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Abstract
Background: Acute respiratory failure (ARF) remains a leading cause of emergency
medical intervention and requires prompt management to prevent severe morbidity
and mortality. Non-invasive ventilatory (NIV) support in the pre-hospital setting via
Continuous Positive Airway Pressure (CPAP) can improve ARF outcomes. However,
existing CPAP devices demand specialized technical expertise and require complex
setup, thereby presenting usability barriers in emergency out-of-hospital scenarios. Aim
of this study was to develop, and preclinically validate, a portable, ready-to-use CPAP
device specifically designed for out-of-hospital emergency treatment of ARF.Methods:
The device performance, efficacy and safety profile were evaluated using a high-fidelity
lung simulator replicating various ARF conditions at different respiratory requirements.
Positive End-Expiratory Pressure (PEEP) levels were monitored. Afterwards, usability
was assessed by 15 operators of varying medical expertise, who applied the device
on a manikin connected to the simulator. Results: In preclinical validation tests the
device demonstrated reliable performance, consistently stabilizing PEEP around the
target value of 5 cmH2O across all simulated scenarios. In usability tests, 93% of
operators successfully applied the device, achieving the target PEEP in the simulated
manikin setting. The operators’ feedback highlighted that the device provides respiratory
support in a compact and user-friendly format and is of rapid and intuitive application
with minimum effort. All operators expressed their willingness to use the device
during real emergency situations. Conclusions: Our new CPAP device showed promise
in preclinical simulation-based tests as a tool for improving pre-hospital emergency
response to ARF, enabling timely, effective and safe respiratory support during critical
early phases. Validation tests in humans are ongoing.
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1. Introduction

Acute respiratory failure (ARF) is a medical emergency that
can rapidly lead to death if not promptly treated [1–3]. The
worsening of ARF towards life-threatening conditions is in-
deed rapid and the delay in treatment is a cause of poor
prognosis [1–3]. On the other hand, to date, the treatment
of out-of-hospital ARF is often delayed till the arrival of the
emergency team or patient’s hospital admission. The first-line
treatment of ARF consists in most cases in providing non-
invasive respiratory support to increase blood oxygen levels

and reduce respiratory fatigue. In particular, continuous pos-
itive airway pressure (CPAP) is a well-established, safe and
effective therapy for ARF, which can reduce ARF progres-
sion, related complications and even mortality. Preventing
airway collapse, facilitating alveoli recruitment thus promoting
oxygenation, and reducing the respiratory effort are the main
mechanisms of action [4].

Over the last few years, positive experiences on the use
of CPAP by emergency medical services in the pre-hospital
setting are accumulating [5–14]. Interestingly, Hensel et al.
[13] suggested that pre-hospital CPAP should be administered
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regardless of transport distances to the hospital, thus high-
lighting the clinical value of prompt pre-hospital respiratory
support. A recent systematic review confirmed that early
pre-hospital administration of CPAP therapy to ARF patients
can prevent further deterioration and the need for invasive
mechanical ventilation [15]. According to this growing body
of evidence, in 2022 the American National Association of
Emergency Medical Services Physicians (NAESMP) released
a position statement that holds a strong recommendation for
pre-hospital non-invasive ventilation (NIV) in patients with
respiratory failure, including patients with chronic obstructive
pulmonary disease (COPD), asthma, and pulmonary edema
[16]. Safety of pre-hospital NIV applied by emergency medi-
cal technicians was also confirmed [16]. At present, unfortu-
nately, the application of CPAP treatment in the pre-hospital
setting remains limited by the lack of portable, user-friendly
and “ready-to-use” devices that can be promptly deployed in
emergency situations. Currently available CPAP systems are
indeed designed for in-hospital use, or to treat sleep apnea at
home, and features such as their size, the need for complex
setting of ventilatory parameters, the need for electrical power
supply or external oxygen source, as well as high costs, all
represent important barriers for their routinary adoption in
emergency pre-hospital settings.
In this paper, we describe the development and preclinical

validation of a new portable, easy and ready-to-use CPAP
device designed specifically for emergency pre-hospital treat-
ment of ARF. The device owns indeed unique features—
including small dimensions, no need for connection to external
power or oxygen sources, intuitive switch-on and no need
for settings to initiate the therapy—which might promote its
prompt application in emergency out-of-hospital scenarios.
Such a device might be applied by emergency medical services
during patient transportation to the hospital or even placed in
public and private areas and used by a lay bystander without
any specific expertise while waiting for the ambulance to
arrive. Our device could replicate, in the field of emergency
ARF treatment, the use case model of automated external
defibrillators (AEDs) in the pre-hospital management of car-
diac arrest, by promoting widespread, decentralized delivery
of early out-of-hospital emergency CPAP, thereby reducing
treatment delays and improving ARF outcomes.
Our hypothesis is that the development of a new, intuitive

and easy to use CPAP device could overcome limitations of
currently available systems, enabling even individuals without
specific technical skills or expertise in the treatment of respi-
ratory failure to intervene promptly, thereby helping to bridge
the gap between hospital-based care and early, pre-hospital
treatment of ARF.

