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Objectives: The ongoing severe acute respiratory syndrome coro-
navirus 2 or coronavirus disease 2019 pandemic has demonstrated
the potential need for a low-cost, rapidly deployable ventilator. Based
on this premise, we sought to design a ventilator with the following
criteria: 1) standard components that are accessible to the public,
2) “open-source” compatibility to allow anyone to easily recreate the
system, 3) ability to ventilate in acute respiratory distress syndrome,
and 4) lowest possible cost to provide adequate oxygenation and
ventilation.

Design: We pursued development of a pneumatic-type ventilator. The
basic design involves three electrically controlled solenoid valves, a
pressure chamber, the patient breathing circuit, a positive end-expira-
tory pressure valve, and an electronics control system. Multiple safety
elements were built into the design. The user-friendly interface allows
simple control of ventilator settings. The ventilator delivers a hybrid
form of pneumatic, assist-control ventilation, with predicted tidal
volumes of 300-800mL, positive end-expiratory pressure 0—20cm
H,O, and Fio, 21-1000%.

Main Results: The ventilator was extensively tested with two sepa-
rate high-fidelity lung simulators and a porcine in vivo model. Both
lung simulators were able to simulate a variety of pathologic states,
including obstructive lung disease and acute respiratory distress syn-
drome. The ventilator performed well across all simulated scenarios.
Similarly, a porcine in vivo model was used to assess performance in
live tissue, with a specific emphasis on gas exchange. The ventilator
performed well in vivo and demonstrated noninferior ventilation and
oxygenation when compared with the standard ventilator.
Conclusions: The Portsmouth Ventilator was able to perform well
across all simulated pathologies and in vivo. All components may
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be acquired by the public for a cost of approximately $250 U.S.D.
Although this ventilator has limited functionality compared with mod-
ern ventilators, the simple design appears to be safe and would
allow for rapid mass production if ventilator surge demand exceeded
supply.

Key Words: coronavirus disease 2019; critical care; mechanical
ventilation

province, China. The virus was later identified as severe acute

respiratory syndrome coronavirus-2, or COVID-19, and is
the cause of a current worldwide pandemic. Based on the initial
Chinese data, 14-17% of hospitalized patients required supple-
mental respiratory support (1, 2). Italy was one of the first west-
ern countries with widespread disease. Their critical care facilities
appeared to carry an enormous burden of the patients, with an
estimated 16% of actively infected patients requiring admission to
an ICU for hypoxic respiratory failure from COVID-19 (3).

This is important for the current crisis, because in the absence
of definitive treatment, supportive mechanical ventilation for sev-
eral days to weeks is the mainstay treatment for severe disease.
Currently, there are approximately 62,000 full function ventila-
tors in the United States, with 98,000 basic ventilators and 8,900
in the strategic reserve. The Centers for Disease Control and
Prevention estimate that between 2.4 and 21 million Americans
will require hospitalization (4). Based on the Italian data (5), the
number of patients requiring ventilators will range between 1.4
and 31 patients per ventilator (4). The U.S. Department of Health
and Human Services has already started to encourage rationing of
ventilator use by eliminating elective surgeries (6). Recent studies
similarly project ventilator shortage in the United States (7).

Because of this need, we sought to build a low-cost ventilator
for use when surge demand exceeds current capacity. The require-
ments for this ventilator were as follows:

In late 2019, a novel coronavirus was identified in Wuhan

1) Components must be easily sourced “off-the-shelf” items that
are available to the general public.

2) They must have “open-source” compatibility, so the design will
be widely available and technically easy to build.
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3) Must be able to tolerate a range of ventilation strategies to tol-
erate high airway pressures associated with acute respiratory
distress syndrome (ARDS).

4) A cost containment strategy must be maintained to ensure the
ventilator would not be cost-prohibitive.

Although many modern ICU ventilators use a turbine to
drive pressure, other types have included a servo control valve,
bellows, and pneumatic pressure chambers (8, 9). Considering
the technical complexity of the turbine and servo control venti-
lators, we believed either a bellow- or pneumatic-type ventilator
would be the easiest to use with the requirements we established.
Initial draft designs resulted in high confidence in the pneumatic
model, which we pursued. We hypothesized that the Portsmouth
Ventilator would be noninferior to the standard-of-care ventila-
tors, while still meeting our requirements.

