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ABSTRACT The emergence of COVID-19 resulted in significant shortages of mechanical ventilators
globally. This prompted investigations into developing new, cost-effective methods for producing ventilators.
Different types of ventilators, such as positive pressure ventilators (PPVs), conventional negative pressure
ventilators (NPVs), and biphasic cuirass ventilators (BCVs), were considered. However, PPVs were found
to pose health risks and were expensive to manufacture. Thus, this study introduces ExoventQ, an innovative
respiratory support device inspired by traditional NPV designs. ExoventQ was meticulously designed,
simulated, implemented, and tested in two modes: continuous negative extrathoracic pressure (CNEP)
and cyclic negative pressure ventilation (CNPV). It consists of three main components: a pressure vessel,
a pumping system, and a control panel. Each component was designed with attention to pressure distribution,
material, safety, cost, and portability. Through ANSYS stress analysis, ExoventQ was developed with a
squircle-shaped polycarbonate vessel capable of withstanding up to 50 millibar (mbar) of vacuum pressure.
This design also prevents airway tilting when placed on its side, providing more comfort for the patient.
Pressure regulation inside the vessel is achieved through a bypass butterfly valve controlled by a servo
motor. The user interface is implemented on a Raspberry Pi touchscreen, enabling input through rotating
knobs and displaying output for monitoring. Safety measures include audio and visual alarms, along with a
power switch that halts ventilation if the vacuum in the vessel drops below 40 mbar. The successful design
and implementation of ExoventQ have the potential to enable mass production of safe and affordable NPVs
to address pulmonary complications.

INDEX TERMS ExoventQ, ventilators, negative pressure ventilator (NPV), pulmonary diseases, COVID-19.

I. INTRODUCTION Additionally, 4 million lives are lost due to lower respira-
Each year, millions of individuals are affected by lung dis- tory tract infections, and 1.6 million deaths are attributed to
orders, including Chronic Obstructive Pulmonary Disease lung cancer [1]. These patients require specialized medical
(COPD), which alone accounts for 3 million deaths annually. equipment, such as ventilators, to support their respiratory
function during recovery. Moreover, challenging situations
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survival. Consequently, the availability of ventilators and
skilled experts becomes critical in preparedness for such
scenarios. In the 1950s, at the onset of the polio pandemic,
there was a severe shortage of ventilators, which prompted the
development of a new ventilation method known as Positive
Pressure Ventilation (PPV) [2]. More recently, the COVID-19
pandemic recorded millions of cases requiring hundreds of
thousands of ventilators [3]. While COVID-19 clearly had
significant effects on patients’ physical, mental [4], and social
health [4], its clinical impact was immense. Patients with
COVID-19 and similar respiratory illnesses often experience
alveolar damage and lung fibrosis, leading to reduced blood
oxygen saturation and necessitating acute mechanical venti-
lator (MV) support [5]. During the peak of the COVID-19
outbreak, the Center for Disease Control and Prevention
(CDC) [6] emphasized the urgent need for rapid mass pro-
duction of ventilators to address the supply shortage [7]. This
was necessary since many of the available ventilators were
already in use by patients with other respiratory disorders.

Negative Pressure Ventilators (NPVs) were prevalent in
the 19th and early 20th centuries. The initial types to be
implemented included tank ventilators, followed by negative
pressure chambers, raincoat ventilators, and cuirass ventila-
tors. However, it was the invention of the iron lung [8] that
truly made NPVs a clinical reality. Drinker et al. [8] were
responsible for its original design and construction, while
Bause et al. [9] oversaw its manufacturing and sales. The
utility of the iron lung reached its zenith in the 1930s and
extended into the 1960s during the poliomyelitis epidemic
when thousands of people required parallel ventilation [10],
[11], [12]. However, this popularity was short-lived, espe-
cially after the end of the polio epidemic [10]. That era
witnessed a high demand for ventilators and faced a scarcity
of iron lungs, leading to the introduction of Positive Pres-
sure Ventilators (PPVs), also known as Intensive Care Unit
(ICU) ventilators [10]. Mass production of PPVs became
successful as they provided artificial respiration by applying
positive pressure to the airways. At the end of World War
II, small and compact Intermittent Positive Pressure Breath-
ing Machines (IPPBs) were developed, such as the Bennett
and Bird IPPB machines [13]. From that point until today,
hospitals and medical care units have relied predominantly
on PPVs [14], [15]. These machines offer various features
and modes for Noninvasive PPV (NIPPV), using facial or
nasal masks, or Invasive PPV (IPPV), employing Endotra-
cheal Tubes (ETT) or Tracheostomy Tubes (TT). However,
PPVs, especially IPPVs, can impose serious health complica-
tions due to factors related to intubation, sedation, and PPV
management [16].

