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The novel Mechanical Ventilator Milano for the COVID-19 pandemic
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This paper presents the Mechanical Ventilator Milano (MVM), a novel intensive therapy mechanical
ventilator designed for rapid, large-scale, low-cost production for the COVID-19 pandemic. Free
of moving mechanical parts, and requiring only a source of compressed oxygen and medical air
to operate, the MVM is designed to support the long-term invasive ventilation often required for
COVID-19 patients, and operates in pressure-regulated ventilation modes, which minimize the risk
of furthering lung trauma. The MVM was extensively tested against ISO standards in the labo-
ratory using a breathing simulator, with good agreement between input and measured breathing
parameters and performing correctly in response to fault conditions and stability tests. The MVM
has obtained Emergency Use Authorization by U.S. Food and Drug Administration (FDA) for use
in healthcare settings during the COVID-19 pandemic, and Health Canada Medical Device Autho-
rization for Importation or Sale, under Interim Order for Use in Relation to COVID-19. Following
these certifications, mass production is ongoing and distribution is underway in several countries.
The MVM was designed, tested, prepared for certification and mass produced in the space of a few
months by a unique collaboration of respiratory healthcare professionals and experimental physi-
cists, working with industrial partners, and is an excellent ventilator candidate for this pandemic

anywhere in the world.

DElectronic mail: walter.bonivento@ca.infn.it



I. INTRODUCTION

Mechanical ventilation is a necessary tool in every modern intensive care unit (ICU). The type
and intensity of ventilation support required by a patient varies over the course of treatment. Mod-
ern mechanical ventilators are versatile and adapt to patient needs. Commercially available de-
vices control volume, pressure, or gas flow, and the breathing cycle timing. They support patients
who cannot breathe, and who can still trigger a mechanical cycle by a spontaneous inspiratory
effort' Present-day mechanical ventilators are complex machines, consisting of many specialized
components and featuring several ventilation modes' .

The exponential growth of COVID-19 in 2020 put ICUs all over the world under unprecedented
pressure. The drastic increase in demand of these devices exceeded the capacity of the existing
supply chains, especially in regions where cross-border supply has been disrupted. This created
the need for a simpler, but technically suitable machine that could be mass-produced on a very
large scale and in a short timeframe.

The MVM collaboration has responded to this need by developing the Mechanical Ventilator
Milano (MVM), a reliable, fail-safe, and easy to operate mechanical ventilator, built from a small
number of readily available parts.

The design is inspired by the idea proposed by Manley* back in 1961, i.e. the possibility of
using the pressure of the gases from the anesthetic machine as the motive power for a simple
apparatus to ventilate the lungs of the patients in the operating theatre’, but using a completely
different design, i.e. in particular, replacing all moving mechanical parts with electro-mechanical
components, allowing better parameter control and improving robustness and reliability in the
long-term operation, often needed by COVID-19 patients, as also discussed in Section II.

The MVM was designed in a collaboration between healthcare professionals and experimental
physicists, benefiting from the medical expertise of the former and the latter’s technical expertise in
designing gas handling systems, with industrial partners (Elemaster, Italy and Vexos, Canada) who
provided access to laboratories and production lines for both R&D and prototype construction.

The MVM was certified by the Center for Devices and Radiological Health, U.S. Food and
Drug Administration (FDA) for Emergency Use Authorization in May 2020, in response to con-
cerns relating to insufficient supply and availability of FDA-cleared ventilators for use in health-
care settings to treat patients during the COVID-19 pandemic, and received Health Canada Med-

ical Device Directorate Authorization for Importation or Sale, under Interim Order for Use in
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Relation to COVID-19 in September 2020. A production run of 6000 units was recently per-
formed in Canada (Vexos and JMP Solutions). The cost of a single unit turned out to be about
10000 USS$, about five times less than commercially available mechanical ventilators for ICUs.