MATERIALS AND METHODS

This ventilator follows the above design and uses a standard ven-
tilator breathing circuit. It incorporates three solenoid valves
(Charging, Inspiratory, and Expiratory represented by “C “I
and “E;” respectively, in the above diagram) controlled by a simple
microcontroller-driven electronics circuit. The ventilator con-
nects to pipeline gas supply to both air and oxygen. A simple gas
blender merges air and oxygen, and can realistically deliver either
100% oxygen, room air (21% oxygen), or a 60% oxygen gas blend
to the patient. The gas mixture is delivered to the charging cham-
ber at 50-55 PSI by opening the charging valve. Using a Boyle law
relationship (P,V, = P,V), the chamber volume at high pressure is
discharged into the breathing circuit and patient lungs at a lower
pressure and a higher volume (Fig. 1).

Following inspiration, the inspiratory valve is closed and the
expiratory valve is opened. The expiratory valve opens through
a positive end-expiratory pressure (PEEP) valve, allowing PEEP
(0-20cm H,O) to be delivered to the patient. The tidal volume on
this device is adjusted by adding or removing expansion cham-
bers. Each chamber generates approximately 45-mL additional
tidal volume (Table 1). The respiratory rate and inspiratory time
are set using attached controls. Additionally, if the patient is
spontaneously breathing, the ventilator can detect a respiratory
effort by measuring decreased airway pressure and augment by
delivering a breath. Sensitivity to the patient’s inspiratory effort is
similarly adjusted with controls attached to the microcontroller.

The breathing circuit is equipped with a 0.5-PSI (35cm H,0)
pressure relief valve to limit airway pressures exceeding 35cm H,0
and a negative pressure relief valve to allow for spontaneous room
air inspiration at any point during the respiratory cycle, preventing
a negative pressure injury (if the assist-control [AC] portion fails).
A pressure transducer continuously monitors airway pressure and
displays a green light emitting diode (LED) for airway pressures
from 0 to 20cm H,0, an amber LED for airway pressures from 20
to 30cm H,O, and a red LED for airway pressures for greater than
30cm H,0. Ifa prolonged period of “red” pressures is identified, the
ventilator delivers a prolonged expiratory phase. The ventilator will
not deliver additional breaths if the airway pressure remains high
and will alarm. Alternatively, if the ventilator detects a prolonged
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period of low airway pressures, it will generate an alarm that indi-
cates either a loss of fresh gas supply or circuit disconnect.

Control System and Components

The hardware and software controlling the ventilator were
designed by our group specifically for this project. In an effort to
make the ventilator highly scalable and affordable, we chose com-
ponents that were readily available and inexpensive. The circuit
diagram appears in Supplementary Data File 1 (http://links.lww.
com/CCX/A440). The ventilator hardware is built on a circuit
board with dimensions of about 3 x 3 inches. It is powered by a
120-V wall adapter and has an attached battery backup.

The microcontroller costs under $2 US.D at the time of this
writing. Gas pressurization and flow are controlled by three 12-V
solenoid valves. These valves open and close timed to allow safe and
effective ventilation. The timing is adjusted by the user to set respira-
tory rate, inspiratory time, and sensitivity to spontaneous breathing.

Gas pressure in the airway circuit is measured by a pres-
sure transducer rated for + 0.5 PSI (24PCEFA6G, Honeywell
International, Charlotte, NC) or roughly + 35cm H O. As previ-
ously mentioned, the ventilator continuously illuminates LEDs
that correspond to specific pressure levels (0-20, 20-30, and 30+
cm H,0), providing the user with visual feedback on airway pres-
sures throughout the respiratory cycle without the need for a dis-
play screen. The software and hardware have several dedicated
safety features, including alarms for sustained high pressure, cir-
cuit disconnect or gas supply failure, and electricity supply failure.
In addition to generating visual and auditory alarms, sustained
high pressure will trigger ventilation to cease and the expiratory
valve to remain open until pressure falls below a specific threshold
and then ventilation will resume. Although not adjustable by the
user, the overpressure threshold is modifiable in the software.