Although the production of PPVs continues and is primar-
ily used for respiratory care worldwide, both its non-invasive
and invasive techniques have many associated complications,
including decreased cardiac output, unintended acute respi-
ratory alkalosis, increased intracranial pressure, meteorism
(massive gastric distension), and impaired hepatic and renal
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function. The most severe PPV-related complications that
could lead to mortality include pneumothorax, bronchopleu-
ral fistula, nosocomial pneumonia, as well as barotrauma and
volutrauma [17]. These complications led to the develop-
ment of what is now known as Biphasic Cuirass Ventilators
(BCVs) [18], a type of External High-Frequency Oscilla-
tor (EHFO) [19] that utilizes a shell-like chest enclosure
to apply extra-thoracic pressure. High-Frequency Ventilation
(HFV) was initially introduced in the 1970s to mitigate or
prevent the complications associated with PPVs. HFV refers
to a ventilation technique that employs a significantly higher
respiratory rate than normal breathing, with lower tidal vol-
umes and peak pressure requirements compared to PPV [20].
HFV encompasses three types of high-frequency ventila-
tion: High-Frequency Positive Pressure Ventilation (HFPPV),
high-frequency jet Ventilation (HFJV), and the most com-
mon High-Frequency Oscillatory Ventilation (HFOV) [21].
Although HFOV is more lung-protective and demonstrates
greater lung recruitment than conventional PPVs, as observed
in clinical trials, it introduced its own set of complica-
tions [22]. These complications include an elevated risk of
barotrauma, pneumothorax, endotracheal tube obstruction,
and hemodynamic compromise [23], [24].

In recent years, mechanical ventilators (MVs) have
been widely employed in clinical facilities worldwide to
support patients with a diverse range of complexities.
In addition to addressing lung diseases such as COPD,
pulmonary edema [19], or Acute Respiratory Distress Syn-
drome (ARDS) [17], [21], MVs have also found utility
in resuscitating patients afflicted with neuromuscular dis-
eases [25], cardiopulmonary arrest [26], and diabetes mellitus
(DM) [27]. In various medical fields, newer techniques
have been incorporated or innovated to replace or enhance
existing MV-based systems, aiming to create more focused,
domain-oriented clinical solutions. For example, recent find-
ings indicate that, when compared with Positive Inspiratory
Pressure (PIP) or tidal volume-targeted modes, proportional
assist ventilation with Apnea back-up is more suitable for
neonates with moderate lung diseases [28]. Moreover, several
studies have been conducted to enhance the pressure and/or
volume controls of mechanical ventilators (MVs), ensuring
improved respiratory support during emergencies [29]. Nev-
ertheless, the most extensively studied limitation of existing
ventilators is their invasiveness, which contributed to a sig-
nificant number of deaths during the peak of the COVID-19
pandemic [30]. This circumstance prompted the exploration
of non-invasive solutions [31]. The prolonged use of inva-
sive M Vs often leads to respiratory tract complications such
as Ventilator-Associated Pneumonia (VAP) [32]. To address
such challenges, researchers have proposed various non-MV
solutions, including Extracorporeal Membrane Oxygenation
(ECMO) and subsequent carbon dioxide removal [33], [34],
[35], in addition to non-invasive MV solutions.

Speaking of COVID-19, it resulted in a severe shortage of
ventilators, a situation reminiscent of past pandemics. Recent
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studies have shown a close link between deaths resulting
from extended ICU stays and ventilator-induced pneumo-
nia [36]. Even during the COVID-19 pandemic, the death
of many patients has been linked to the pneumonia caused
by currently abundant positive pressure MVs [37]. Given
the high demand for ventilators and their components dur-
ing similar pandemics, it is imperative to explore alternative
methods early for creating safe but cost-effective and easily
producible ventilator systems. Abboudi et al. [24] intro-
duced an emergency ventilator design based on an Arduino
microcontroller, which controls a stepper motor and incor-
porates sensors for monitoring pressure, body temperature,
and pulse oximetry. This design eliminates the need for
human intervention in compressing the bag by employ-
ing a lever mechanism and is equipped to trigger facility
alarms in the event of detected abnormalities. In a separate
effort, Christou et al. [38] developed and implemented an
emergency ventilator known as “GlasVent,” an automated
adaptation of a manual resuscitator device. GlasVent employs
3D-printed mechanical components, readily available materi-
als, and off-the-shelf electronic and sensing devices, enabling
quick assembly. However, it should be noted that GlasVent
lacks a safety control system for setting alarms and oper-
ates on a PPV. MADvent, developed by Vasan et al. [39],
was a PPV-based emergency solution designed to alleviate
the excessive pressure on the global ventilator supply chain
during the COVID-19 pandemic.

