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Background: The rapidly evolving COVID-19 pandemic has led to increased use of critical care resources, particularly mechanical ventilators. Amidst 
growing concerns that the health care system could face a shortage of ventilators in the future, there is a need for an affordable, simple, easy to use, emer-
gency stockpile ventilator.
Methods: Our team of engineers and clinicians designed and tested an emergency ventilator that uses a single limb portable ventilator circuit. The circuit is 
controlled by a pneumatic signal with electronic microcontroller input, using air and oxygen sources found in standard patient rooms. Ventilator performance 
was assessed using an IngMar ASL 5000 breathing simulator, and it was compared with a commercially available mechanical ventilator.
Results: The emergency ventilator provides volume control mode, intermittent mandatory ventilation and continuous positive airway pressure. It can 
generate tidal volumes between 300 and 800 mL with <10% error, with pressure, volume, and waveforms substantially equivalent to existing commercial 
ventilators.
Conclusions: We describe a cost effective, safe, and easy to use ventilator that can be rapidly manufactured to address ventilator shortages in a pandemic 
setting. It meets basic clinical needs and can be provided for emergency use in cases requiring mechanical ventilation because of complications due to 
respiratory failure from infectious diseases.
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INTRODUCTION
The emerging COVID-19 pandemic has spread globally to include over 
19,400,000 reported cases and 722,000 deaths as of 9 August 2020 [1]. 
A common complication of COVID-19 infection is bilateral pneumonia, 
which may progress to acute respiratory distress syndrome (ARDS). 
Initial studies of infected patients show that development of ARDS con-
tributes significantly to escalation of care and mortality risk [2, 3]. Early 
studies from China indicate that approximately 5.0% of patients affected 
by COVID-19 will require intensive care, and 2.3% will require invasive 
mechanical ventilation [4], though publication and underreporting bias 
suggest these numbers could be significantly higher [5].

As the number of cases grew across the world in March, April, and 
May of 2020, there was an unprecedented strain placed on the health 
care systems of many countries. National ventilator stockpiles and quali-
fied personnel to run them were depleted as these resources were 
 mobilized to address surges in critically ill patients with COVID-19. 
Accordingly, select health care systems in areas such as New York City, 
northern Italy, and Brazil had been forced to ration critical care beds 
and ventilators [6]. Several strategies have been proposed to address a 

shortage in mechanical ventilators. These include inexpensive devices 
that use an electronically controlled actuator to deliver a breath via bag 
valve mask (BVM) [7] and devices that regulate pressure of compressed 
medical air using water columns and pneumatic valves [8]. Alternative 
solutions include the use of one ventilator for up to four patients, which 
has been widely discouraged by the American Association for Respiratory 
Care and other societies due to poor outcomes [9, 10]. However, many of 
these strategies are designed for temporary stabilization until a standard 
ventilator becomes available. Early studies have shown that patients with 
COVID-19 require prolonged ventilation over days to weeks, indicating 
that a more robust solution is needed in the event of a future COVID-19 
wave or other mass casualty scenario [11].

As an alternative, we introduce a novel design for a simple, low-cost, 
easy to operate emergency use ventilator (EUV) that can be mass pro-
duced to address future shortages for the treatment of patients with 
ARDS due to pandemic viral illness. The purpose of this study was to 
determine the performance characteristics of this device to determine if 
it would meet the needs of patients affected by COVID-19 and other 
respiratory illness.
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DEVICE DESIGN
Clinical needs and considerations
Our EUV was designed with specific clinical and practical goals in mind. 
Desirable features of the device are listed in Table 1 as determined by 
clinical and environmental constraints identified by our team of clini-
cians, respiratory therapists, and engineers. Our practical goal was to 
design a ventilator with components common to the medical gas/
electronics industries that could be easily and inexpensively sourced 
without custom manufacturing (i.e., no 3-D printing or custom machin-
ing required) for >US$500. We established minimum performance crite-
ria (Table 2) for a ventilator from American Association of Respiratory 
Care guidelines [12] and followed guidance for additional performance 
features, including safety alarm and pressure relief valve, published by 
the UK Medicines & Healthcare products Regulator Agency [13] and 
the Association for Advancing Medical Instrumentation [14].

To reduce cost and complexity, we made control of flow and fraction 
of inspired oxygen (FiO2) dependent on standard medical air and oxygen 
flowmeters, rather than incorporating those functions within the venti-
lator. We also specified the ventilator to operate in one mode (volume 
control mode).

