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There has existed a severe ventilator deficit in much of the world for many years, due in
part to the high cost and complexity of traditional ICU ventilators. This was highlighted
and exacerbated by the emergence of the COVID-19 pandemic, during which the
increase in ventilator production rapidly overran the global supply chains for components.
In response, we propose a new approach to ventilator design that meets the performance
requirements for COVID-19 patients, while using components that minimise interference
with the existing ventilator supply chains. The majority of current ventilator designs use
proportional valves and flow sensors, which remain in short supply over a year into
the pandemic. In the proposed design, the core components are on-off valves. Unlike
proportional valves, on-off valves are widely available, but accurate control of ventilation
using on-off valves is not straightforward. Our proposed solution combines four on-off
valves, a two-litre reservoir, an oxygen sensor and two pressure sensors. Benchtop
testing of a prototype was performed with a commercially available flow analyser and
test lungs. We investigated the accuracy and precision of the prototype using both
compressed gas supplies and a portable oxygen concentrator, and demonstrated the
long-term durability over 15 days. The precision and accuracy of ventilation parameters
were within the ranges specified in international guidelines in all tests. A numerical model
of the system was developed and validated against experimental data. The model was
used to determine usable ranges of valve flow coefficients to increase supply chain
flexibility. This new design provides the performance necessary for the majority of patients
that require ventilation. Applications include COVID-19 as well as pneumonia, influenza,
and tuberculosis, which remain major causes of mortality in low and middle income
countries. The robustness, energy efficiency, ease of maintenance, price and availability
of on-off valves are all advantageous over proportional valves. As a result, the proposed
ventilator design will cost significantly less to manufacture and maintain than current
market designs and has the potential to increase global ventilator availability.
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acceptable error in PEEP pressure measurements, 4 2 cmH,O.
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FIGURE 8 | 15 days of uninterrupted ventilation using the prototype system and R20/C25 test lung. Each data point represents 30 's of averaged data every 10 min.
Grey bands represent the ISO 80601-2-12:2020 acceptable uncertainty in Tidal Volume, & (4 ml + 15% of the measured value), and the ISO 80601-2-12:2020

FIGURE 9 | Sample comparison of pressure and flow rate traces between experimental prototype and numerical model. (A) pressure, (B) flow rate.

of the ventilator to additional modes of ventilation. We have
demonstrated in the present study that the clinically preferred
PRVC mode can be achieved with these components, and
additional testing (not shown) has demonstrated that the system
can operate in pressure control mode and triggered breathing
modes. However, with simplicity inevitably comes a reduction
in flexibility. Proportional valves allow precise regulation of flow
rate or pressure, for advanced ventilation modes, such as APRV
(airway pressure release ventilation), although it remains unclear
whether these modes really offer clinical benefit (22, 23). We also
cannot provide an automated control of flow rate for NIV, which
is found in many ICU ventilators, but manual control could easily
be incorporated if required.

The other minor disadvantage of the use of on-off valves,
and specifically the use of the pressure drop across the valve to

measure flow rates, is that the parameters in Equations 1 and
5 require calibration. Initial calibration would be carried out in
the factory, but as with all ventilators, regular calibration would
be required as part of general maintenance, so it is not expected
that the calibration burden would be any different in this context.
Long-term testing would be required to evaluate how much the
parameters a and n vary between individual systems and for the
same system over time.

System Performance

We used commercially available test lungs to evaluate the
performance of our prototype, which achieved excellent
performance across the range of parametric tests as well as
those set out in ISO 80601-2-12:2020. We also demonstrated
consistent, accurate operation over 15 days, which is critical
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FIGURE 10 | Bland-Altman plots of output parameters between the numerical model and experimental data. Each experimental data point represents the average of
9 breaths, taken 5 breaths after changing a single clinical input. Grey lines show linear fits to the data with the 95% confidence bands indicated by the shaded grey
regions. Horizontal solid lines show average difference and dashed lines show plus and minus two standard deviations. (A) Tidal volume, (B) PEEP, (C) PiP, (D) T,,.

for long term use. Furthermore, with no changes to the control
algorithm, the performance on the ISO tests was not affected
when using a home-use oxygen concentrator that generated 1.3
bar rather than a compressed oxygen supply at 4 bar, making the
design flexible for deployment to environments where hospital
gas supply lines are unavailable and cylinders are in short supply.