Based on the above discussion, this paper aims to develop
ExoventQ, an NPV designed to meet medical requirements
while adhering to relevant constraints and standards (such as
ISO 19223:2019 for Lung ventilators and related equipment -
Vocabulary and semantics [40], Ventilation Standards for
Use in Artificial Respiration [41], and TotalCare Bed used
in Hamad Medical Standards for Anthropometry Assess-
ment [42]). NPVs offer an alternative approach, providing
care and relief to patients without competing with the existing
PPV industry. Furthermore, NPVs inherently offer a safer
option compared to PPVs by avoiding the complexities asso-
ciated with intubation. Thus, the proposed ventilator design
is innovative, safe, cost-effective, portable, and adaptable for
diverse clinical scenarios. The primary contributions of this
study can be summarized as follows:

o The design and implementation of a ventilator that prior-
itizes patient safety and comfort while accommodating
different pressure levels.

o The development and integration of a robust pressure
control system for the ventilator, suitable for ventilating
patients in various medical situations.

o The creation of a user-friendly interface enables medical
professionals to control and monitor multiple parame-
ters, including inspiration pressure, expiration pressure,
respiratory rate, and inspiration-to-expiration (I:E) ratio.

The remainder of the manuscript is structured as follows:
Section II offers a brief overview of pulmonary ventilation.
Section III elucidates fundamental concepts essential for

61830

designing ExoventQ. It also provides an illustration and an
overview of the system’s design, characterization, and con-
cept of operation. In Section IV, we present and analyze both
the quantitative and qualitative outcomes obtained from var-
ious components of the proposed system. Section V includes
concluding remarks, outlines the system’s limitations, and
explores potential avenues for future research in this field.

Il. PULMONARY VENTILATION

Pulmonary ventilation is the scientific term that describes
the natural act of breathing. Pulmonary ventilation con-
sists of two phases viz. inspiration and expiration [43].
Inspiration entails drawing air into the lungs, while expi-
ration involves expelling air from the lungs. A complete
cycle of inspiration and expiration constitutes a respiratory
cycle. The respiration process is driven by the pressure
differential between the external environment (atmospheric
pressure, denoted as Pgg,) and the interior of the lungs
(alveolar pressure, Pgpy, and intrapleural pressure, Pjp).
In this context, the standard reference is P 44y, . Consequently,
pressure values below Pgg, are considered negative, those
above Pggy, are regarded as positive, and pressure equal to
Pumm is denoted as zero. Boyle’s law, which states that,
at a constant temperature, the pressure and volume of a
given quantity of gas vary inversely [44], is expressed in
Equation (1).

PVi =PV, (n

Here, in Equation (1), P1 represents the initial pressure,
V1 stands for the initial volume, P signifies the final pres-
sure, and V2 denotes the final volume [44]. The two primary
pressures responsible for the breathing process within the
lungs are intra-alveolar pressure, which exists within the
alveoli, and intrapleural pressure, found within the pleural
cavity. The difference between these two pressures yields the
transpulmonary pressure, determining the lung’s size. Lung
pressures undergo fluctuations throughout the breathing cycle
primarily due to the actions of the diaphragm and external
intercostal muscles. It is crucial to emphasize that the lungs
do not actively generate the pressure gradient during respi-
ration. Instead, changes in lung volume and, consequently,
pressure result from the tension of the pleural fluid, causing
the lungs to expand outward as the chest enlarges during
inspiration. During expiration, the thoracic wall recoils due to
lung elasticity. Notably, inspiration is an active process, while
expiration is passive, requiring no additional energy [45],
[46]. During inspiration, the contraction of the diaphragm
and external intercostal muscles leads to an increase in tho-
racic volume, subsequently lowering the pressure within the
lungs, as Equation (1) suggests. Conversely, relaxation of
the diaphragm and external intercostal muscles reduces the
volume of the thoracic cavity and the lungs, resulting in
an elevation of alveolar pressure. This pressure difference
prompts the flow of air from areas of higher pressure to those
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FIGURE 1. Overview of the proposed ExoventQ ventilation system: It comprises a Negative Pressure Vessel (NPV) serving as the patient pressure
chamber, a 3-way Butterfly Valve, and a pump responsible for generating and regulating the vacuum within the chamber. The entire system is controlled
by an Arduino-based microcontroller, which responds to user inputs through a Raspberry Pi-based User Interface (Ul) and provides essential feedback.

of lower pressure, as expressed in Equation (2).