The MVM is a mechanical ventilator for adult patients assisted with tracheal tubes, designed
to control pressure, while the resulting delivered volume is measured. Pressure control is widely
used for COVID-19 patients, who are susceptible to further lung damage from too high a pressure
or volume®®. The MVM can be operated in two modes, pressure-controlled ventilation (PCV),
and pressure-support ventilation (PSV). In PCV mode, the ventilator controls the timing of the
breathing cycle and regulates the pressure applied to the patient. PCV mode is used in the acute
phase of the disease when patients are deeply sedated or paralyzed. By delivering the mechanical
breath with an exponentially decelerating flow pattern, PCV allows pressures to balance across
the lung units during a preset time, resulting in significantly reduced pressures and in improved
distribution of ventilation. This lowers the risk of barotrauma attributable to the high pressures
often required to ventilate these patients’. PSV is an assisted ventilatory mode that is patient-
triggered, pressure-limited, and flow-cycled. The main use of this mode is for the weaning of the
patient from mechanical ventilation, because it unloads the work of breathing and allows a gradual
decrease of ventilator support until extubation'?.

Invasive mechanical ventilation exposes the patient to risks arising from infections, pneumoth-
orax, ventilator-associated lung injury, and oxygen toxicity'!, as well as from operator error.
Therefore, the MVM has a sophisticated integrated alarm system, in accordance with EN 60601-
1-8:2007, that monitors the various aspects of the breathing cycle and alerts the operator when
any anomaly arises. The hardware and software are designed to be as straightforward as possible
to mitigate the risk of operator error. In addition, the MVM must be used in association with an
oximeter and a capnometer.

Vocabulary and semantics are defined consistently with ISO (International Organization for
Standardization) 19223:2019. The system is designed to comply with the guidelines defined in
ISO 80601-2-12:2020. The test results demonstrating compliance are discussed in Section VI A.

II. MEDICAL CONSIDERATIONS

According to current studies, approximately 5 % of patients hospitalized with COVID-19 de-

velop severe lung damage'?!3. This condition reflects the pathophysiology of severe acute respi-



ratory distress syndrome (ARDS). ARDS is a disease characterized by reduced lung compliance
due to the loss of surfactant function, collapsed lung areas, and accumulation of interstitial/alve-
olar plasma leakage. Computerized Tomographic (CT) scans demonstrate uneven distributions
of aerated areas, and dense, consolidated regions of the lung; the remaining alveolar surface for
gas exchange is greatly reduced in adult patients, a condition termed baby lung'“. It has been sug-
gested that the clinical management of COVID-19 patients with severe lung damage should follow
the established guidelines for ARDS subjects!>!®. This opinion has been confirmed by a recent
study comparing COVID-19 subjects to patients affected by ARDS due to other causes; the phys-
iological differences between ARDS from COVID-19 and other causes were found to be small'2,
The principal supportive treatment for ARDS patients is mechanical ventilation with supplemental
oxygen, currently deemed most appropriate, following a discussion that has been ongoing since
the syndrome was first described in 1967'7. The tidal volume (Viga) is a key parameter, with
potentially unfavorable effects if incorrectly set, such as ventilator-induced lung injury. Starting in
the 1970s, a Vijga of 12—15 mL per kg of predicted body weight (PBW) was recommended by clin-
icians until, in 2000, the Acute Respiratory Distress Syndrome Network reported that the length
of hospital stay and mortality could be significantly reduced using a lung-protection strategy. This
strategy includes a low Vg, ventilation (<8 mL per kg of PBW) to avoid overdistension of the
baby lung, a limited plateau pressure (PP) <30 cmHO, and a sufficient positive end expiratory
pressure (PEEP) <15cmH,0'8. PEEP targeting must be tailored to prevent lung injury due to
cyclic alveolar opening and collapse and to improve oxygen delivery (amount of lung recruited)

while avoiding volutrauma (lung overdistension) and cardiovascular compromise.

In addition to invasive ventilation, a series of therapies were tested in patients affected by
COVID-19 pneumonia: nasal high-flow therapy, continuous positive airway pressure, and non-
invasive ventilation. It has been found that these strategies are suitable only in the mild, early stage
of the disease, when they may be effective in stabilizing the clinical course. The early stage of
COVID-19 pneumonia is mainly characterized by an injury to the vascular endothelium, disrupted
vasoregulation, and hypoxemia owing to ventilation-perfusion mismatch. The greater part of the
lung is not yet affected, which explains the relatively good pulmonary compliance at this stage and
the interstitial rather than alveolar edema seen in the CT scans'®. For patients with severe cases
or who do not respond well to milder early-stage treatments, COVID-19 pneumonia may develop
into ARDS, requiring treatment with an invasive ventilation device, such as the MVM. The length

of invasive ventilation treatment can last from a few days to several weeks and depends on the
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severity of ARDS and the presence or absence of comorbidities!®.