2. Methods

2.1 Design requirements
The design of the device was based on a combination of 5
main requirements strictly related to its intended use in out-
of-hospital emergency situations, namely:
(i) Compact and lightweight design: an essential requisite to

enhance easy transportation and/or placement in public areas

and convenient deployment in emergency scenarios;
(ii) Standalone device: the device must function without

reliance on external electrical or pneumatic source;
(iii) Intuitiveness and easiness of use: the device must

enable immediate deployment also by an individual without
specialized technical skills or medical expertise, with no need
for setting configuration or parameters to be monitored and
adjusted during its use;
(iv) Efficacy and safety: the device must deliver clinically

relevant positive end-expiratory pressure (PEEP) to prevent
airway collapse and ensure alveolar patency, together with
avoiding the onset of potentially harmful pressure values;
(v) Affordability: low manufacturing costs are essential for

broad accessibility and large-scale deployment of the device.

2.2 Description of the device
According to the described design requirements, we designed
and developed a new highly compact CPAP system allowing
one-handed operation and ensuring ergonomic usability for
both right- and left-handed users. The device (Fig. 1) com-
prises the following components and features:
(i) External enclosure: it features ad-hoc indentations for an

ergonomic grip, ensuring a comfortable and secure hold during
the device application (Fig. 1A);
(ii) Power control: it relies on a single on/off button without

any additional configuration settings or user interface; this al-
lows to activate the system and immediately start the treatment
in a simple and intuitive manner (Fig. 1A). When the system
is activated a light-emitting diode (LED) indicator (Fig. 1B)
further enhances usability and accessibility of the device dis-
playing the battery charging status. In detail, the different
colors of the LED indicator alert the operator that the batteries
are properly charged, delivering the correct voltage supply
(green color) or running at low charge (yellow color), allowing
only limited operation time, or eventually fully depleted (red
color), at which point the device cannot longer be used;
(iii) Patient interface: the device utilizes a standard nasal-

oral mask for non-invasive ventilation to deliver the airflow
generated by the system to the patient’s airways (Fig. 1A).
This design choice ensures familiarity on how to apply the
device, aligning with widely recognized and commonly used
practices for interfacing respiratory support systems with a
patient’s airways;
(iv) Air-handling system: it includes:
- A particulate hypoallergenic filter (S9/Air10 Hypoaller-

genic Filters, ResMed Pty. Ltd., Sydney, NSW, Australia;
Fig. 1C) positioned upstream of the positive pressure generator
(i.e., the centrifugal fan), which ensures clean airflow prevent-
ing the inhalation of unwanted fine particles;
- A centrifugal fan (or blower) that generates the desired

airflow (WS7040-12-X200N, Ningbo Wonsmart Motor Fan
Co., Ltd, Ningbo, Zhejiang, China; Fig. 1C); the fan draws
the air from an inlet, located upstream of the particulate filter
(Fig. 1A) and directs it into the fluidic channel downstream;
- An airflow distribution chamber connected downstream

of the fan (Fig. 1C), which acts as a buffer zone between the
high-velocity airflow generated by the fan and the downstream
patient interface (nasal-oral mask); in detail, it allows air to
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FIGURE 1. The miniaturized CPAP device. (A) front-left view showing the (1) air inflow located at the top of the enclosure,
(2) the indentations on the external enclosure for a comfortable and secure hold during the device application, (3) the on/off button,
(4) the anti-asphyxiation valve, (5) the 5 cmH2O PEEP valve, and (6) the nasal-oral mask delivering the generated airflow to the
patient airways; (B) front-right side view showing (7) the LED indicator of the battery pack charging status; (C) internal view
showing (8) the particulate filter located on top of the (9) centrifugal fan, (10) the airflow distribution chamber located downstream
of the fan, (11) the 10 cmH2O PEEP valve, (12) the control system board, and (13) the lower compartment containing the battery
pack.