Payw — Pay

F= R @)
Here, F represents the airflow, P, signifies the airway
pressure, Py, represents the alveolar pressure, and R corre-
sponds to body resistance, primarily dependent on the size
of the airway. Consequently, when the alveolar pressure falls
below the airway pressure during pulmonary ventilation, air is
drawn into the lungs. Conversely, when the alveolar pressure

exceeds the airway pressure, air exits the lungs [12], [47].

Ill. MATERIALS AND METHODS

In this section, we will first provide a brief discussion of
the overall system requirements and constraints that must
be adhered to when developing the complete NPV system.
In the subsequent subsections, we will delve into the detailed
examination of each component of the proposed mechanical
ventilator.

A. SYSTEM OVERVIEW

The understanding of pulmonary ventilation provided in
Section II is essential for the design of a low-cost, safe,
and portable ventilator system. As previously mentioned,
the system comprises three primary components: a pressure
vessel, a control system, and a pumping system, as depicted
in Figure 1. The vessel needs to be comfortable, lightweight,
and efficient in terms of minimizing leakage, particularly for
an average adult. The pumping system must be capable of
generating a vacuum inside the vessel that can reach up to
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50 mbar within one second or less. This is crucial, as negative
extra-thoracic pressure necessitates a vacuum pump capable
of delivering a maximum vacuum of 35 mbar (approxi-
mately 35 cmH20) with an airflow rate of 10 L/s [48].
On the other hand, the control system must provide clini-
cians with the ability to regulate and monitor the pressures
within the vessel, control the respiratory rate (RR) within
the range of 10 to 30 breaths per minute (bpm) [49], set
the inspiration-to-expiration (I:E) ratio anywhere from 1:1
to 1:4, adjust the inspiration pressure (Pj,s) between 5 to
35 mbar of vacuum, and manage the expiration pressure
(Pexp) between 0 to 15 mbar of vacuum [50]. It is worth
noting that when PPV is administered via a mask, it produces
approximately 65 £ 11 dBA of noise. Consequently, the
noise generated by the NPV ventilator should be equal to
or lower than the noise produced by the PPV to prevent
patient discomfort [49]. During practical implementation,
a healthcare provider powers the device by connecting it to
the mains, sets the ventilation mode, and inputs the corre-
sponding parameters. Subsequently, the vacuum pump and
the control system commence their operations. The vacuum
pump creates a vacuum within the patient’s chest enclosure,
referred to as the pressure vessel. Simultaneously, the control
system fine-tunes the vacuum inside the vessel using an adap-
tive feedback system to align with the parameters established
by the healthcare provider. All pertinent data and the pressure
wave are displayed to the healthcare provider through a user-
friendly interface. The subsequent sections of this chapter
will delve into the operational concept and design details of
each component.
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FIGURE 2. The pressure inside the patient’s vessel during the CNEP mode.

B. CONCEPT OF OPERATION

Several studies have indicated that not all patients require
full respiratory assistance; rather, some only need respiratory
enhancement [51], [52]. This enhancement can be achieved
by subjecting the patient to continuous negative extrathoracic
pressure, also known as CNEP. CNEP serves to enhance
lung expansion during inspiration and maintain the openness
of alveoli during and after expiration, thereby preventing
atelectasis [53]. The design of this system will serve as a
respiratory support device rather than a ventilator. It can either
support spontaneous breathing or assume complete control
over the respiratory process through the following modes,
respectively.

1) CONTINUOUS NEGATIVE-EXTRATHORACIC

PRESSURE (CNEP)

During this mode, the vacuum pressure inside the pressure
vessel remains constant, as illustrated in Figure 2. The con-
cept is analogous to the Positive End-Expiratory Pressure
(PEEP) delivered by PPVs [54]. It’s important to note that
vacuum pressure here is depicted as positive because the
device will only be encountering sub-atmospheric pressure,
making it simpler to work with the absolute value of the
pressure. The CNEP level will range from 5 to 15 mbar of
vacuum, allowing the patient to breathe comfortably against
the negative pressure.