III. VENTILATOR DESIGN

Figure 1 shows a schematic of the MVM, with typical connections to the patient and to the
oxygen and medical air lines. The gas blender, GB-1, is external to the MVM unit. The breathing
circuit and other items that get in contact with or are near the patient are replaced before each
use. The ventilator receives its breathing supply from the facility and the operator sets the fraction
of inspired oxygen (FiO,), i.e, the concentration of oxygen in the gas mixture, on the external
gas-blender GB-1. The pressure out of the gas-blender is monitored by PI-5 and regulated to the
pressure appropriate for the MVM by PR-1. RV-1 relieves in case of excess pressure at the input
to the MVM.

The MVM operates by opening the inspiratory valve, V-1, to provide the breathing gas to the
patient at the desired pressure with the expiratory valve, V-2, closed. On command from the
controller, V-1 is then closed and V-2 is opened, to allow the patient to exhale. A mechanical
PEEP valve, RV-2, sets a positive end-expiratory pressure. At the end of the expiratory phase, V-2
is closed, V-1 is opened and the cycle repeats.

V-1 is a proportional solenoid valve controlled by a loop using the pressure measured by PI-3.
V-2 is a low-impedance pneumatically operated valve and is controlled by a three-way electrical
valve, V-4. To avoid the need for a second source of gas, the pneumatic control is effected using
the MVM input gas regulated to low pressure by PR-2. Relief valves RV-3 and V-3 prevent over-
pressure and under-pressure, respectively, in the line to the patient. The pressure in the expiratory
line is measured by two independent indicators PI-2 on the main control board and PI-6 on the
supervisor board. The (unidirectional) flow of gas to the patient from V-1 is measured by FI-1;
the (bidirectional) flow of gas into and out of the patient is indicated by PI-1, using the pressure-
differential developed over FI-2. The oxygen content of the gas provided to the patient is measured
with OS-1. The breathing circuit shown is a standard single-limb unit with integrated wye. V-5 is
a check-valve to prevent back-flow from the patient into the MVM.

F-1 is a bacterial filter ensuring that the air exhausted from the ventilator is free from bacteria
or virus particles and thus safe for doctors and nurses surrounding the patient. Indeed this filter
prevents the large diffusion of droplets that would otherwise be emitted in the surroundings, as

20-22

demonstrated by many flow visualization studies . It should be added, however, that none
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FIG. 1: A schematic of the MVM ventilator system (light blue box) with the connection to the
patient. Dashed lines indicate electrical connections and solid lines indicate gas connections.
Thick black lines represent the breathing circuit, thin red lines are connections to pressure
measurements, and the green line is the gas connection to drive the pneumatic valve at the end of
the expiratory line. The direction of gas flow is indicated by the blue (inspiratory phase) and red
(expiratory phase) arrows. The lines in gray indicate the breathing circuit relief lines. The beige
rectangle represents the main electronics and control board and the yellow square represents the

supervisor board, which provides a redundant monitor and control.

of these studies has targeted the surroundings of an infected mechanically ventilated patient, this

being a potential subject for a new study.

Fig. 2 shows the inside of the stainless steel enclosure of the MVM, with the pneumatic control

components and the electronics boards.
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FIG. 2: A view of the inside of the MVM: the labels identify the components as in Fig. 1 .

IV. OPERATING MODES
A. Pressure-Controlled Ventilation Mode

PCV is a time-cycled ventilation mode in which the operator sets the inspiratory pressure, the
PEEP, the duration of the inspiratory phase of the breathing cycle, and the number of breaths per
minute. As flow and volume are not directly set, the resultant patient tidal volume varies depending
on lung compliance and resistance, patient effort, and inspiratory pressure.

A new inspiration begins either after a breathing cycle is completed according to the set res-
piratory rate (RR), or if the MVM detects initiation of a breath by the patient before the cycle
completes and the inhale trigger criteria are met. The trigger window for a patient-initiated breath
occurs during the expiratory phase of the previous breath. When inspiration begins, the MVM
provides the patient with the set inspiratory pressure (Pj,s,) for the set duration of the inspira-

tory phase of the breathing cycle. The respiratory rate and the ratio between the inspiratory and

11



expiratory times (I:E) are the parameters that control the time cycle.