decelerate and expand, smoothing the chaotic and turbulent
flow patterns that develop downstream the fan, eventually
leading to more uniform flow rate and pressure delivered to
the patient’s airways;
- Twomechanical PEEP valves opening at 5 and 10 cmH2O,

respectively (HAROL s.r.l., Italy; Fig. 1A,C); the use of the
two valves grants, on the one hand, that the actual pressure
delivered to the patient (Ptarget) is equal to 5 cmH2O (efficacy)
and, on the other hand, prevents the pressure from exceeding
potential unsafe levels (safety limit, PEEP is always <10
cmH2O); this design solution ensures the safe and effective
device application across a broad spectrum of patients with
heterogeneous anthropometric characteristics and/or varying
pathological respiratory conditions. The 5 cmH2O valve is
opportunely positioned close to the nasal-oral mask (Fig. 1A):
this helps ensuring the CO2 exhaled by the patient exits the
system so to minimize rebreathing of CO2-rich air;
- An anti-asphyxiation valve (MiniValve Inc., The Nether-

lands; Fig. 1A) located in proximity of the nasal-oral mask,
which ensures that the patient can still inhale air and breathe
freely even in the event of a malfunction or obstruction of the
air delivery system. The anti-asphyxiation valve is a flexi-
ble, dome-shaped membrane positioned over an exhaust port.
Under normal device operation, positive pressure generated
by the device keeps the valve closed, preventing ambient air
entry and allowing proper pressurized breathing. Conversely,
if for any reason the CPAP flow stops (e.g., turbine fan fail-
ure/malfunction, inlet port obstruction or any obstruction in
the fluidic circuit downstream the turbine fan), the valve opens
passively upon patient’s inhalation, allowing the patient to
breathe room air, thereby preventing asphyxiation;
(v) Electrical system: it comprises a battery pack (Panasonic

Energy Co., Ltd. Japan) providing a total power supply of 15
Volts, and the components sending the battery power to the fan
and the control system. Autonomy specification of the battery

pack was set at a minimum of 45 minutes at Ptarget (PEEP
= 5 cmH2O). Autonomy of the battery pack was empirically
tested in n = 5 tests. Specifically, the device was connected to
an active lung simulator (as described in the next “Performance
testing” section) and operated at Ptarget until complete battery
depletion. A duration of the battery pack of at least 45 minutes
was always recorded. Potential issues related to challeng-
ing out-of-hospital environmental conditions, such as extreme
temperature or high ambient humidity, were mitigated by the
selection of commercial batteries certified by the manufacturer
for performance stability in the temperature operating range
−40/+85 ◦C and through the implementation of appropriate
electrical circuit insulation, including battery compartments.
This protective measure ensures the device’s reliable operation
and prevents moisture-induced malfunctions;
(vi) Control system: features a microcontroller assembly

and a driver for operating the centrifugal fan and auxiliary
electronics (Fig. 1C). It enables the operation of the centrifugal
fan at a fixed preset level to deliver the Ptarget (5 cmH2O)
without the need for any user configuration/adjustments.
A schematic representation of the various components and

their layout and interconnections within the device enclosure
is depicted in Fig. 2.

2.3 Preclinical validation testing
To evaluate the device performance and validate the efficacy
and safety requirements, we conducted an experimental study
where the device was connected to a lung simulator able to
replicate different respiratory conditions. The objective was
to assess the device ability to maintain the Ptarget (5 cmH2O)
across various simulated scenarios.
To perform the tests, the device was connected to a high-

fidelity active lung simulator (ASL 5000™ Lung Simulator,
IngMar Medical Ltd., Pittsburgh, PA, USA) via a standard
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FIGURE 2. Schematics of the various components and their layout within the device enclosure. Red arrows indicate the
direction of the air entering (air inflow) and exiting (air outflow) the device. PEEP: Positive end-expiratory pressure.

corrugated ventilator tube. This way we were able to eval-
uate the device performance (i.e., generated flow and pres-
sure) in an ideal, leakage-free pneumatic connection to the
patient’s airways, thereby eliminating any possible source of
bias related to non-perfect fitting of the nasal-oral mask due
to incorrect positioning. Ideal, leakage-free, condition tests
were performed to establish baseline performance metrics for
the device, serving as a benchmark for evaluating results in
later usability tests performed under realistic conditions. The
simulator software (ASL Software 3.6; IngMar medical LTd.,
Pittsburgh, PA, USA) enabled data recording and real-time
monitoring of airflow and pressure dynamics during the tests.
We tested the device performance in 4 different simulated

clinical scenarios: (i) normal, (ii) asthma, (iii) acute respira-
tory distress syndrome (ARDS), and (iv) chronic obstructive
pulmonary disease (COPD).
The normal, healthy state served as a control scenario for

evaluating the device performance under well-defined and
predictable conditions. Within the normal, healthy scenario
we simulated three different levels of respiratory requirements,
corresponding to those of an individual breathing during rest,
moderate and intense increase of respiratory needs.
Besides, the three pathological conditions (asthma, ARDS

and COPD) represent typical and different respiratory con-
ditions which are relevant for analyzing the effectiveness of
CPAP systems as a supportive treatment [17, 18]. For each
pathological condition, three different levels of severity were

simulated (mild, moderate, severe), by appropriately adjust-
ing key respiratory variables—namely (i) pulmonary compli-
ance and (ii) resistance, (iii) breathing rate and (iv) respira-
tory effort—according to predefined values provided in the
simulation software libraries for the different severity lev-
els. Those values were configured by the software manufac-
turer according to data derived from the scientific literature
(Supplementary material). Values set in our experiments for
all the simulated scenarios are reported in Table 1.