2) CYCLIC NEGATIVE-PRESSURE VENTILATION (CNPV)

In this mode, the pressure inside the vessel experiences a
significant drop, becoming highly sub-atmospheric during
inspiration and returning to zero (i.e., atmospheric) or near-
zero during expiration in a cyclic pattern. This mode is
equivalent to cyclic PPVs with PEEP. The most theoretical
signal for achieving this function is the rectangular pulse,
as illustrated in Figure 3 (a) with accompanying annotations.
This signal comprises four crucial parameters: inspiration
pressure (Piysp), expiration pressure (Pey,), inspiration time
(Tinsp) and expiration time (Texp). Tingp and Teyp collectively
determine the respiratory rate (RR), which represents the
number of breathing cycles the patient undergoes in one
minute. Meanwhile, the inspiration-to-expiration ratio (I:E)
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indicates the proportion of time the patient spends inhaling
compared to exhaling. RR and the I:E ratio can be defined
using Equations (3) and (4), respectively.

1 1 60

RR= BPM = BPM = — BPS
cycle Tinsp + Texp Tinsp + Texp
3)
T
1:E=-"" “4)
Texp

Here, BPM and BPS denote beats per minute and beats per
second, respectively. To calculate Tj,g and T,,,, we can
rearrange Equations (3) and (4) and combine them as shown
in Equations (5) and (6), respectively.

T 601 :E )
insp = ————————Ssec
P RRx (141 :E)
60
Texp c (6)

=—————5e

RR+x(1+41:E)

This system allows clinicians to set the 4 parameters within
the following ranges:

o Inspiration Pressure (Pj;p): [15 —35] cmH20

o Expiration Pressure (Pcyp): [0 — 15] cmH20

« Respiratory Ratio (RR): [10 — 30] bpm

« Inspiration to Expiration Ratio (I : E): [1:1 to 1:4]
In an improved practical approximation, the signal is
expected to be trapezoidal, considering the system’s response
time, as illustrated by the dashed red line in Figure 3 (b).
On the other hand, the Negative End-Expiratory Pressure
(NEEP) [55] recorded inside a real device implemented by
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our team has been depicted by the yellow waveform in
Figure 3 (b).

C. PATIENT'S PRESSURE VESSEL

Throughout history, NPVs have undergone various designs,
including different tanks, chambers, cuirasses, and even
coats, each with its own set of advantages and disadvan-
tages. However, the iron lung design [8] emerged as the
most popular due to its geometry and material selection,
simplifying the creation of negative pressure inside the vessel
and providing comfort to many patients. Nevertheless, this
design still had several drawbacks, primarily its weight and
bulkiness, as it was constructed from iron. It occupied a
significant amount of space and lacked portability [12]. The
chest cuirass design [56] appeared to be a more appealing
alternative, as it only enclosed the chest, allowing clinicians
to care for the patient more easily and reducing restric-
tions on patient positioning and movement. Its lightweight
and transparency, similar to the Hayek cuirasses [23], made
it even more advantageous. However, these improvements
were insufficient to make it efficient, mainly because the
cuirass ended at the patient’s upper abdomen, resulting in
inadequate diaphragmatic contractions and ventilation [57].
When designing ExoventQ, we considered the advantages
of these historical designs while addressing their drawbacks
based on specific design constraints. The design criteria for
the pressure vessel can be divided into two major sections:
structural design and material selection, briefly explained in
Sections III-C(1)-(2), respectively, based on our previously
published article [58]. We also conducted ANSY S-based [59]
simulations of the 3D vessel models to determine the optimal
vessel architecture, as discussed in [39] with visualizations
and quantitative results. Finally, in Section III-C(3), we pro-
vide details on the manufacturing process of the selected
model.

1) STRUCTURE

The geometry of the vessel encompasses its shape and mea-
surements, which are essential for selecting the appropriate
material for the vessel and guiding the subsequent manu-
facturing process. In this study, we constrained the vessel’s
structure based on considerations of user-vessel interactions
(involving both patients and clinicians), its tolerance to
applied pressure, and compliance with clinical environments,
as elaborated in [58]. The primary end user of the ventilator
is the patient, and they are directly impacted by its design.
Therefore, the vessel’s structure must efficiently support the
contractions of the respiratory muscles. Moreover, it must
provide convenience, comfort, and sufficient space for the
patient. For this project, we designed the vessel to accom-
modate an adult male with a weight range of 75-90 kg
(based on the 95th percentile). Additionally, the vessel should
be easily accessible to clinicians for conducting tests and
monitoring patients. Vacuum pressure vessels are exposed to
negative pressures, making them susceptible to a net external
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atmospheric pressure that acts as a compressive load and
may cause the vessel to buckle, resulting in structural failure.
To mitigate this risk, we conducted structural analysis on var-
ious vessel designs, utilizing 3D simulations in ANSYS [58],
to determine the most robust structure for this application.
Our analysis included various semi-cylindrical and rectangu-
lar prism models, ultimately concluding that a squircle-faced,
semi-cylindrical structure was the most suitable choice for
minimizing the potential for structural failure, as elaborated
in our work in [58].