B. Pressure-Support Ventilation Mode

In PSV mode, the MVM provides pressure to help the patient breathe, while the patient controls
the RR. This mode is unsuitable for patients who cannot initiate breaths on their own. A pressure-
support breath is initiated when the MVM detects a sudden pressure drop, which indicates the start
of patient inspiration. Such sudden drops in the pressure are determined by measuring the changes
in the rate at which the pressure is decreasing, indicated by the downward curvature near the start
of the pressure vs. time waveform.

When a pressure-support breath is triggered, the MVM increases the pressure to the set Pjpgp.
‘When the patient’s inspiratory flow drops below 30 % of its peak, the MVM ends inspiration and
returns the pressure to the baseline, allowing exhalation. If the patient does not trigger a breath
within a set apnea-trigger time window, the MVM switches to PCV mode, and an apnea alarm is

activated, that the operator must reset.

V.  ELECTRONICS AND SOFTWARE

The electronics and software are responsible for controlling the valve systems, reading the pres-
sure, flow, and oxygen sensors, generating audible and visible alarms in the hardware (including
LEDs, and buzzers), monitoring the correct ventilation, and interacting with the operator.

Both electronics and software are composed of three main macro-components: graphical user
interface (GUI), controller, and supervisor. The GUI is a touch-screen panel that displays the
information needed to check the respiratory condition, allows parameter setting, and displays ven-
tilation parameters and alarm settings. When the controller receives operator input from the GUI,
it communicates with the valve controllers, serial interfaces, and other subcomponents and sends
them commands. The supervisor monitors the overall system behavior and ensures that the ma-

chine operates safely.

A. Electronic hardware

The MVM operations are managed by an electronic board hosting all the components required

to measure the relevant quantities, drive the solenoid and proportional valves, and activate visual
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and audio signals for the operator. The board houses a micro-controller (Espressif-ESP32), a
Raspberry Pi 4 and the supervisor.

The ESP32 includes a dual-core 240 MHz micro-controller, 0.5 MB of RAM, WiFi and Blue-
tooth connectivity. The ESP32-based solution is widely used in the InternetOfThings environment,
hence it is readily available. It is programmed using an Arduino core (Espressif). A USB connec-
tion between the main controller and the Raspberry Pi enables the transmission of commands and
settings from the GUI to the ESP32 and the read-back of the system status.

The supervisor implements a micro-controller that is programmed with the standard Arduino
boot loader to allow firmware updates via an opto-isolated serial connection with the Raspberry
Pi. This connection is also used to enable monitoring during the ventilation.

The power is provided by an external unit, equipped with a battery ensuring 2 hours of auton-
omy, that generates two independent 12 V sources. One is regulated with step-down converters to
3.3V and 5V, as required to operate the sensors and the ESP32. The other one provides power
to the valves and to the supervisor and Raspberry Pi. A failure of either of the supply lines would
still leave a micro-controller active to alert the operator and to return to a safe state.

Three 12C buses connect the sensors and the micro-controllers. The main I2C bus connects
the pressure sensors PI-1 and PI-2, and the flowmeter FI-1 to the ESP32. Two ADCs connect
to the main bus, digitizing the readings from the FiO, analog oxygen sensor and the PI-5 analog
pressure sensor, and monitoring internal voltages. The main I2C bus connects the supervisor to
the main processor, enabling the watchdog function. An I2C bus multiplexer is installed to avoid
address conflicts. A priority bus connects the PI-3 sensor to the ESP32 and allows it to be polled at
frequencies over 1 kHz, as required by the fast proportional—integral-derivative pressure controller.
A third dedicated 12C bus connects the supervisor with the PI-6 sensor and an ADC that monitors
the board’s internal voltages. This auxiliary bus ensures normal supervisor operation in case the
main I2C bus freezes.

The control boards include ON/OFF valve controls, current-feedback valve controllers, and

visual and audio alarm circuits.

B. Software

The high-level software architecture, shown in Fig. 3, illustrates the communication among the

three software components.
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FIG. 4: Front view of the MVM.