The tests were conducted in the Simulation Lab of Vita-
Salute San Raffaele University in Milan. A total of 36 test
runs were performed: for each of the 4 simulated conditions
(healthy, asthma, ARDS and COPD), and across the three
levels of severity (mild, moderate and severe), the device was
indeed tested under further three different operating condi-
tions obtained modulating the fan maximum power, which
was set equal to: (i) a rated or preset value (Wset), and
then varied (ii) +5% (Whigh), and −5% (Wlow) of the preset
value. The Wset condition represents the nominal power
selected during the design stage as a compromise between
delivering the desired Ptarget (5 cmH2O) and energy consump-
tion (autonomy of the batteries). The other two conditions
(Wlow and Whigh) were chosen to account for potential power
fluctuations (approximately +/−10% of the Wset condition)
arising from uncertainties in the device performance when
switching from prototype design to the device manufacturing
(e.g., manufacturing tolerances, variability in component effi-
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TABLE 1. Software libraries parameters to simulate different severity of breathing conditions.
Compliance
(mL/cmH2O)

Insp/Exp Resistance
(cmH2O/Lpm)

Breathing rate
(breath/min)

Respiratory Effort
(cmH2O)

Normal
Mild (rest) 50 13 8 5
Moderate increase of respiratory
needs

50 13 15 10

Severe increase of respiratory needs
(intense physical activity)

50 13 25 18

Asthma
Mild 80 30/50 35 30
Moderate 60 40/70 25 20
Severe 40 50/90 15 10

ARDS
Mild 40 8 25 25
Moderate 25 15 30 18
Severe 10 24 35 10

COPD
Mild 50 12/14 30 30
Moderate 75 21/23 18 20
Severe 100 30/32 10 10

ARDS: Acute Respiratory Distress Syndrome; COPD: Chronic Obstructive Pulmonary Disease; Insp: inspiratory; Exp:
expiratory.

ciency, environmental factors such as temperature or humidity,
etc.). The evaluation of the device performance reliability and
stability secondary to relative power setting variations has the
role of validating the robustness of the design towards possible
real-world applications.
To perform the tests, for each condition, the corresponding

values listed in Table 1 were configured on the simulator’s
interface, the device was switched on and, following an initial
stabilization period during which the system reached a steady
state (approximately 5 s), data were recorded over a 30 s
interval. Recorded pressure and flow data were used to derive
PEEP values and tidal volume (VT ) for each respiratory cycle.
For all the simulated scenarios, values were averaged over
the characteristic breaths and reported as mean ± standard
deviation (SD).

2.4 Usability tests
Following the experimental validation of the device perfor-
mance, a usability test was performed to evaluate the intuitive-
ness and actual easiness of use of the device in a simulated
real-life scenario, where the application of the device is per-
formed by users with different expertise and/or technical skills.
Intuitiveness and easiness of use were defined as the operator’s
ability to promptly and successfully apply the device. A suc-
cessful application was defined as the delivery of the Ptarget
(PEEP = 5 cmH2O) in the recipient’s airway during the test.
To replicate real-life usage conditions, operators were tasked

with manual application of the device to a manikin (Laerdal
Airway Management Trainer, Laerdal® Airway Management

Trainer, Laerdal Medical, Bologna, Italy) via a nasal-oral mask
(Ambu KingMask, Ambu A/S, Denmark) to simulate a patient
receiving the CPAP (Fig. 3). The manikin’s inner airways
were connected to the active lung simulator (ASL 5000™
Lung Simulator, IngMar medical LTd., Pittsburgh, PA, USA).
Real-time monitoring and recording of respiratory parameters
were carried out via the lung simulator software, including
measurement of the PEEP delivered by the operator during the
device application. In all the tests, the device was configured
to operate at the nominal preset operating conditions (Wset).
The tests were conducted in the Simulation Lab of Vita-

Salute San Raffaele University in Milan and included a conve-
nient sample of 15 voluntary operators (O1 to O15) selected on
the basis of their varying levels of expertise in the management
of devices for respiratory support and emergency care. In
detail, the operators were categorized into 3 groups:
(1) Group 1: high expertise (n = 5): anesthesiolo-

gists/intensivists working in the intensive care unit of
Ospedale San Raffaele (n = 3), residents in Anesthesia and
Resuscitation at Vita-Salute San Raffaele University (n = 1),
and medical students fromVita-Salute San Raffaele University
(n = 1).
(2) Group 2: moderate expertise (n = 5): non-medical per-

sonnel recruited from the staff of Ospedale San Raffaele who
had completed at least one Basic Life Support (BLS) course or
have served/are serving in emergency medical services (e.g.,
ambulance volunteers).
(3) Group 3: no expertise (n = 5): non-medical person-

nel recruited from the administrative staff of Ospedale San
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FIGURE 3. Representative pictures showing two operators applying the device to the manikin face during the usability
tests.