Our clinical goal was to design a ventilator that was attentive to man-
power shortages that often accompany disasters such as COVID-19. The 
design is intended for operators with little or no experience with 
mechanical ventilation. Thus, we only provide a single mode, which pri-
oritizes patient safety over comfort [14, 15]. Volume control (VC) modes 
are still the most commonly used worldwide, are simple to understand 
and use, and can help to achieve the low tidal volumes recommended for 
ventilation in the setting of ARDS due to COVID-19 [16], particularly 
with patients whose respiratory system compliance may change dramati-
cally over the course of care. To provide variable support, (i.e., to provide 
a range from total support to gradual weaning to continuous positive 
airway pressure (CPAP) only), we implemented an intermittent manda-
tory ventilation (IMV) breath sequence with set-point targeting for both 
mandatory and spontaneous breaths (VC-IMVs,s) [17]. IMV, rather than 
synchronized IMV (SIMV), is not very common today, but was the most 
common breath sequence for both infants and adults starting in the 
1970s and up to the introduction of microcontrollers in computer 
design in the late 1980s [18]. The advantage of IMV instead of SIMV is 
that it greatly simplifies design complexity. The disadvantage of IMV is 
that without synchronization of mandatory breaths with the patient’s 
inspiratory effort, the risk of patient–ventilator asynchrony increases 
(i.e., early or late triggering) [19]. Despite this disadvantage, IMV was 
chosen particularly as patients with severe ARDS are often highly 

sedated and chemically paralyzed for a large portion of the duration of 
ventilation. For these reasons, synchronization with, or assistance for, 
spontaneous breaths (i.e., pressure support) was excluded. 

Design overview
Figure 1a shows a schematic of the ventilator. We designed the ventilator 
to operate with a common, disposable, single limb patient circuit (Vyaire 
#001795). Supplemental Figure 11 displays the full ventilator when 
attached to wall air fixtures and single limb circuit with test lung. The 
device weighed 4 kg and measured 8 cm × 30 cm × 40 cm as tested, 
allowing for use on a bedside table or movable stand. The exhalation 
manifold of the circuit included a pneumatic control system to apply a 
pressure signal to the pneumatic diaphragm of the manifold. In this way, 
the valve of the exhalation manifold could be closed to allow inspiration 
and partially opened to allow expiration and regulate positive end expi-
ratory pressure (PEEP) at a user set breath rate and inspiratory time 
(Figure 1b). Flow to the inspiratory circuit is regulated by external medi-
cal air and oxygen flowmeters. Adjustment of the flow from the air and 
oxygen flowmeters provides control of both tidal volume and FiO2. 
These flowmeters are back-pressure compensated, meaning inspiratory 
flow is unaffected by back pressure generated during ventilation. 
Nomograms were designed to facilitate these settings (Supplemental 
Figure 21) and were mounted on the top of the ventilator. The equations 
used to create the nomograms are given in the Supplemental Material1. 
Humidification can be supplied using standard heated or passive systems 
as needed, and the expiratory outlet to the single limb circuit can incor-
porate an N100 filter to prevent aerosolization of viral particles.

Electronic circuit
We used a microcontroller (Arduino Nano 3 (ATmega328 microcontrol-
ler), Figure 2) to generate an electronic pulse train signal that controls 
the breath rate and inspiratory time. The microcontroller actuates a sole-
noid valve in the pneumatic signal circuit, which connects to the exhala-
tion manifold. The microcontroller accepts user inputs via two 
potentiometers to control breath rate and inspiratory time. Two push 
buttons were implemented to allow the user to select the ventilator mode 
(CPAP or VC-IMV) and lock or unlock the potentiometer knobs from 
changing breath rate and inspiratory time.

We included a pressure sensor (Honeywell MPRLS0001PG0000SAB) 
to detect patient airway pressures, at a sampling rate of 20 readings per 
second. During one full inspiratory–expiratory cycle (one breath), the 
maximum pressure reading detected was taken and displayed as the 
peak inspiratory pressure (PIP), while minimum pressure recorded was 
taken and displayed as the PEEP. A 4-line, 20-character LCD screen on 
the front panel of the ventilator was used to display the breath rate, 
inspiratory time, settings lock status, current airway pressure, PIP, and 
PEEP.

Using pressure readings and a 5 V DC buzzer, various alarm features 
were implemented. If the airway pressure exceeded 70 cm H2O, the 
microcontroller activated the buzzer to generate an audible alarm and 
automatically cycled off inspiration. If the airway pressure dropped 
below 3 cm H2O for at least 200 ms, this was taken to indicate circuit 
disconnect, and an audible alarm was activated until a button was 
pressed or airway pressures exceeded 3 cm H2O. Ventilator triggering 
and cycling continued in this low-pressure scenario and false triggering 
was not observed in the setting of simulated patient effort.