In 2014 LHer et al. reviewed the Tidal Volume and
PEEP performance characteristics for 26 different ventilators
(classified as ICU-like, Sophisticated, Simple, and Mass
casualty response ventilators) using a range of lung resistances
and compliances (24). While there are variations between
the ventilator and lung settings used, our design achieved
performance consistent with the ICU-like and Sophisticated
ventilators described therein.

Programming the system in LabVIEW enabled its rapid
development but limited its response time to ~20 ms, whereas
hardware with lower-level programming would be able to achieve
1 ms response times without difficulty and will be implemented
in future prototypes. With a faster response time, the accuracy in
PEEDP, particularly for ISO cases 6 and 7, would be improved. The
offset in PEEP of consistently ~1 cmH,O arose from the MHRA

RMVS requirement for PEEP never to go below the target value,
although ISO regulations do not specify this.

Supply Chain Factors

One of the key motivators behind the design, as per Principles
1 and 2, was to keep the supply chain overlap between our new
design and existing regulatory-approved designs to a minimum.
In addition to control valves, there are other core components
in the system that should be considered, such as oxygen sensors
and electronics.

Valves: as discussed, a major bottle neck in the supply chain
was mass flow controllers, proportional valves and flow meters.
We addressed this through the use of on-oft solenoid valves.

Oxygen sensors: the oxygen sensors used in ventilators are
typically electro-galvanic fuel cells that utilise the reaction
between lead and oxygen to produce a current. There are
unofficial reports of shortages of these components during the
pandemic. Monitoring the amount of oxygen delivered to the
patient (FiO,) is an important safety feature to avoid hyperoxia
or hypoxia. Our design incorporates an oxygen sensor to increase
the accuracy and response rate of the control algorithm for
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FIGURE 11 | Numerical model predictions of the variations in critical outputs
of the inspiration pathway with the flow coefficient of Valve C. Ventilation
conditions are labelled by their numbers according to the ISO
80601-2-12:2020 test requirements (Table 2). (A) Tidal volume, with the ISO
requirement of being within 10% of the target values shaded green and ranges
of K, ¢ that fail to meet ISO specifications shaded red. (B) PiP, and (C)
difference between PiP and pp¢. Vertical dashed lines indicate flow coefficient
of valve used in the prototype.

regulating oxygen concentration. However, due to the use of on-
off solenoid valves, the delivered oxygen concentration at steady
state is directly related to the proportion of time that the Oxygen
and Air Inlet Valves are open, provided the supply pressures are
equal. Hence, it would be straightforward to build a version of
our design without an oxygen sensor that would provide similar
accuracy, albeit with a longer response time to a change in FiO,.

Pressure Sensors: it is vital that pressure is monitored during
ventilation in order to avoid barotrauma and achieve accurate
PEEP control. Our design uses two pressure sensors, which is
typical. Indeed, many ICU ventilators typically require more for
accurate operation of their control algorithms.

Electronics: to achieve ICU-level ventilation performance,
all modern ventilators require some level of electronic
componentry. The circuitry required to drive on-off valves
(a relay with software to minimise power usage in the active
position) is much simpler than the current regulation circuits
typically required to control proportional valves (for which
inaccuracy in current will directly affect pressure). Additionally,
as the control algorithm predominantly requires only evaluation
of timing control (Figure2), it can be easily re-written for
different microcontrollers. Indeed, we have a functional
prototype PCB version of our design based on an Teensy
Microcontroller (PJRC).

In summary, while our design is still dependent on the supply
chain, it requires fewer specialist core components and offers
several advantages as a result of the simplicity of the design in
line with Design Principles 1 and 2.