Raffaele and Università Vita Salute San Raffaele with no
medical training/knowledge or prior experience in either the
management of devices for respiratory support or emergency
care/BLS procedures.
Upon entering the laboratory, each operator was given the

following oral instructions regarding the test:
“This device is a non-invasive respiratory support device. To

turn on the device, push the black on/off button at the bottom of
the external case. Once the device is turned on, you will hear
a fan generating an airflow, which exits through the mask. We
ask you to please turn the device on and apply the mask to the
manikin’s face, so as to provide respiratory support. During
the test, we will measure the pressure that will be delivered by
the device to the mannequin lungs. We ask you to apply the
device for 30 seconds (we will signal you when to start and
stop). Afterward, we will ask you to remove the device from
the manikin face, wait for about 10 seconds, and, upon our
signal, apply again the device for 30 seconds (we will signal
you when to stop).”
Each operator thus performed 2 consecutive applications

of the device (T1 and T2), each lasting 30 s, with a 10-s
pause in between. This sequence was repeated four times per
user—for a total of 8 applications lasting 4 minutes overall—
changing the respiratory conditions on the lung simulator (nor-
mal, asthma, ARDS, and COPD). The different conditions
were set in a random sequence. For each condition, the same
parameters reported in Table 1 were set on the simulator. For
each operator, the recorded PEEP values from each respiratory
cycle were averaged separately for T1 and T2, for all the
different simulated conditions. The standard deviation was
then calculated.
After completing the tests, each operator was asked to report

on their experience with the device by responding to a struc-
tured questionnaire. In detail, we asked the operators to assess
their experience using the device in terms of (i) intuitiveness
and ease of use, (ii) effort required to apply the device, and (iii)
willingness to use the device in a real emergency scenario.

3. Results

3.1 Performance testing
Representative curves of the respiratory parameters measured
with the active lung simulator during the performance tests are
shown in Fig. 4.
Fig. 5 reports the airflow (Flow, Fig. 5A), tidal volume

(VT ,) and PEEP (Fig. 5C) generated by the device at the
nominal operating condition (Wset) as measured with the ac-
tive lung simulator in the different simulated scenarios and
respiratory requirements/pathology severity (mild, moderate
and severe). In normal healthy conditions, the flow and VT

increased proportionally with increasing levels of respiratory
requirements (Fig. 5A,B; Supplementarymaterial), while the
PEEP remains almost constant around the target value of 5
cmH2O (Fig. 5C; Supplementary material; PEEP: mild =
5.27 ± 0.02 cmH2O, moderate = 5.26 ± 0.08 cmH2O, severe
= 5.27 ± 0.07 cmH2O).
In the pathological scenarios (asthma, ARDS and COPD),

both the flow (Fig. 5A; Supplementary material) and VT

(Fig. 5B; Supplementary material) tend to decrease as the
disease severity increases (from mild to severe), with the
degree of flow reduction varying consistently by pathology,
whereas the PEEP consistently stabilizes around the target
value of 5 cmH2O, with only minimal fluctuations (Fig. 5C;
Supplementarymaterial). PEEP: Asthmamild = 5.36± 0.05
cmH2O; Asthma moderate = 5.32 ± 0.04 cmH2O; Asthma
severe = 5.29 ± 0.02 cmH2O; ARDS mild = 5.23 ± 0.08
cmH2O;ARDSmoderate = 5.21± 0.07 cmH2O;ARDS severe
= 5.28 ± 0.03 cmH2O; COPD mild = 5.37 ± 0.04 cmH2O;
COPD moderate = 5.29 ± 0.06 cmH2O; COPD severe = 5.34
± 0.03 cmH2O).
In Fig. 6, the results of the performance tests performed at

different levels of the device operating conditions (Wset vs.
Wlow vs. Whigh) are shown; PEEP values are obtained by
averaging across different respiratory needs or disease severi-
ties (mild, moderate, and severe). The results clearly indicate
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FIGURE 4. Representative curves of the respiratory parameters measured with the active lung simulator during the
performance tests in the different simulated scenarios and respiratory requirements. (A) Normal; (B) Asthma; (C) ARDS;
(D) COPD. ARDS: acute respiratory distress syndrome; COPD: chronic obstructive pulmonary disease.