2) MATERIALS

From a mechanical perspective, three primary characteristics
that help determine the appropriate choice of materials for
a vessel structure are rigidity, elasticity, and toughness [60].
These characteristics are measured, respectively, by Yield
strength, Young’s modulus or modulus of elasticity (y),
and the area under a stress-strain curve. The developed
semi-cylindrical vessel must possess sufficient strength to
withstand the pressure created by the vacuum inside NPVs,
necessitating careful material selection. Additionally, the
chosen materials must be non-hazardous and safe for clini-
cal environments. Transparency is also desirable to facilitate
patient monitoring, and the use of lightweight materials to
enhance portability [58]. For the main body of the vessel,
we opted for two types of plastic: Acrylic and Polycarbonate
(PC). These materials were selected due to their non-reactive
nature, poor conductivity, strength, and durability. Reduced
reactivity with other materials and poor heat and electri-
cal conductivity ensure safety in a clinical environment.
On the contrary, maintaining portability while being durable
is challenging. Acrylic materials, in general, possess a tensile
or Young’s modulus (y) of 3.2 Gigapascal (GPa) against
2.6 GPa of Polycarbonates. Moreover, the ultimate tensile
strength of the Acrylic materials (70 Megapascal or MPa)
is also higher than the Polycarbonate materials (52-62 MPa)
[61]. Regardless, Polycarbonate was preferred over Acrylic
because Acrylic devices are more susceptible to cracking
during drilling or when subjected to impacts [58], challenging
both the durability and safety criteria.

Conversely, the selection of materials for the seals is crit-
ical, as they determine the system’s leakage. Seals must be
highly elastic and flexible while remaining biocompatible to
prevent skin issues for the patient. We compared neoprene
(or polychloroprene, one type of synthetic rubber) and latex
(or natural rubber) and found that neoprene (0.00614 GPa)
is much more flexible than latex (0.1 GPa) [61]. Although
latex can withstand more tension, it may cause allergies in
some individuals due to the presence of latex protein [62].
As a result, neoprene was chosen.

3) MANUFACTURING THE FIRST PROTOTYPE

Once the structure of the vessel had been finalized
through simulation and materials had been selected
based on datasheets, we commenced the initial prototype
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FIGURE 4. 3D design of the wooden prismatic vessel for operation
testing: (a) exploded view, (b) assembled view, (c) subject’s position
inside the vessel.

manufacturing process. For this purpose, we opted for a
wooden prismatic vessel as our test prototype. This choice
was made based on several criteria, including material
availability, affordability, workshop accessibility, ease of
modification (e.g., drilling and cutting), ease of manufactur-
ing, and the convenience of installing components inside the
vessel for testing purposes. To begin, we created a model
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FIGURE 5. Wooden prismatic testing vessel manufacturing process,
gradually developed from stage (a)-(d).

of the vessel using Fusion360, specifying dimensions such
as length (L) = 0.9 m, width (W) = 0.64 m, and height
(h) = 0.415 m, with a vessel thickness of 12 mm. To pre-
vent bending and minimize deformation, we incorporated
support battens and a 25 mm thick girder, as illustrated in
Figure 4 (a) and (b).

The structure contains two holes, one for the neck and
the other for the torso. Neoprene seals [63] are attached to
separate boards with holes of the same radius as the neck
and torso holes. As shown in Figure 4 (c), the test subject
wears the seals and lays them down on the baseplate. Then the
removable upper body of the vessel is placed over them, and
the boards are tightly attached to the main body using screws.
It is important to note that in case the materials needed to
build the polycarbonate semi-cylindrical vessel are unavail-
able, this wooden prismatic vessel can serve the purpose.
However, it may not fully meet all the device constraints.
Nonetheless, it can be used as a life-saving measure once
the device has been proven to function properly. The primary
materials used to construct the wooden prototype are 12 mm
plywood, 25 mm white solid wood, flexi-glass, and rubber
seals. Components such as wood glue, nails, 5 cm screws,
nuts, and bolts of various sizes were required for assembly.
The manufacturing of the wooden prismatic pressure vessel
went through several phases, as shown in Figure 5.

