H. Slocum, “Design and prototyping of a low-
cost portable mechanical ventilator,” 2010. doi: 10.1115/1.3442790.
A. H. Kwon et al., “Rapidly scalable mechanical ventilator for the
COVID-19 pandemic,” Intensive Care Medicine. 2020, doi:
10.1007/s00134-020-06113-3.

R. L. Dellaca, C. Veneroni, and R. Farre, “Trends in mechanical
ventilation: Are we ventilating our patients in the best possible
way?,” Breathe, vol. 13, no. 2, pp. 84-98, 2017, doi:
10.1183/20734735.007817.

B. Hunnekens, S. Kamps, and N. Van De Wouw, “Variable-Gain
Control for Respiratory Systems,” IEEE Trans. Control Syst.
Technol., vol. 28, no. 1, pp. 163-171, 2020, doi:
10.1109/TCST.2018.2871002.

P. L. Silva and P. R. M. Rocco, “The basics of respiratory
mechanics: ventilator-derived parameters,” Ann. Transl. Med., vol. 6,
no. 19, pp. 376-376, 2018, doi: 10.21037/atm.2018.06.06.

T. Pham, L. J. Brochard, and A. S. Slutsky, “Mechanical Ventilation:
State of the Art,” Mayo Clin. Proc., vol. 92, no. 9, pp. 1382-1400,
2017, doi: 10.1016/j.mayocp.2017.05.004.

“ISO 10651-4:2002 - Lung ventilators -- Part 4: Particular
requirements for operator-powered resuscitators.”
http://www.iso.org/iso/catalogue_detail.htm?csnumber=30712
(accessed Oct. 30, 2020).

K. Rosales, M. Shoffstall, and J. Stoltzfus, “Oxygen compatibility
assessment on components and systems,” ASTM Spec. Tech. Publ.,
vol. 1479 STP, no. SP-645, pp. 114-127, 2006, doi:
10.1520/stp37645s.

H. Beeson, S. Smith, and W. Stewart, Safe Use of Oxygen and
Oxygen Systems: Handbook for Design, Operation, and
Maintenance. West Conshohocken, PA: ASTM International, 2007.
“BSI Standards Publication Anaesthetic and respiratory equipment
— Compatibility with oxygen ( ISO 15001 : 2010 ),” 2010.
National Aeronautics and Space Administration, “SAFETY
STANDARD FOR OXYGEN AND OXYGEN SYSTEMS,” 2000.
“Tameson HL-PA - series,” pp. 50-51, [Online]. Available:
https://tameson.com/tubes-hoses/air-gas/pneumatic/hl-pa-nat-10x12-
50-pa-pneumatic-hose-10x12-mm-50-m-natural.html.

R. Lowrie, “Heat of Combustion and Oxygen Compatibility.,” in
ASTM Special Technical Publication, B. L. Werley, Ed. West
Conshohocken, PA: ASTM International, 1983, pp. 84-96.

J. M. Waller, J. P. Haas, and H. D. Beeson, “Polymer-Oxygen
Compatibility Testing: Effect of Oxygen Aging on Ignition and
Combustion Properties,” ASTM Spec. Tech. Publ., no. 1395, pp. 73—
86, Feb. 2001, doi: 10.1520/stp12488s.

Burkert, “Chemical Resistance Chart,” 2018. [Online]. Available:
https://www.burkert.com/en/Media/Files/Chemical-Resistance-Chart.
International Organization for Standardization, “Plastic pipes and
fittings,” vol. ISO/TR 103, 1993.

Emerson, “Material Guidelines for Gaseous Oxygen Common
Sources of Localized High Temperature,” no. September, 2017.
AAMI, “Emergency Use Ventilator (EUV) Design Guidance. AAMI
Consensus Report,” vol. 3, no. 2, pp. 54-67, 2020, [Online].
Available: https://www.aami.org/docs/default-
source/standardslibrary/200410_cr501-2020_revl1-
2.pdf?sfvrsn=699¢62b7_2%0Ahttp://repositorio.unan.edu.ni/2986/1/
5624.pdf.