A standard 120 V AC to 12 V DC converter with 2 amps of current 
was used to power the electronic circuit. A 12 V to 5 V voltage regulator 
(IC 7805) was used to deliver 5 V to the microcontroller per its specifica-
tion. A 5 V to 3.3 V logic level converter (SparkFun BSS138) was used to 
deliver 3.3 V to the pressure sensor per its specification.

We created a power disconnect alarm using a 12 V relay and an 
8–12 V DC buzzer with a 9 V battery. If the power to the ventilator was 

1 Supplementary data are available with the article through the journal Web 
site at https://www.cjrt.ca/wp-content/uploads/Supplemental-information-
CJRT-2020-23.docx.

TABLE 1
Desired design features 
Input criteria Pneumatic: medical flowmeters attached to 50 psig 

source connected to ventilator with high pressure hoses
Air: inspiratory flow and bias flow; control signal for 
exhalation manifold
Oxygen: inspiratory flow and bias flow
Electrical: power for exhalation manifold control circuit

Output criteria Adjustable FiO2
Adjustable breath rate and inspiratory time
Adjustable PEEP
Adjustable tidal volume
Disposable single-limb patient circuit

Control circuit Electrical control of pneumatic pulse train to exhalation 
manifold
Digital display of 
• inspiratory time
• breath rate
• peak airway pressure
• PEEP 
Safety features
• disconnect alarm
• high pressure alarm
• electrical failure alarm

https://www.cjrt.ca/wp-content/uploads/Supplemental-information-CJRT-2020-23.docx
https://www.cjrt.ca/wp-content/uploads/Supplemental-information-CJRT-2020-23.docx
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disconnected while turned on, the relay would trigger current flow to the 
buzzer from the 9 V battery. An alarm silence switch was implemented 
on the back of the ventilator to turn off this alarm in the case of inten-
tional power disconnect. 

Pneumatic exhalation manifold circuit
To control the exhalation manifold, we designed a circuit that gener-
ates a rectangular pressure signal with adjustable frequency and duty 

cycle (corresponding to the user controls of breath rate and inspira-
tory time, respectively) as shown in Figure 3. Design considerations 
included compatibility with an electronically controlled solenoid 
valve and minimizing the effect of intrinsic flow resistance of individ-
ual components. The final circuit chosen for implementation uses air 
at 1.0 pounds per square in gauge (psig) applied to an electronically 
controlled solenoid valve. When not powered, the valve is closed, and 
air flow is directed through a flow resistor. The pressure across this 

TABLE 2
Required performance criteria

Range Accuracy Settings

Tidal volume 0–800 mL ± 50 mL or < 10% Result of flow and inspiratory time settings
Respiratory rate 8–30 bpm ± negligible Continuous knob adjustment
Inspiratory time 0–2 s Assessed by tidal volume accuracy Continuous knob adjustment
Peep valve 3–30 cm H2O ± 0.5 cm H2O Continuous knob adjustment
High pressure valve 60 cm H2O ± 0.5 cm H2O Preset
FiO2 40%–100% ± 5% Result of air and oxygen flowmeter settings
High pressure sensor + shutoff >70 cm H2O ± 2 cm H2O Preset in software
Low pressure sensor <3 cm H2O ± 1 cm H2O Preset in software
Oxygen flow 0–15 L/min Assessed by tidal volume and FiO2 accuracy Continuously adjustable
Air flow 0–15 L/min Assessed by tidal volume and FiO2 accuracy Continuously adjustable 

FIGURE 1
Device schematic and front panel. (a) Emergency ventilator components: single-limb ventilator circuit, electrical 
microcontroller, solenoid valve, positive end-expiratory pressure flow resistor, peak inspiratory pressure flow resistor, and 
flowmeters. (b) The user interface consists of push button controls for stopping and starting ventilation and locking 
settings, as well as analog knobs for breath rate and inspiratory time adjustment. Feedback is provided to the user via LCD 
which displays real time pressure (P0), PIP, and PEEP. On the right of the panel are connections to the inspiratory circuit, 
exhalation manifold, and airway pressure connection.
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resistor is used to generate a PEEP control signal to the exhalation 
manifold. This value can be adjusted by the operator by means of a 
rotary mechanical knob on the front panel of the ventilator. When 
the solenoid valve is activated and opened by a signal from the micro-
controller, the low-pressure (PEEP) flow resistor is bypassed and flow 
is directed through the high-pressure (inspiratory pressure) flow 

resistor. The high-pressure signal closes the exhalation manifold to 
initiate the inspiratory period of the cycle. PIP is set internally to 60 
cm H2O, with a mechanical pressure relief valve, for safety (Figure 3). 
During normal operation, PIP is dependent on inspiratory flow, tidal 
volume, and respiratory system mechanical properties, as is character-
istic of volume control ventilation modes.