The code block diagram is in Supplementary Data File 2
(http://links.lww.com/CCX/A441). The main program simply
samples airway pressure, illuminates the corresponding LED for
the present airway pressure, and monitors for periods of high or
low airway pressures. High- and low-priority interrupts are pro-
grammed to handle alarms and timing of solenoid opening and
closing throughout the respiratory cycle.

MEASUREMENTS AND RESULTS

Simulation Testing

Human lung simulation was achieved with ALS 5000 (IngMar
Medical, Pittsburg, PA). Compliance and resistance testing was
achieved in a manner similar to the process described by Cristiano
et al (11). We compared the Portsmouth Ventilator with both
pressure control and volume control with a commercially avail-
able ventilator (Driger Apollo, Dréger, Lubeck, Germany). Three
initial trials were completed with the following lung parameters:

1) Resistance 12 cm H,0O/L/s and compliance 20 mL/cm H,O.
2) Resistance 12 cm H,O/L/s and compliance 50 mL/cm H,O.
3) Resistance 15cm H,O/L/s and compliance 50 mL/cm H,O.

After confirmation of acceptable tidal-volume delivery was
completed above, ISO Standard 80601-2-12:2020 specifications on
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Figure 1. Pneumatic system diagram.

volume-control settings were completed for tests 1-7. Additional tests
(8-20) were not completed due to the known tidal-volume limitations
of the ventilator (cannot deliver tidal volumes less than 300mL). A
modern commercially available ventilator was similarly tested against

Critical Care Explorations

the standard for comparison. Waveform data from these simulated
tests are displayed in Figure 2. Peak inspiratory pressure, plateau
pressure, tidal volume delivered, and percent-difference-delivered
tidal volume from predicted are summarized in Table 2.
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TABLE 1. Ranges of Values for Performance of
the Ventilator

Parameter Range

Respiratory rate 4-30 RPM
Inspiratory time 05-75s
Positive end-expiratory pressure 0-20cm H,0
Max plateau pressure 35cm H,0
Tidal volume 350-800 mL
Fio 21-100%

2

We further tested the device with varying degrees of airway
resistance and lung compliance to simulate severe ARDS and
chronic obstructive pulmonary disease based on existing litera-
ture for lung respiratory parameters (12-15). Similarly, we tested
extremes of compliance and resistance to validate further the range
of pathophysiologic states over which the ventilator can safely
operate. This included extremely low compliance with high resis-
tance, extremely high compliance with low resistance, and vary-
ing high/low combinations of compliance and resistance. Due to
lack of ISO standards for tidal-volume predictability in ventilators
that are neither traditional volume control nor pressure control,
we set an arbitrary + 10% range from predicted tidal volume in the
trial. This seems clinically appropriate, as it represents less than
1-mL/kg deviation. Because of the large pressure differences in the
pulmonary system compared with the pipeline/charging cylinder
(20cm H,O is equivalent to 0.284 PSI), we assumed the predicted
tidal volumes would remain nearly constant over a range of com-
pliance, resistance, and PEEP variables.

To be thorough, other examples of ventilator testing were
included (16, 17). Based on these, we similarly followed the pre-
viously described protocol to perform testing at a resistance of
5cm H,O/L/s and compliance of 100 mL/cm H,O, resistance of
20cm H,O/L/s and compliance of 30mL/cm H,O (ARDS), and
resistance of 50cm H,O/L/s and compliance of 100 mL/cm H,O
(obstruction) (16). We followed the additional protocol compar-
ing resistance of 5, 10, and 20cm H,O with compliances of 30,
70, and 120mL/cm H,O (17). These data are summarized in
Supplementary Data File (http://links.Iww.com/CCX/A441).

Testing revealed strongly predictable tidal volumes all within
the specified 10% change from baseline. Poorly compliant mechan-
ics were associated with higher plateau pressures and lower tidal
volumes, though the ventilator still performed within the standard
and was similar to the commercial ventilator.