The manufacturing process was divided into five phases:
material cutting, main body assembly, neck-seal and torso-
seal assembly, structural finishing, and finally, preparing the
vessel for testing. In the first phase, plywood, white solid
wood, and flexible glass were cut according to the specified
dimensions. This phase also involved Computer Numerical
Control (CNC) laser cutting of neck and torso panels to create
the required holes. In the second stage, the neck and torso
panels, along with their support batons, were attached to the
frame of the top panel using wood glue, nails, and screws.
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(b)
FIGURE 6. (a) 3D model of the polycarbonate (PC) squircle-faced
vessel [58], (b) implemented PC vessel.

Baseplate batons were assembled with rubber seal strips sur-
rounding them. Wooden girders were then assembled to the
top panel frame to hold the flexi-glass sheet. In the following
stage, the neck and torso rubber seals were affixed to remov-
able wooden boards that could be attached and detached
from the main neck panel via bolts and nuts. The next phase
focused on improving the vessel’s appearance by painting it
white from the outside. The final phase involved preparing
the vessel for operational testing. This included drilling holes
for the suction tube and the control valve, attaching the tube
and the valve, and sealing the holes with solid boards to
ensure the device’s functionality under extreme conditions,
such as minimal leakage, before testing it on subjects using
the neck and torso seals.

4) DEVELOPING THE POLYCARBONATE VESSEL

After testing the operation with the wooden prototype, it was
time to implement the Polycarbonate (PC) vessel. How-
ever, instead of creating a typical semi-cylindrical vessel,
we structured a squircle-faced vessel based on the simulation
results discussed in [58], as illustrated in Figure 6. We opted
for this design because a perfect semi-cylindrical vessel
would cause a tilt in the suction tube and the valve when
assembled, potentially altering the airflow. Additionally,
a squircle-faced vessel maintains the volume of the wooden
vessel, eliminating the possibility of pressure changes due
to volume alterations, as suggested by Equation (1). The
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vessel was initially modeled in Fusion360 with dimensions
as follows: length (L) = 0.9m, width (W) = 0.76m, and
height (h) = 0.415m. The thickness of the vessel was set
at 3 mm. Although the vessel would not experience perma-
nent deformations, as discussed in Section III-C(1), it would
undergo deformations when pressure was applied. There-
fore, a steel support structure was created to minimize these
deformations.

The materials used for the earlier prototype differ from
those used for the final PC vessel, which were carefully
selected through qualitative and quantitative analysis, as dis-
cussed in Section III-C2). The materials used for the main
body of the vessel include 3 mm transparent polycarbonate,
2 mm galvanized steel, 18 mm plywood, 3 mm transparent
acrylic, and rubber seal. Additionally, the tools employed for
assembly consist of metal self-drilling screws, normal screws,
wing nuts, double-face tape, and clear silicone. Similar to
the wooden prototype, the manufacturing of the PC vessel
was divided into five stages: material preparation, building
the steel support structure, main body assembly, neck seal
and torso seal assembly, and vessel preparation. During the
material preparation stage, PC sheets were cut and bent for
the main body of the vessel, a wooden board was cut for
the baseplate, acrylic sheets were cut for the seal boards, and
some steel sheets were bent for the support structure. In the
second phase, the steel support structure was constructed by
welding steel sheets into the shape of the vessel. In the third
phase, the PC sheets were assembled onto the steel structure
using screws and sealed with double-face tape and clear
silicone. In the fourth phase, seals were attached to the acrylic
boards. Finally, necessary holes were created for the bypass
valve and the wiring of the sensors attached to the vessel from
the inside.

D. PUMPING SYSTEM

Throughout history, various pumping and control techniques
have been employed to generate and regulate the vacuum
within the patient’s vessel. In contrast to the widely known
Emerson iron lung [9], which featured bellows covering
almost the entire body [12], ExoventQ has been designed
to allow full access to the lower half of the patient’s body.
Therefore, the patient’s body will not be entirely enclosed by
the chamber. Since bellows cannot be utilized in ExoventQ
to create a vacuum inside the vessel, we have developed an
alternative pumping solution. Section III-D(1) will provide
insights into the pumping system of ExoventQ. Additionally,
in Section III-D(2), we will delve into the significance of
controlled leakage within the system and present our solution.