FIGURE 2
Electronic circuit diagram. Electrical schematic of microcontroller circuit. The logic level converter connects to the 
Honeywell pressure sensor using standard SPI connections as labeled. The LCD backpack connects to the LCD display 
using standard I2C connections as labeled.

FIGURE 3
Pneumatic circuit diagram. Pneumatic circuits to control exhalation valve. Part (a) is the expiratory pneumatic circuit, with 
outputs to the exhalation manifold. Part (b) is the inspiratory circuit, which includes a pressure relief valve for added safety 
within the device. 
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Device operation
To operate the ventilator, one standard medical air and one medical 
oxygen flowmeter are connected to respective supply outlets (50 psig). 
The flowmeters are attached to the ventilator using medical-grade 
high-pressure hose. Another high-pressure hose connects an additional 
wall-air outlet at 50 psi to the ventilator, which is reduced to 1.0 psi by a 
regulator inside the ventilator and drives the pneumatic signal generator 
controlling the exhalation valve. The single limb ventilator circuit is 
attached to the front of the unit and the unit is plugged into 120 V AC 
electrical power.

A power switch at the back of the ventilator turns the device on, as 
indicated by the LCD screen display. Desired total flow and FiO2 is set 
and the patient limb circuit is attached to the endotracheal or tracheos-
tomy tube. When turned on, the default mode for the device is CPAP 
(i.e., breath rate = 0). The PEEP can be adjusted by rotating the corre-
sponding control knob to the desired level. PEEP is displayed on the 
LCD screen. Before starting ventilation, the desired inspiratory time and 
breath rate are selected via knobs attached to potentiometers. The set 
values for breath rate and inspiratory time along with measured values 
for PIP and PEEP are displayed on the screen of the front panel 
(Figure 1b). The LOCK/UNLOCK button is then pressed to confirm 
and lock the desired settings, and the START/STOP button is pressed to 
initiate ventilation. Breath rate and inspiratory time can be changed at 
any time by depressing the LOCK/UNLOCK button, setting knob 
inputs, and initiating these settings by depressing the LOCK/UNLOCK 
button again. PEEP can be adjusted at any time during ventilation with-
out depressing the LOCK/UNLOCK button. To stop ventilation, the 
START/STOP button on the front of the device is pressed, returning 
the device to CPAP mode.

METHODS
Performance characterization and validation
The performance of this system was evaluated using an ASL 5000 breath-
ing simulator (IngMar Medical, Pittsburgh, PA) with software version 
3.6. The primary purpose of the testing was to establish the range of tidal 
volume, inspiratory time, and breath rate delivered by the ventilator 
using a passive lung model. A secondary purpose was to compare the 
performance of the prototype ventilator with a commercial ventilator set 
to the same mode with a passive and an active lung model (i.e., with 
simulated inspiratory effort). All ASL 5000 testing protocols were cre-
ated de novo to interrogate ventilator performance characteristics in spe-
cific clinical scenarios.

The delivered tidal volume was calculated by estimating the volume 
of gas compressed in the patient circuit during inspiration and subtract-
ing it from the set tidal volume:

delivered VT = set VT – compressed volume (1)

and

compressed volume = (PIP – PEEP) × CPC (2)

where VT is tidal volume, PIP is peak inspiratory pressure during 
mechanical ventilation, PEEPis positive end expiratory pressure, and 
CPC is the compliance of the patient circuit. 

To determine CPC, the total flow to the ventilator was set to 6 L/min, 
the inspiratory time was set to 1 s, and PEEP was set to 5 cm H2O. The 
volume injected into the patient circuit with these settings was 100 mL 
(6 L/min is 100 mL/s). With the patient connection port occluded, the 
PIP and PEEP were recorded from the emergency ventilator’s LCD 
screen. CPC was calculated as follows.

CPC = 100 mL / (PIP – PEEP) (3)

A typical value for CPC with the circuit we used was 2.1 mL/cm H2O. 
We performed these corrections because they estimate tidal volume 
assuming atmospheric temperature and pressure dry conditions (ATPD) 
(dry gas at ambient temperature and pressure) conditions, whereas 

delivered gas will reach the patient under body temperature and pressure 
saturated (BTPS) conditions. 

Simulation models
The ASL 5000 breathing simulator allows construction of lung models 
(simulated respiratory system resistance (R) and compliance (C) that are 
paired with effort models. Effort models represent simulated inspiratory 
effort in terms of the parameters of a muscle pressure (Pmus) waveform. 
These parameters include breath rate, maximum effort, maximum pres-
sure (Pmax), inspiratory effort rise time, and effort relaxation time (times 
are expressed as a percent of the ventilatory period, 1/rate).