1. GUI

When turned on, the GUI guides the operator through startup procedures, including setting op-
erating parameters and alarm thresholds, and performing hardware and software tests. The GUI

home screen has three parts, as shown in Fig. 4. The center part displays the three monitored pa-
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rameters waveforms (airway pressure, inspiratory tidal volume, and airflow). A side panel displays
other monitored parameters, alarms, and warnings, while the bottom part is dedicated to parameter
setting. The GUI is written in Python3 using the PyQt5 library. It runs on a Raspberry Pi, chosen

for its wide availability and its computing-power to power-consumption ratio.

2. Controller

The controller software, implemented in C++, receives input from the GUI and interacts directly
with the hardware by receiving patient breathing data and issuing commands. The controller
software is divided into four components: the interface, monitor, control, and hardware driver.
The interface communicates with the GUI and supervisor, the monitor observes the sensors and
the system status and triggers alarms, the control changes the respiratory phases using a state
machine and controls valves, and the hardware driver opens and closes valves and raises the visual
and audio alarms.

The operation modes are implemented in the controller with a state machine. Fig. 5 shows a
simplified version of it, modeled with the Yakindu Statechart Tool (Itemis AG). It describes the
states in which the device can operate and the transitions between them. In particular, the machine
starts in the StartUp state and needs to complete all the SelfTests before operating. The state
machine interacts with the valve controller, opens and closes the expiratory valve V-2 and sets the
desired pressure for the inspiratory valve V-1. The corresponding C++ code has been generated
from the statechart model and integrated into the controller logic. The SelfTests take about ten
minutes to complete, assuming the doctor already knows the parameters to be set for the alarm
thresholds and has been using the MVM before.

In a breathing cycle, the MVM controls the valve V-1 to increase the pressure during the inspi-
ration phase for the prescribed time duration. The actual tidal volume depends on patient response
and on how quickly the regulator reaches the pressure set point, Pg. To protect the patient, the
device must never overshoot this point significantly, by controlling the pressure peaks. To satisfy
these objectives and constraints, the control algorithm has been designed to reach Py in a fixed
rise time, and without overshooting.

A control architecture that implements two nested loops, often used in safety-critical industrial
products, allows a simpler controller tuning, based on first-principle considerations, and ensures a

sufficient robustness against disturbances. Fig. 6 shows the controller structure and the simplified
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FIG. 5: The state machine of the controller software.

lumped parameters model used to represent the patient respiratory system, i.e. the lung linear
resistance, Ry, and compliance, Cpyi. The outer loop regulates the pressure at the patient with the
PI-2 sensor, read at 300 Hz rate; its controller is a simple integrator, whose time constant depends
only on the desired rise time. The inner loop controller is a proportional-integral regulator that
is automatically tuned via the patient parameters. The inner loop is fed back with the pressure
at the valve outlet PI-3, read at 1 kHz rate. The patient parameters are automatically determined
during the first three respiratory cycles. To ensure patient safety during this phase, the inner
controller parameters are fixed and set to guarantee smooth pressure rising within 300-500 ms,

over the expected range of Rpa and Cpy,with an overshoot always lower than 2 mbar. A recursive
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FIG. 6: Schematics of the pressure controller that manages the pressure at the patient. It is based
on two nested loops. The Proportional-Integral regulator of the inner loop, driven by the
difference between the output of the outer loop regulator and the pressure at valve V-1 output
(PI-3 sensor), actuates the V-1 valve. The Integral regulator of the outer loop ensures that the
pressure at the patient (sensor PI-2) tracks the set pressure value. Pressure sensors PI-3 and PI-2
are placed at the input and output of the breathing circuit connecting the ventilator to the patient,
respectively. The controller automatically identifies a simplified model of patient lungs, to tune

the inner loop regulator.

least-square method is used to estimate the patient parameters, limiting memory use in the micro-
controller. The estimator uses pressure and flow measurements from a single inhalation, assuming
the lumped-parameter model and negligible ventilator resistance and compliance compared to the
lungs. The identified Ry, and Cpy are used to tune the inner loop and the time constant of the
outer loop to reach a more desirable rise time of about 100 ms. Model parameters, estimated after

three respiratory cycles, are continuously updated and re-tuned as necessary.
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3. Supervisor