Other testing is summarized in Supplementary Data File
(http://links.lww.com/CCX/A441), which describes the impact of
adding pressure chamber expansions to the main pressure cham-
ber on tidal volume and the effect of PEEP on the driving pressure
needed to generate these tidal volumes. There was a theoretical
concern that the tidal volume delivered might increase in a non-
linear manner due to increased airway pressure, but the stepwise
volume increases appear to operate in a linear manner across
physiologic pressure ranges (R* = 0.999). This simulated testing
suggests that the proposed mechanism of changing the size of
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the pressure chamber through the addition or removal of smaller
expansion chambers is a reliable and predictable means of modi-
tying the tidal volume that is being delivered to a patient. It also
suggests that the Portsmouth Ventilator is able to deliver these
tidal volumes at airway pressures that are comparable with other
commonly used ventilators.

An additional high-fidelity lung simulator (TestChest, Organis
GmbH, Landquart, Switzerland) was used for further simulation
testing. ISO standard for volume control ventilators was repeated
on the new test lung (tests 1-7) (18). The ventilator was then
against the simulated COVID-19 in the lung model. Two mod-
els were used: an early model and a late/severe model. The early
was characterized by chest wall compliance of 93 mL/hPa, total
compliance 52mL/hPa, and airway resistance 5, whereas the late
model had a chest wall compliance of 93 mL/hPa, total compli-
ance 39 mL/hPa, and airway resistance 5. This was similarly tested
against the standard ventilator.

In summary, the ventilator performance was similar to exist-
ing ventilators across a range of pulmonary mechanics. Changes in
PEEP and tidal volumes did not affect predicted tidal volume deliv-
ery. Despite changes in airway resistance and compliance, the venti-
lator was still able to deliver adequate tidal volume breaths. Based on
these simulations, the ventilator appeared to be safe for in vivo use.

In Vivo Testing

This study was approved by the Naval Medical Center Portsmouth
Institutional Animal Care and Use Committee under protocol
number NMCP.2020.0011. A single female 84-kg Yorkshire swine
was used for testing. The animal was anesthetized with intra-
muscular ketamine, acepromazine, and atropine, and placed on
100% F102 with 2% isoflurane until intubation. The animal model
remained on 100% F1o, throughout the study period. Following
intubation, the animal was transitioned to a total IV anesthetic
with fentanyl and propofol. The animal was maintained on a
standard veterinary mechanical ventilator throughout induction
(Hallowell EMC Model 2000, Hallowell EMC, Pittsfield, MA). The
animal was paralyzed with rocuronium that was titrated one of
four train-of-four twitches.

Following induction, the animal was maintained on the stan-
dard veterinary Hallowell ventilator for 60 minutes. At t = 60, the
animal model was transitioned to the Portsmouth Ventilator, and
mechanical ventilation was provided for an additional 120 min-
utes. We collected arterial blood gas measurements and recorded
pH, Po,, and Pco,att=0,t=151=30,t=451=60,t =75
t=90,t=105,1=120, t =135, t =150, t = 165, and ¢ = 180, where
t = 0 corresponds to placement of the arterial line immediately
following intubation. Samples from ¢ = 0 to ¢ = 60 reflect standard
ventilator function, and all samples beginning at ¢ = 75 reflect the
Portsmouth Ventilator. Pulse oximetry and end-tidal CO, were
recorded at these intervals. Airway pressures were monitored and
recorded by an external pressure sensor at 60 Hz, in addition to
the sensor in the ventilator. After ¢ = 180, the animal was eutha-
nized per standard veterinary protocols.

Throughout the study period, the respiratory parameters
of Portsmouth Ventilator were manipulated by the investiga-
tors to provide optimal ventilation and then to test its maximal
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ISO 1. Compliance 50 mL/hPa, Resistance 5 hPa/l/s, Tidal Volume 500 mL, Rate 20 breaths/min,
PEEP 5 cmH,0

] -

| | .‘i| I
\ AN AN
\WAVANAIAVANAN

1SO 2. Compliance 50 mL/hPa, Resistance 20 hPa/l/s, Tidal Volume 500 mL, Rate 12
breaths/min, PEEP 10 cmH,0