Ventilator performance characterization data were obtained using a 
passive lung model representing mild to severe ARDS; R = 10 cm 
H2O/L/s and C = 20–50 mL/cm H2O [20].

The initial lung compliance was set at 50 mL/cm H2O, and then 
decreased in a stepwise fashion in 10 mL/cm H2O increments to a min-
imum of 20 mL/cm H2O, after which it returned incrementally to the 
baseline compliance of 50 mL/cm H2O.

Comparison of the prototype ventilator with a commercial ventilator 
(Puritan Bennet PB840) was performed with both the passive models 
above and an active model. The active model had R = 10 cm H2O/L/s 
and C = 40 mL/cm H2O plus a sinusoidal half-wave effort model of: fre-
quency (f) = 18 breathes per minute (bpm), Pmax = –5 cm H2O, % 
increase = 15, % hold = 0, % release = 15. The total generated Pmus 
inspiratory time was 1 s.

Test protocol
All testing was performed without a humidifier. Initial performance test-
ing was conducted with a version of the tidal volume nomogram that 
assumed ATPD as this is how gas is delivered by the ventilator. 
Atmospheric temperature was 67.5°F.

Pressure, volume, and flow waveforms were recorded by the simula-
tor at a sampling rate of 512 Hz and gas conditions set initially to “as 
measured” (i.e., not corrected for body temperature and pressure satu-
rated with water vapor (BTPS) conditions). To compare the accuracy of 
delivered tidal volume using the calculation method versus what would 
be delivered under BTPS conditions, we subsequently reanalyzed the 
delivered tidal volume under BTPS conditions using post-test analysis. 
Mean values from at least 10 breaths are reported. Standard deviation 
was not recorded because this type of simulation yields measurements 
with negligible variance breath to breath.

The pressure sensor attached to the circuit was used as is with manu-
facturer calibration, and calibration was confirmed prior to device 
testing.

Establishing inspiratory time correction
Given the pneumatic nature of the drive train, we determined that the 
set solenoid on-time may not equal the desired inspiratory time (TI). 
Thus, to allow for accurate determination of TI, the system might require 
calibration. Calibration was achieved by adjusting the solenoid on-time 
on the prototype ventilator incrementally from 0.65 s to 2.0 s, while the 
actual TI was measured with the ASL 5000. The ventilator settings used 
were a set flow of 30 L/min and a PEEP of ~ 5 cm H2O as displayed by 
the ventilator’s LCD screen. A linear regression was performed 
(Supplemental Figure 31), and a correction equation was derived as:

measured TI = (0.9069 × expected TI) + 0.2882 (4)

The correction was implemented into our software to better reflect 
the desired TI. Of note, we anticipate these corrections will be device 
specific due to the influence of minute changes in input pressure and 
flow resistor position.

Ventilator settings for performance characterization
Using two total flow rates of 20 L/min (10 L/min O2, 10 L/min air) 
and 30 L/min (15 L/min O2, 15 L/min air), and a set breath rate of 
15 bpm, the inspiratory time was incrementally increased from 0.8 s 
to 2 s. 
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The values for set VT (by the nomogram), were compared with those 
corrected using Equation 1 and those measured by the simulator, deliv-
ered VT at ATPD and BTPS conditions. The error in volume delivery 
was calculated as:

Error = ((set VT – measured VT) / set VT ) × 100% (5)

Endurance testing
The ventilator was set to VT = 330 mL, inspiratory time = 1.0 s, and con-
nected to the simulator with a passive lung model (R = 10 cm H2O/L/s 
and C = 40 mL/cm H2O) and left to run uninterrupted for 48 h. Pressure, 
volume, and flow waveforms were recorded by the simulator. Values for 
delivered tidal volume and waveforms from the start and end of the test-
ing period were compared for consistency. 

Accuracy of FiO2 setting
To determine the accuracy of the FiO2 setting using the air and oxygen 
flowmeters, the flowmeters were varied in increments of 5 L/min 
throughout their calibrated range for all combinations of air and oxygen 
flow. The achieved FiO2 was measured using a MaxO2 ME oxygen mon-
itor with Max 550E oxygen sensor (Maxtec, Salt Lake City, UT). All 
measurements were performed in triplicate. The measured values were 
compared with the expected values assuming 21% O2 concentration in 
air and 100% O2 from medical oxygen supply.

Accuracy of built-in pressure sensor PEEP and PIP calculations
While conducting performance characterization of the ventilator, the 
ventilator-calculated PEEP and PIP readings were recorded and com-
pared to the values measured by the simulator to assess the accuracy of 
the built-in ventilator pressure sensor.