The supervisor software is implemented in C++. It is responsible for monitoring the controller,
the GUI, and the hardware. In case of errors, it raises alarms if not already raised by the controller
or the GUI, ensuring patient safety. For instance, if the pressure in the circuit exceeds the maxi-
mum allowed value for a given duration, the supervisor switches off the ventilation and brings the
valves into the safe position (valve V-1 closed and V-2 open). Like the controller, the supervisor
has a state machine that models its behavior. After startup, the supervisor waits for the opera-
tor to start the self-test procedure. Then, the supervisor alternates between two operation modes:
breathing off (the MVM is ready to work but it is not ventilating) and breathing on (the device is

ventilating). The supervisor can move into a fail-safe state from any state, in case of errors.

C. Software Certification

Software for mechanical ventilators must comply with the IEC 62304:2015, a global bench-
mark for the management of the software development lifecycle. The standard was prepared
jointly by the IEC (International Electrotechnical Commission) and the ISO technical commit-
tees. It is recognized by many organizations, including the European Union, the U.S. FDA, ANSI
(American National Standard Institute), and the SFDA (State Food and Drug Administration) of
China and Japan. To comply, we have applied the V-model, which involves the development pro-
cess shown in Fig. 7. The GUI and controller software were required to be in safety class A, and

the supervisor software in safety class C.

VI. TESTING

A. Tests in PCV mode, based on the ISO testing protocol

The test setup is equivalent to that described in Fig. 201.102 in the ISO 80601-2-12:2020 ref-
erence standard. The breathing simulator (IngMar Medical - ASL 5000) is used both as a test
lung (with settable compliance and resistance) and as an independent sensor for pressure, flux,
temperature, and oxygen concentration.

This series of tests refers to the ISO reference standard, Section 201.12 for pressure-controlled

inflation-type testing, Subsection 201.12.1.102, verifying that breathing parameter values set and
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FIG. 7: Software development process. It is based on the V-model, and agile practices have been
integrated (circular arrow) to facilitate team collaboration, iterative development, and flexible
response to changes. Each development activity on the left-hand side of the V-model corresponds

to a testing activity on the right-hand side.

measured by the MVM agree to within the declared accuracy range. For the tidal volume, Va1,
which is not set in MVM, the measured value is compared with the value independently measured

by the breathing simulator.

Table I summarizes acceptable ranges for the measured breathing parameters of interest. Out
of the 21 tests in the ISO standard Table 201.105, we performed the first 11, as they are the ones
involving tidal volumes in the range relevant for MVM operation (S0mL < Vijg, < 500mL). For

each condition, we ensured that the breaths resulted in smooth and reproducible time traces, as
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TABLE I: Acceptable ranges for the measured breathing parameters of interest. BAP stands for

Baseline Airway Pressure.

Parameter Range Units
PP +(24 (4% of set value)) [cmH,0]
PEEP +(24 (4% of set BAP value)) [cmH,0]
Viidal +(4+ (15 % of measured value)) [mL]
RR +(0.5+ (5% of set value)) [min—1]
LE +(0.1+ (5% of set value))
SIM tidal volume [cl] SIM flux [I/min] = SIM airway pressure [cmH20]
40
g 20
EES
LT a
=5
H
<
-20
Resistance = 20 [cmH20/l/s] Compliance = 20.0 [ml/cmH20] PEEP = 5.0 [cmH20]
20 Insp|ratory Pressure 20 O [cmHZO] Resp|ratlon rate 20 O [breath/mm] |

925 950 975 1000 1025 1050 1075
Time [s]

FIG. 8: Example waveforms from the breathing simulator with the MVM in PCV mode, referring
to test number 5 of Table 201.105 of the ISO 80601-2-12:2020 standard.

shown in Fig. 8. Measurements were taken over 30 cycles in steady-state conditions. The airway

PP and PEEP were measured in the last S0 ms of the inspiratory and expiratory phases, respec-

tively. Viqa Was obtained by averaging the MVM measurement over 30 cycles and compared to

breathing simulator measurements, averaged over the same cycles. RR and I:E were calculated

from the collected waveforms using custom algorithms. The calculated values agree well with

those from the breathing simulator. When comparing the breathing simulator measurements to the
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values set on MVM (or in the case of Vg1, to the MVM reported value), all breathing parameter
values are found to be within the acceptable range of Table I, individually for all the 30 cycles

considered in each of the 11 tests.