Lung Models

A limitation of this study is the lack of human or animal data to
validate the system. However, healthy animal lungs would not be
able to realistically replicate the high-resistance, low-compliance
state of pathological human lungs in respiratory disease, so
such data would not significantly enhance the current analysis.
Human trial data is essential for evaluating the ability of the
proposed design to deliver efficient and comfortable ventilation
to patients, and it will be essential to demonstrate equivalence
with existing ventilators to achieve full regulatory approval.
However, our benchtop testing evaluation has demonstrated
that the proposed design is capable of delivering the required
performance over a range of clinical parameters and model lung
configurations. The only notable difference between the current
approach and standard ventilators is the shape of the flow curve
during exhalation (Figure 3) where the flow rate rapidly drops
to zero at PEEP, rather than following an exponential decay.
However, as the pressure falls steadily to PEEP, we do not expect
this to result in any discomfort for the patient. Furthermore, this
response offers the significant benefit of rapid exhalations for
challenging lung dynamics, (particularly high resistance and high
compliance) which reduces the risk of breath stacking.

While the numerical model was successfully validated against
the in vitro experimental data in test lungs, the lumped parameter
representation of the lungs (used in both the experiments and
numerical model) has limitations. The series resistance and
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FIGURE 12 | Numerical model predictions of pressure (A,C,E) and flow rate (B,D,F) under conditions of ISO 80601-2-12:2020 test case 4 (purple lines in Figure 11)
at three values of K, ¢ that are representative of three inhalation regimes.

compliance model, which is well-accepted for the purposes of
preclinical testing and forms the basis of the relevant I1SO
standards, is a significant simplification. Furthermore, the model
assumed constant resistance and compliance, which was not the
case for the experimental test lungs (Supplementary Figure S2).
The adult human airway network is a combination of millions of
dynamic resistors and non-linear compliance elements in series

and parallel. Several authors have proposed improvements to
these models, such as including a series inertance to represent
the upper airways in combination with a constant-phase complex
impedance to represent the alveoli (25). This approach has
been shown to reproduce lung behaviours for a wide range of
conditions, including asthma (26) or acute lung injury (27).
Others have proposed including a non-linear lung elastance
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FIGURE 13 | Numerical model predictions of the variation in (A) PEEP and (B)
the fraction of exhalation time required to reach PEEP for different values of the
flow coefficient of Valve D. Ventilation conditions are labelled by their numbers
according to the ISO 80601-2-12:2020 test requirements (Table 2). The red
shading indicates a failure in at least one of the test cases (PEEP more than 2
cmH>O away from target), predicted for K, p < 0.29. Vertical dashed lines
indicate flow coefficient of valve used in the prototype.

(28), or accounting for spatially varying degrees of alveolar
unit recruitment, which are common in disease (29). Such
adaptations to the model are outside the scope of the current
study but could be useful in refining control algorithms following
clinical trials.

Future Development

In order to convert the prototype to a deployable medical
device, the emergency design will need to be re-developed
under an I1SO13485 framework. This study demonstrates
that the concept is sound. Additionally, in this study we
demonstrated a pressure-regulated volume control mode,
but the prototype can also deliver pressure regulated and
spontaneous (triggered) breathing modes. The latter allows
supported breaths triggered by patient effort that enables
weaning from ventilation, a critical part of the recovery process.

This additional functionality is currently undergoing rigorous
evaluation with custom testing equipment designed to simulate
patient effort.

Conclusions

We demonstrated that our prototype is accurate, durable and
flexible to different gas supply pressures. Together with low
power usage and robustness, this makes the design ideal
for use in emergency settings for COVID-19. Furthermore,
these same characteristics make the system ideal for use
in low and middle income countries and newly emerging
economies, where respiratory conditions such as tuberculosis,
malaria and influenza result in millions of deaths every year
(30, 31). Resolving the huge inequity in access to life-saving
medical devices is a complex problem, requiring not only
the ventilators, but the infrastructure around them, including
power, compressed gas supplies, hospital beds, suitably trained
clinical staff and available engineering skills for repair and
maintenance. While a ventilator design cannot address all of
these factors, through simplicity of manufacture and operation,
we believe that this approach has potential to contribute to this
important mission.
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