Ventilator settings for comparison to commercial ventilator
The prototype ventilator delivers only one mode of assisted ventilation, 
VC-IMV (i.e., mandatory breaths not synchronized to patient effort). To 
compare its performance to a commercial ventilator, we selected the 
Puritan Bennet PB840 with the trigger threshold set to maximum, mak-
ing the mode effectively VC-IMV (square flow waveform selected) instead 

of VC-SIMV. An anesthesia circuit without a humidifier was used. 
The ventilator was initialized per manufacturer instructions and com-
pensation for circuit compliance was turned on. The compliance for said 
circuit was noted by the ventilator to be 2.44 mL/cm H2O. 

Both ventilators were set with parameters representative of ventilation 
for a typical ARDS patient: VT = 500 mL, peak flow at 30 L/min with a 
square waveform to utilize an inspiratory time = 1 s, and breath rate = 
18/min. The FiO2 was irrelevant for this experiment so it was set at 0.21.

The prototype ventilator was set to 30 L/min from the wall, and TI 
was set to 1 s. PEEP for both ventilators was set to 5 cm H2O.

Pressure, volume, and flow waveforms were recorded by the simulator.

RESULTS
Performance characterization
The prototype ventilator was set to various flow and inspiratory-time com-
binations to deliver varying tidal volumes. The simulator measured PIP 
and PEEP values were within 10% of those recorded by the prototype ven-
tilator (Figures 4a, 4b).

Hospital O2 and medical air flow meters were set to expected FiO2 
values from 21% to 100% per previously discussed nomograms 
(Supplemental Figure 21). FiO2 was measured at the end of the 
patient circuit and compared to expected values, falling within 2% of 
the desired value for all settings required for ventilation (Supplemental 
Figure 41).

The set tidal volume on the prototype ventilator was calculated per 
the formula below.

Set VT (mL) = Inspiratory Flow (L/min) × TI (s) × (1000/60) (6)

Accounting for compressed tidal volume caused the calculated tidal 
volume to always be lower than set. Under ATPD conditions, the tidal 
volume was closer to this calculated value, whereas under BTPS condi-
tions, in which the gas would normally expand due to the higher tem-
perature, the measured tidal volume was closer to the set tidal volume 
(Figure 4c).

In the simulated changing compliance model, the prototype ventila-
tor maintained tidal volumes, PEEP, breath rate, peak inspiratory flow 

FIGURE 4
Performance characterization. PIP measured on the simulator are within 10% of the readings obtained off the prototype 
ventilator. (a) PEEP measurements using the simulator are within 10% of the readings obtained from the prototype ventilator. 
(b) Tidal volume (VT) measurements under ATPD conditions and BTPS conditions VT.
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rate, and TI within 10% of baseline despite a 60% decrease in compli-
ance and a more than 50% increase in peak pressures (Figure 5).

Endurance testing
The ventilator was left to run for 48 h, demonstrating reliable function 
for >58,000 cycles without interruption. With goal VT = 330 mL, mea-
sured VT a T = 48 h was 333.6 mL compared with 339.3 mL at T = 0 h, 
resulting in a change of −1.6%. 

Comparison to commercial ventilator
Using BTPS tidal volumes and the passive breath model, the prototype 
ventilator was noted to be able to deliver tidal volumes to within 10% of 
what was set. This was like the performance of the commercial ventilator 
tested (Figures 6a, 6b). Of note, the commercial ventilator did overshoot 
the set tidal volume target but remained within 10%.

Using the passive breath model and 60 consecutive breaths, the pro-
totype ventilator was noted to deliver similar PEEP levels to a commer-
cial ventilator when both were set to a PEEP of 5 cm H2O (Figure 6c). 
Delivered PIP was similar, albeit the prototype ventilator generated lower 
PIP as the tidal volumes were lower than those delivered by the commer-
cial ventilator (Figure 6d).

Both the prototype and the commercial ventilators generated sim-
ilar square-wave flow waveforms, similar tidal volume waveforms, and 
pressure waveforms. When a spontaneous effort (Pmus) coincided 
with a mandatory breath, both ventilators experienced a similar dis-
tortion of the pressure waveforms. Interestingly, our prototype ventila-
tor did not experience as deep of a dip in PEEP when a spontaneous 
effort occurred in between mandatory breaths. This was accompanied 
by a more pronounced rise in flow during that spontaneous breath 
(Figures 7a–7c).

The conclusions from the performance evaluation are summarized 
in Table 3.