FIGURE 5. Airflow (Flow), tidal Volume (VT ) and positive end-expiratory pressure (PEEP) measured with the active
lung simulator during the performance tests for each simulated scenario in mild, moderate and severe respiratory
requirements. (A) Flow, (B) VT and (C) PEEP. ARDS: acute respiratory distress syndrome; COPD: chronic obstructive
pulmonary disease.

FIGURE 6. Positive end-expiratory pressure (PEEP) measured with the active lung simulator during the performance
tests with the device operating at different operating conditions (Wlow, Wset, Whigh). ARDS: acute respiratory distress
syndrome; COPD: chronic obstructive pulmonary disease.
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that the PEEP consistently remains close to the target value
(5 cmH2O), with minimal fluctuations when the blower op-
erates either at lower (Wlow; PEEP: Normal = 5.16 ± 0.003
cmH2O; Asthma = 5.19 ± 0.005 cmH2O; ARDS = 5.10 ±
0.07 cmH2O; COPD = 5.16 ± 0.03 cmH2O; Supplementary
material) or higher (Whigh; PEEP: Normal = 5.45 ± 0.009
cmH2O; Asthma = 5.46 ± 0.01 cmH2O; ARDS = 5.42 ±
0.02 cmH2O; COPD = 5.53 ± 0.01 cmH2O; Supplementary
material) power supply with respect to the values recorded
at the nominal power setting (Wset; PEEP: Normal = 5.26 ±
0.003 cmH2O; Asthma = 5.32± 0.01 cmH2O; ARDS = 5.24±
0.02 cmH2O; COPD = 5.33 ± 0.01 cmH2O; Supplementary
material).

3.2 Usability tests
The results of the usability test are reported in Fig. 7, where
the mean PEEP values recorded during the two cycles of
application of the device (T1 and T2) by each operator (O1 to
O15) for each of the tested conditions (normal, asthma, ARDS
and COPD) are shown.
Fourteen out of 15 operators (93%)were able to successfully

apply the device, achieving the Ptarget (PEEP = 5 cmH2O)
in all the different simulated respiratory conditions. Of note,
no major differences were observed between PEEP values
achieved at T1 vs. T2 for all but one operator (O15, Fig. 7;
Supplementary material).
The feedback on user-experience gathered from post-test

questionnaires revealed that:
(1) Intuitiveness and ease of use:
● 14 out of 15 operators (93%) found the device intuitive

and straightforward to apply;
● One operator (7%), although successfully applying the

device (i.e., correctly positioning the mask and achieving the
target PEEP), highlighted would have preferred more com-
prehensive guidance and technical details on how to use the
device;
(2) Effort required:

● 11 out of 15 operators (73%) of operators reported no
fatigue or discomfort in handling the device while performing
the test;
● Four operators (27%) experienced mild hand fatigue to

hold the mask fitted against the manikin’s face, but this fatigue
was deemed acceptable.
(3) Willingness to use:
● All operators (100%) indicated they would use the device

in a real emergency situation;
● However, 30% of them emphasized the importance of

providing clear instructions on the application procedure and,
possibly, receiving feedback on the proper functioning to en-
hance confidence in its use.

4. Discussion

We developed and described a new portable, miniaturized
and easy-to-use CPAP device for out-of-hospital respiratory
support. We documented that in a simulation setting a PEEP
of 5 cmH2O was always achieved under 36 different test
runs including healthy, asthma, ARDS and COPD respiratory
conditions, across three levels of severity (mild, moderate and
severe). Professional and lay people users found the device
intuitive and easy-to-use, confirming they would use it in a
real emergency situation. The device was safe (a PEEP >6
cmH2O was never reached) and the efficacy of CPAP has
already been demonstrated over the decades. This device
could therefore be applied in multiple out-of-hospital scenarios
including (i) home, work, public places or street emergencies
by lay bystanders; (ii) nursing homes, retirement homes, elder
care facilities; (iii) ambulances not equipped with or do not
have the expertise or time to initiate non-invasive ventilation;
(iv) non-intensive hospital wards that do not have promptly
available non-invasive ventilation devices or expertise, while
waiting for the arrival of the medical emergency team.
CPAP is an established and safe treatment for ARF. Pre-

liminary experiences of early CPAP administration in out-of-
hospital settings demonstrated improved patient outcomes [5–