ISO 3.Compliance 20 mL/hPa, Resistance 5 hPa/l/s, Tidal Volume 500 mL, Rate 20 breaths/min,
PEEP 5 cmH,0
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ISO 4. Compliance 20 mL/hPa, Resistance 20 hPa/l/s, Tidal Volume 500 mL, Rate 20
breaths/min, PEEP 10 cmH,0

ISO 5. Compliance 20 mL/hPa, Resistance 20 hPa/l/s, Tidal Volume 300 mL, Rate 20
breaths/min, PEEP 5 emH,0
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ISO 6. Compliance 20 mL/hPa, Resistance 50 hPa/l/s, Tidal Volume 300 mL, Rate 12
breaths/min, PEEP 10 cmH,0O

ISO 7. Compliance 10 mL/hPa, Resistance 50 hPa/l/s, Tidal Volume 300 mL, Rate 20
breaths/min, PEEP 10 emH,0

Figure 2. Comparison of performance Portsmouth Ventilator with the Drager Apollo (Drager,
Lubeck, Germany) ventilator with ISO test numbers 1-7. Yellow waveform is airway pressure (cm
HQO) and blue waveform is tracheal/alveolar pressure. Left column is the standard ventilator and
the right column is the Portsmouth Ventilator. PEEP = positive end-expiratory pressure.
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capabilities through “stress-testing” where the
respiratory rate was increased sequentially in an
effort to determine the threshold at which the
ventilator would no longer provide safe or effec-
tive ventilation. These parameters were changed
every 15 minutes corresponding with the sched-
uled arterial blood gas analysis. The respiratory
parameters that are reported are correlated with
the blood gas analysis that was obtained 15 min-
utes after the ventilator settings were changed
(summarized in Table 3). Of note, the animal
remained hemodynamically stable throughout
the study period.

During this testing, the Portsmouth Ventilator
was able to provide adequate ventilation to the
84-kg swine model. The Etco,-to-Paco, gradi-
ent found while using the Portsmouth Ventilator
was significantly lower than the conventional
ventilator. The mean difference of these values
was significant based on a two-sided ¢ test with
p value of less than 0.001. This suggests there
was an enhanced open lung ventilation strategy
(19) when using the Portsmouth Ventilator when
compared with the veterinary ventilator. We
theorize that this finding is due to the inability
of the veterinary ventilator to administer PEEP.
The use of PEEP in modern ventilators has been
well documented to improve the gradient and is a
critical function (20, 21).

DISCUSSION

The Medicines & Healthcare Products Regulatory
Agency in the United Kingdom has released con-
sensus guidelines documenting the minimum
acceptable standards that a newly developed venti-
lator should meet prior to its use on patients who are
impacted by the COVID-19 pandemic (22). This is
the only guideline published by a major world gov-
ernment, which details the requirements, and we
ensured our ventilator met those requirements.

The Portsmouth Ventilator provides a hybrid,
pneumatic form of AC ventilation in spontane-
ously breathing patients. Inspiratory airway pres-
sure in this ventilator is limited to 35cm H,O by
design as a safety mechanism. The system uses
a PEEP valve that is commonly available within
hospital systems to provide PEEP while using a
self-inflating bag respirator, and notably is the
only medical component used in the ventilator.

The inspiratory-to-expiratory (I:E) ratio can be
adjusted from 1:1 to greater than 1:5 in the setting
of very slow respiratory rates. Likewise, the respira-
tory rate can be set from 4 to 30 breaths/min. The
tidal volume of this ventilator can be adjusted from
300- to 800-mL tidal volumes in 45-mL increments.
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TABLE 2. ISO Tests With Performance Outcomes With Drager Apollo Compared With
Portsmouth Ventilator

Peak Pressure

Plateau Pressure

(cm H,0) (cm H,0) Tidal Volume (mL) % Difference

ISO Trial

Number Drager Drager Drager PV Drager

1 19.8 21.4 15.2 172 482 535 -3.60 700
2 338 46 27 282 473 522 -6.40 4.40
3 322 28.9 21.9 25.9 490 497 —-2.00 -0.60
4 399 475 35.7 385 461 477 =780 —-4.60
5 305 38.1 22.3 26.1 285 325 -5.00 8.33
6 40.7 61.2 31.8 375 275 307 -8.33 2.33
7 40.7 63.9 36 455 246 275 -18.00 —-8.33

PV = Portsmouth Ventilator.