B. Single-fault test condition based on ISO protocols

The system robustness against the specific single fault conditions listed in Section 201.13.2.101
of the ISO standard was successfully tested. The test conditions relate to the disruption, discon-
nection, or bad connection of the external components, such as the gas delivery to the patient
pathway or the pressure to the patient sensors. This test ensures that when any one of the fault
conditions is triggered, the system successfully keeps the patient breathing parameters in the safety
zone and triggers an alarm. Fault conditions are induced manually by disconnecting external com-
ponents during test operation, such as the PI-2 sensor. Once the default conditions are restored,

the ventilator performance is re-established automatically.

C. Long-term durability tests

Several units were tested continuously for three month periods. During this testing, the units
met all the criteria defined for correct operation as there were no alarms of any kind recorded

during the testing.

D. Response of the ventilator to an increased oxygen concentration

Paragraph 201.12.1.105 of the ISO standard requires evaluating the ventilator’s speed of re-
sponse to a change in the FiO, set point. This test involves measuring tys., the time required for
the oxygen concentration in the lung to rise from 21 % to 90 % when the input FiO; is suddenly
increased to 100 %. This test is performed by connecting the MVM to a gas analyzer (FLUKE
- VT900), which measures the FiO,, and to an adjustable test lung, loading the parameters in
Table II into the MVM, and starting it in PCV mode with FiO, at 21 %. Once the steady-state
conditions are reached, FiO; is then abruptly increased to 100 %. The measured time tys. for the

oxygen concentration to reach 90 % during the expiratory phase is reported in Table II.
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TABLE II: Parameters used for testing the MVM response to the increase in FiO,, and the

resulting t;se measurements.

Viidal LE RR Rpu Cpat trise
[mL] [min~!] [cmH,0/(Ls)] [mL/cmH,0)] [s]
500 1:2 10 5 20 76
150 1:2 20 20 10 85

E. Tests in pressure-supported ventilation mode

In PSV mode, the patient actively initiates a breathing cycle by producing a pressure decrease
in the airway. The ventilator must readily recognize this decrease and provide airflow support so
as not to stress the patient’s respiratory system. The MVM must also recognize the patient-driven
end of the inspiratory phase and begin the expiratory phase. To achieve a quick response to the
recognition of the patient breathing effort, a trigger system based on the second derivative of the
airway pressure with respect to time was devised. The trigger sensitivity is set by varying the
threshold on the maximum value of this parameter.

A typical waveform of the MVM operating in PSV mode is shown in Fig. 9. Even in the case of
a patient’s breathing effort as low as 2 cmH,O, the MVM recognizes the effort within 100-200 ms
and starts the inspiratory phase providing the desired pressure support. This is well within the

parameters required by physicians for respiratory rehabilitation.

F. Evaluation of biocompatibility

Biocompatibility of breathing gas pathways of a brand-new MVM was assessed according
to the ISO 18562-3:2017 guideline. The analyses were carried out using a thermal desorption
unit coupled to gas-chromatography and mass spectrometry detection, in compliance with the
ISO 16000-6:2011 guideline. The tests showed that volatile emissions from a brand-new MVM
system are limited to a few chemicals, which mainly belong to the siloxanes family. The presence
of such chemicals was somehow expected, due to the large use of silicones in biomedical devices.
All values complied with permissible levels suggested from the ISO 18562-3:2017 and decreased

after one day of use as they were washed away from medical air.
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FIG. 9: Example waveforms from the breathing simulator with the MVM in PSV mode.

VII. CONCLUSION

The Mechanical Ventilator Milano, a novel intensive therapy mechanical ventilator designed
for rapid, large-scale, low-cost production for the COVID-19 pandemic, was conceived, designed,
prototyped, and tested by a unique international collaboration of scientists, medical specialists,
and industrial partners. Within few months, it has received certification from U.S. and Canadian
health agencies for interim use during the COVID-19 pandemic, representing an achievement that
we hope will save lives. The information contained in this and our previous papers is open access
and available for use under the terms of CERN Open Hardware Licence v2.0 type “P”. For more

detailed engineering and manufacturing information, please contact the manufacturers.
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