DISCUSSION
The emerging COVID-19 pandemic has led to a widespread shortage of 
intensive care unit (ICU) beds, ventilators, and trained operators, result-
ing in an effort to provide respiratory support and ventilation to patients 
by a number of alternative means. To ration ventilators, hospitals have 
increased usage of nontraditional methods of ventilating patients, 
including repurposing noninvasive positive pressure ventilators (NIPPV) 
[21]. and using multiplex ventilation to ventilate multiple patients with a 
single ventilator. Each of these modalities carries significant limitations. 
NIPPV fails to provide a secure airway and cannot provide high levels of 
PEEP. Multiplex ventilation, as currently described, does not allow for 
patient-specific regulation of parameters such as FiO2, tidal volume, and 
PEEP, and it has universally been discouraged [9, 10, 22].

The past shortage of ventilators and experienced operators accompa-
nied a growing recognition that many stockpile ventilators were inopera-
ble due to maintenance issues, suggesting a need for a dedicated 
emergency stockpile ventilator that is cheap, reliable, and simple to use. 
Our ventilator was designed with cost, design simplicity, durability, and 
ease of use by inexperienced providers in mind. 

Most existing ventilator models are expensive and run from 
US$10,000 to US$50,000 . In cases where hundreds or thousands of 
ventilators are needed, these costs can be prohibitive [23]. Efforts to pro-
vide a low-cost emergency ventilator have led to several design concepts 
relevant to this discussion. One frequently proposed type of device uti-
lizes BVM ventilation, but it replaces manual operation of the BVM with 
a mechanical actuator that is electronically controlled. This idea has 
been previously described [7], and has been disseminated in multiple 
formats on open source platforms. The advantages of using mechanical 
BVM systems as a ventilator include low cost, rapid scalability, and con-
ceptually easy use. A major limitation of BVM-based designs lies in the 
inability to finely control flow rates and inspiratory times, impacting 
both pressure and volume delivery during inspiration. Air bladder 

FIGURE 5
Ventilator behavior with changing compliance. The prototype ventilator maintains tidal volume delivery, PEEP, breath rate, 
PIFR, Mean Flow, and I-time within 10% from baseline despite incremental reductions in compliance and rise peak 
inspiratory pressures.
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durability is also a concern, as these devices were never designed to pro-
vide ventilation for long periods of time and, to our knowledge, have not 
been extensively testing in this regard. For these reasons, emergency ven-
tilators that rely on this design may be best used as a temporary method 
of ventilation in a field hospital or low-resource setting.

Another low-cost design utilizes water columns to regulate PIP and 
PEEP from a high-pressure medical gas (oxygen and air) source [8]. While 
this design can provide the proper volumes and pressures required for 
support of a patient with ARDS, the use of water columns to regulate 
pressure may be difficult to integrate into a usable device, it requires 
calibration with each use, and it can be difficult to manipulate during 
operation. 

Since initial shortages, the stock of ventilators in the United States 
and other developed countries has rapidly increased. This is in part 
because many companies are contributing manufacturing resources 
towards the production of thousands of ventilators, a notable example 
being the partnership between Ford, General Motors and GE Healthcare 
[24] Though the overall need for invasive ventilation has fallen from a 
peak in mid-April 2020, projections estimate a return to this level of 
demand in the US by December 2020 in the form of a second wave [25].

At a material components cost of under $500 per unit, production of 
our device is affordable on a large scale. This is further supported by 
using widely available parts. Apart from the enclosure, the parts were 
easily found and sourced from online retailers. Pneumatic valves were 
also easily sourced in this circumstance and could be found online or at 
local distributors. Basing the design on external air and oxygen flow 
meters, our ventilator could be widely adopted in hospitals with 50 psi 
gas sources, both in existing ICU rooms, and on other nursing floors.

Our device is also robust. We have demonstrated reliable delivery of 
desired tidal volumes across a wide range of ventilation parameters, with 
an observed error of less than 10%. We were able to consistently manip-
ulate breath rate, inspiratory time, flow rate, and PEEP across the range 
of possible values needed for implementation in the clinical environ-
ment, while maintaining limits on pressure and volume to ensure safety 
of use. Our testing suggests the performance of this device is comparable 
to current, mainstream commercial ventilators.