TABLE 3. Relevant Ventilator Settings and Measures of Ventilation During Porcine Testing

Positive
End-Expiratory
Pressure
(cm H,0)

Etco, to
Paco,
Gradient
(mm Hg)

CE]
Volume
(mL)

Arterial
oxygen
saturation (%)

Respiratory
Rate
(Beats/min)

Time
(min)

Number of
Expansions

Pao,
(mm Hg)

Etco,
(mm Hg)

Paco,

pH (mm Hg)

Spontaneous ventilation

0 20 600 = 0 751 355 42 44.2 22 99
Conventional ventilator

15 12 500 - 0 749 493 36 481 12.1 100
30 18 500 - 0 751 481 34 455 11.5 100
45 18 500 - 0 752 429 33 46.6 13.6 100
60 18 500 - 0 75 477 34 478 13.8 100
Portsmouth Ventilator

75 18 = 4 5 748 452 42 49.3 73 100
90 20 = 5 5 748 508 41 50.6 95 100
105 20 — 7 5 751 392 40 45 5 100
120 20 = 7 5 {75 461 39 45.6 6.6 99
135 24 = 7 5 754 482 35 424 7.4 100
150 24 = 7 10 756 457 34 41.2 72 100
165 24 = 7 10 757 365 31 38 7 100
180 30 = 7 10 76 428 29 8HI5 6.5 100

Etco, = end-tidal CO, partial pressure.

The Portsmouth Ventilator connects to the wall pipeline air
and oxygen supplies using diameter index safety system connec-

to provide 50-60% Fio, in addition to 90-100% Fio, options
through mixing of wall pipeline air and oxygen within the gas

tors that are standardized throughout the United States, though
these could easily be changed for the local standard connectors
wherever this ventilator is needed. By design, this ventilator has
a gas reservoir that allows for peak inspiratory flow rates of up to
120 L/min despite the average wall pipeline oxygen supply only
providing around 6-10L/min. The proportioning system is able
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blender portion of the ventilator. This ventilator also allows for
the use of standard connectors to ISO 5356-1:2015.

A commercially available lithium-polymer battery can provide
up to 30 minutes of backup function in case of failure of the main
electrical system. This system is powered by a U.S. standard 120-V
3 pin plug (this does not meet the UK. standard, though could be
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easily converted to allow for stepping down 240V) using a simple
direct current (DC) converter. The circuit can be modified to include
an on-board voltage regulator to provide 12V DC with other, more
commonly available, power sources such as a standard laptop charger.
The ventilator provides an auditory and visual alarm in the event
of gas supply failure by detecting whether minimal inspiratory pres-
sures are not achieved for a designated period of time. It also pro-
vides auditory and visual alarms in the setting of electricity supply
failure should the battery backup be required. If there is a prolonged
period of dangerously elevated airway pressures, the ventilator will
enter a fail-safe mode. In this mode, an auditory alarm will sound
and the ventilator will open the expiratory valve and not resume
ventilation until the airway pressures return to a lower level. The
ventilator displays the airway pressure in a categorical fashion, with
pressures from 0 to 20cm H,O powering a green LED, pressures
from 20 to 30 cm H,O powering an amber LED, and pressures above
30cm H,O powering a red LED. Although this does not provide the
granularity of a digital display, it is simpler and cheaper, and still
provides sufficient information to guide ventilator management.

CONCLUSIONS

The current COVID-19 worldwide pandemic may result in lim-
ited healthcare resources. Of those, one of the greatest concerns
is the risk of limited ventilators. A simple to build and easy to
operate ventilator, made with readily available components, could
provide a reliable ventilator solution in the case of surge demand.
Similarly, because of relatively low cost (< $250), this could poten-
tially provide a ventilator solution in other resource-constricted
environments. The Portsmouth Ventilator has limitations com-
pared with modern ventilators; however, we believe it provides a
safe, effective, and rapidly scalable alternative ventilation solution.
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