FIGURE 7. Mean positive end-expiratory pressure (PEEP) values recorded during the usability tests performed by the
different operators (O1 to O15) over two consecutive cycles (T1: first application of 30 s and T2: second application of 30 s)
in different simulated respiratory conditions (normal, asthma, ARDS, COPD). ARDS: acute respiratory distress syndrome;
COPD: chronic obstructive pulmonary disease.
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14, 18]. However, current CPAP devices present usability
barriers in emergency out-of-hospital settings, related to re-
quired specialized technical expertise and complex setup. As a
result, there is a lack of CPAP devices specificallymatching the
requirements for deployment in out-of-hospital emergencies.
To address this technological gap, we have developed a

novel portable CPAP device which is compact and ready to
use, thus rapidly deployable. To reach this goal, starting from
a comprehensive analysis of currently available CPAP systems,
we developed a design pathway focused on optimizing the de-
vice core function (the delivery of a continuous PEEP), while
intentionally excluding ancillary features that are essential for
in-hospital therapy (e.g., PEEP level adjustment, device per-
formance monitoring, automatic control systems for leakage
compensation, oxygen delivery, pressure support on top of
PEEP, etc.) but non-critical in emergency, out-of-hospital
scenarios, where the devicewill be used temporarily as a bridge
to advanced hospital-based intervention. Specifically, priority
was given to design requirements including miniaturization,
ergonomic design, operational simplicity and readiness to use,
and ensuring both therapeutic efficacy and patient safety. We
expect that this design strategy might also enable a significant
reduction in manufacturing and production costs with respect
to current CPAP systems, as the device utilizes simple—yet
very effective—components (e.g., mechanical PEEP valves)
that are available at very low costs on the medical device
market.
Our design solution overcome limitations of other portable

CPAP systems when applied to the pre-hospital setting. One
distinctive characteristic of our device is that, unlike other
portable CPAP system, it does not require connection to an
oxygen line. This characteristic enables earlier use, as it can be
deployed in virtually any setting by lay bystanders even before
the arrival of the ambulance. Furthermore, with our device,
no configuration settings or manual procedures are required to
get the target PEEP level, as the desired PEEP is immediately
achieved upon powering the device. In this regard, we believe
that our device offers greater ease of use and intuitiveness
compared to other systems that require manual adjustment of
the desired PEEP or other setting configuration to initiate the
therapy. Even the need for a few configuration steps could
indeed “intimidate” an untrained bystander, whomight thereby
decide not to initiate the therapy or, in the worst-case scenario,
to apply settings that may be harmful. The easiness-of-use
of our device appears even more evident when compared to
systems that require adjustment of oxygen flow to achieve
the desired level of PEEP, an operation that can evidently be
performed only by trained/qualified personnel.
The selection of a fixed PEEP level of 5 cmH2O reflects

a carefully considered trade-off between therapeutic benefit
and patient safety, considering that the device is intended
for use not only by healthcare professionals (e.g., emergency
medical services) but also by laypersons, across a wide range
of respiratory failure scenarios, often in the absence of a clear
diagnosis. Given the lack of prior experience with this type of
application, a PEEP of 5 cmH2O was indeed deemed the most
appropriate setting, as, physiologically, it provides a degree of
lung recruitment and ventilatory support while minimizing the
risk of barotrauma or excessive lung distension.

To preclinically validate our new device, at the end of the
design process we conducted a comprehensive experimental
study aimed at gathering critical data on device functionality
and performance under simulated real-world scenarios. These
tests were essential to assess actual effectiveness and safety of
the proposed system.
Our results clearly show that the performance of device well

aligns with the anticipated pathophysiology of the respiratory
systems in the different simulated scenarios (Fig. 4) and in-
dicate that the device consistently maintained PEEP at the
target value of 5 cmH2O (Fig. 5). Accordingly, our results
suggest that efficacy and safety of the device are ensured, as the
recorded PEEP invariably remained below potentially harmful
values.
This underscores the desired device capability to deliver

adequate respiratory support under a broad spectrum of pa-
tients’ profiles. Variability in experimental tests was signifi-
cantly low (Figs. 5,6). This is consistent with the standard-
ized configuration of the experimental model. The controlled
and reproducible conditions inherent to the model minimize
external sources of variation, leading to consistent and stable
measurements. Low experimental variability also demon-
strates that the design solutionswe adopted are robust, ensuring
highly repeatable device behavior. System robustness was also
validated: we indeed recorded minimal deviations in PEEP
values against variations of the device operating conditions
(±10% of the fan power; Wset vs. Wlow vs. Whigh, Fig. 6),
which always reached the target value and remained far from
potential unsafe values. Collectively, these findings highlight
the system technical validity and physiological reliability.
We then performed usability tests aimed at collecting user