Another advantage of our device is the simplicity of design and use. 
We feature a single volume control mode with limited inputs to ensure 
orientation and training on the device is efficient for the inexperienced 
user. This simple design limits potential sources of error that could easily 
occur in the hands of an inexperienced provider using a more complex 
ventilator. We feel that this is crucial to the operation of a simple venti-
lator in the emergency setting, given disparities in clinical education and 
experience when non-ICU providers and support staff are called to assist 
in intensive care efforts. Safety in this device is further supported by 
integrated electronic and pneumatic safety valve features that limit the 
maximum pressure applied to the airway to prevent lung injury in the 
event of malfunction or misuse. Other safety features include a discon-
nect alarm and a power-loss alarm, which are necessary components of 
any mechanical ventilator. Due to the design of the inspiratory system, 
with continuous airflow provided from hospital air and oxygen supplies, 
there is sufficient bias flow in the system to allow for patient inspiration 
in the event of power failure. Future safety iterations may integrate an O2 
analyzer for real-time FiO2 monitoring and back-up ventilation features 
in the event of building power loss, though requiring a battery back-up 
may complicate utilization as a stockpile ventilator due to maintenance 

FIGURE 6
Commercial ventilator 60 breath comparison. The prototype & commercial ventilators are both within 10% deviation from 
the set 500 mL tidal volume under BTPS conditions. (a) The prototype and commercial ventilators generate similar amounts 
of peak inspiratory flow rates under BTPS conditions. (b) The prototype & commercial ventilators are both within a 10% 
deviation from the set PEEP of 5 cm H2O. (c) The prototype and commercial ventilators generate similar peak inspiratory 
pressures to deliver their set tidal volumes.
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requirements. The problem of limited shelf-life of backup batteries may 
be overcome by using commercially available uninterruptable power sup-
plies or device design allowing for readily available, off-the-shelf batteries 
to serve as backup power.

Our device has limitations inherent to intentional reliance on read-
ily available utilities in the hospital. Given the dependence on com-
pressed air and O2, our device would not be able to operate outside of 
a traditional hospital in its current form. Conceptually, portable air 
and O2 tanks could be used, or an air blower and/or oxygen concentra-
tor could be added to the design. Because our design assumptions indi-
cated that medical gas supplies would be available, we did not add 
blower capabilities. There may also be a limit on attainable values of 
FiO2, depending on the availability of O2 flowmeters and appropriate 
O2 fittings in the hospital. Given the traditional hospital flowmeter 
delivers a maximum of 15 L/min, additional flowmeters would have to 
be added and joined to the common O2 input on the device via hosing 
and a splitter with appropriate O2 fittings if high tidal volumes 
(>500 mL) and 100% FiO2 are desired. Another limitation is the use of 

a battery for the alarm system. Stockpiled ventilators may not have 
adequate battery maintenance. One solution might be to replace the 
battery with a high-volume capacitor that would be charged during ven-
tilator operation and provide enough discharge current for short-term 
alarm operation. Limiting cost and complexity presents many inherent 
limitations to our prototype. Designing around a single limb circuit 
allows for a less complex device, but it precludes the ability to monitor 
expiratory flow. Our device also does not have the capability to display 
waveforms in real time on the front panel, though this could be done 
by integrating a larger LCD or OLED screen and more complex soft-
ware changes. Our device also does not have an electronic sensor for 
flow, rather relying on manual inputs to hospital flowmeters. An inte-
grated electronic flowmeter would address this limitation and could 
provide clinically useful information to display as waveform data on a 
future iteration of our device, as well as integrate further safety and 
alarm features into the device. 

We plan to continue developing, testing, and optimizing this proto-
type. Future steps include formal testing for ease of use with respiratory 
therapists and other clinicians, and integration with a rolling stand for 
improved clinical utility. The design may also be adapted for related uses, 
including a neonatal device application and alterations for use in devel-
oping countries.

CONCLUSIONS
In response to the emerging COVID-19 pandemic, our team was able to 
design, build, test, and validate a low-cost emergency ventilator suitable 
to the needs of a stockpile type ventilator. This device delivers volume 
control ventilation via a simple design with user inputs of inspiratory 
time, flow rate, PEEP, and breath rate. Despite its low cost, essential 

TABLE 3
Summary of performance evaluation experiments
• The prototype ventilator delivers tidal volumes & peak inspiratory flow 

rates similar to a commercial ventilator.
• The prototype ventilator delivers similar peep and peak inspiratory 

pressures similar to a commercial ventilator.
• The prototype ventilator provides similar support to a commercial 

ventilator during active breathing.

FIGURE 7
Commercial ventilator waveforms. (a) Square flow waveforms. Red arrows reflect spontaneous efforts during IMV. Black 
arrows indicate flow during these efforts, which is higher in the prototype ventilator. (b) Tidal volume waveforms. Red 
arrows show spontaneous efforts during IMV breaths. Black arrows show larger tidal volume generation between IMV 
breaths in the prototype ventilator. (c) Pressure waveforms. Red arrows show distortion of the waveform under effect of 
Pmus. Black arrows show PEEP changes after spontaneous effort between IMV breaths, which are less in the prototype 
ventilator. 
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safety features are built into the device, making it safe and easy to use for 
a broad range of health care personnel.
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