experience feedback from various operators, and possibly
identifying potential challenges in our design solutions that
might inform design improvements required to ensure safe
and efficient use in real emergency situations. Our results
further support the device efficacy and safety profile, with
very low inter-operator variability (Fig. 7). This reinforces the
consideration that the device does not rely on operator-specific
skills or prior experience and instead delivers reproducible
outcomes across users, even when the operator lacks technical
documentation, specific instructions or training, or previous
expertise on rescue maneuvers or respiratory assistance. Of
note, the operator with the poorest performance (O15, Fig. 7)
still applied a PEEP between 2 and 3, which, although below
the defined target value, would still ensure partial patency of
the alveoli of a patient receiving the treatment. The PEEP
value approached potentially harmful values in none of the 15
operators’ tests.
Usability tests involved the execution of repeated experi-

mental tests by each operator, with the two-fold aim of: (i)
evaluating the learning curve required for the proper utiliza-
tion of the device and (ii) determining whether fatigue occurs
after prolonged use of the device. The operators’ feedback
confirmed that the device is intuitive and promptly applica-
ble with minimum effort required. The vast majority of the
operators did not find the application physically demanding,
and those who experiencedmild fatigue considered it tolerable.
This is further confirmed by data showing stable performance
(i.e., consistency of PEEP values) even upon repeated use
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by the same individual (T1 and T2). Indeed, the operators’
performance did not decline in the second cycle, whereas a
deterioration would be expected if fatigue was present.
The intuitiveness of the device was also confirmed by the

fact that, despite receiving only minimal instructions, also non-
expert operators were able to successfully apply it, already at
the first attempt (T1), indicating a very short learning curve.
Notably, all operators indicated they would be willing to use

the device in a real emergency, thereby confirming our hypoth-
esis of a tangible and widely perceived need for a respiratory
support device tailored for emergency settings. An additional
potential use case of our device could be out-of-hospital car-
diac arrest, where previous studies demonstrated the effective-
ness of using portable CPAP devices to provide ventilatory
support during cardiopulmonary resuscitation (CPR) maneu-
vers [19].
A real-world validation study is ongoing, which includes

direct comparison of the effectiveness of respiratory support
between our device and available systems employed in pa-
tients receiving CPAP therapy (ClinicalTrials.gov identifier:
NCT06716502).

4.1 Limitations
The experimental tests were conducted in preclinical settings
using artificial lung simulators and did not include human sub-
jects receiving PEEP. While useful for evaluating the device
functionalities and safety under controlled laboratory condi-
tions, the experimental platform and test protocols, includ-
ing the use of pre-defined values for respiratory parameters
retrieved from the software simulation libraries, cannot fully
replicate the complexity of the human respiratory pathophys-
iology. Likely, they do not account for the variability and
unpredictability of actual emergency environments, including
variable ambient conditions, or human factors such as patient
tolerance and willingness to receive the treatment, or patient
interface seal and leakage from the mask. Furthermore, usabil-
ity tests were conducted with only 15 operators from a single
institution, which may limit the generalizability of our findings
and introduce potential selection bias. Moreover, only short-
term metrics were evaluated, as the tests conducted were of
limited duration.

4.2 Future development
The results obtained in this preclinical validation study provide
the basis for future possible technical enhancements of our
device:
- The extension of the current battery pack autonomy (45

minutes) will be evaluated to ensure reliable operation of
the device also in scenarios involving prolonged emergency
response times or extended patient transport to the hospital;
- The reports of mild hand fatigue by some operators during

usability tests warrant further investigation: additional testing
will be conducted to better understand the underlying causes
and to guide potential ergonomic optimization aimed at im-
proving user comfort, especially during prolonged use;
- As in all clinical contexts where CPAP is applied, the

optimal PEEP level remains uncertain and frequently requires
individualization. This aspect could be explored in more depth

in future research efforts;
- Given the lack of an automatic leak compensation system

from the present prototype configuration, targeted testing will
be performed involving the controlled application of different
degrees of mask leaks. This will enable accurate evaluation
of the effective PEEP levels delivered by our device under
specified leakage conditions.

5. Conclusions

We described the development and preclinical validation of a
new portable device for non-invasive respiratory support in
patients with ARF, whose design solutions were specifically
tailored for rapid and easy deployment in out-of-hospital emer-
gency scenarios. In pre-clinical simulation-based validation
tests, the device showed effective and safe in delivering ther-
apeutic PEEP values in different simulated respiratory condi-
tions relevant to ARF. Feedback by the operators who applied
the device suggest that it is easy and intuitive to use and does
not require previous expertise in emergency care and rescue
therapy or technical background in the management of medical
devices. Accordingly, the device holds the potential for effec-
tive translation into real-world emergency scenarios, serving
as a bridge to in-hospital respiratory care of ARF. Its ease
of use and immediate applicability could effectively promote
large-scale implementation of early out-hospital application
of CPAP therapy to ARF patients, helping to reduce critical
delay between onset of ARF symptoms and the initiation of
in-hospital treatment, ultimately improving patient outcomes.
A real-world validation study in human subjects is ongoing.
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