1) PUMPING SYSTEM: AIR SUCTION

A vacuum pumping system can be achieved through various
methods. One of the simplest and readily available systems is
the motor-blower system [64]. When the motor is connected
to the mains and activated, it rotates the shaft, which in turn
rotates the impeller. Air is drawn into the impeller’s eye,
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TABLE 1. Specifications comparison among different motor types.

TABLE 2. Comparison among the studied valve types.

Criterion Universal DC Induction Brlgl(ljless Criterion Gate Valve Butterfly Valve  Piston Valve
Cost Moderate Low High
Power Low High High Availability Low High Low
Noise High Low Low Isolation High Moderate High
Control ‘Simple a_nd Complex_ and Complex_ and Reliability High Moderate High
inexpensive expensive expensive Safety Moderate High High
Size Acceptable Bulky Small
Cost Low High Moderate
Maintenance Periodic Less Less
Longevity Shorter Longer Longer DC motor in conjunction with a centrifugal air blower from
Efficiency Moderate High High s .
F a vacuum cleaner for the vessel’s pumping system due to
rom off-the- . ” o
Availability shelf vacuum Off-the-shelf Off-the-shelf its widespread availability. The Samsung VC2032510 200W

cleaners

where its velocity increases as it moves along the blades.
Eventually, due to centrifugal force, the air is expelled from
the blades at the outlet, resulting in a decrease in velocity.
This movement of air from the eye to the blades generates
low pressure at the eye, causing air to rush into the motor
blower and out of the vessel, thus creating a negative pressure.
Conversely, the lower velocity of air at the outlet leads to
the formation of higher pressure, which expels the air to the
exterior. Consequently, we need both a motor and a blower for
the pumping system. In this study, we explored three common
types of motors: universal DC motors, induction motors,
and brushless DC motors. We evaluated these motors based
on criteria such as power, noise, control, size, cost, mainte-
nance, longevity, efficiency, and availability, as detailed in
Table 1.

According to Table 1, Universal DC motors are typically
smaller in size and generate less power, which makes them
cost-effective [65]. In contrast, Induction motors are the
bulkiest, strongest and the most expensive, while Brush-
less DC motors fall somewhere in between, being moderate
in most aspects [66]. However, the specific features of
the Universal DC motor, namely its small size, low cost,
simple control, and widespread availability, align with the
desired characteristics of the designed MV prototype dis-
cussed beforehand. Therefore, the Universal DC motor was
chosen.

For motor-blower systems, apart from motors, the other
crucial component, known interchangeably as fans, is a
blower [64]. These mechanical devices facilitate airflow. For
this study, we examined three types of blowers: positive
displacement blowers, centrifugal air blowers, and regener-
ative blowers [67]. In theory, the most dependable system
for ExoventQ would involve an induction motor powering
the blower system. However, it is unlikely that an induction
motor will precisely match the vacuum impeller’s require-
ments. On the contrary, an off-the-shelf vacuum blower is the
most suitable option for this project, given its accessibility
and cost-effectiveness, commonly found in everyday items
such as vacuum cleaners, leaf blowers, spa bath blowers,
and industrial vacuum blowers. Despite the advantages of
other motor and blower types, we opted for the universal
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vacuum cleaner [68] utilized in this project can achieve a
maximum vacuum of 15000 Pa (approximately 150 cmH20)
and deliver around 13 L/s of airflow. Additionally, it is com-
pact and offers multiple speed control levels.

2) CONTROLLED LEAKAGE

The pumping system, by itself, cannot meet the requirements
of this device. Assuming an ideal completely sealed vessel
with zero leakage, the continuous suction process would lead
to an increasing vacuum inside the vessel until all the air par-
ticles are drawn in. In reality, this means that even if the motor
speed remains fixed (i.e., the air outflow remains constant),
the pressure inside the vessel will continue to decrease and
will not stabilize. Therefore, to maintain a steady pressure,
there must be an inflow of air to balance the excess vacuum,
which can be achieved through the use of valves. Valves can
be broadly categorized as fully open or closed valves and
partially open valves, each with several subtypes [69]. Among
the most common partially open valves are gate valves,
butterfly valves, and piston valves [70]. Table 2. provides
a comparison of these valves in terms of cost, availability,
isolation, reliability, and safety.

The most suitable valve for this project was found to be the
butterfly valve as it has a very low cost, can be easily supplied
at a high production rate, and is relatively safe for operation
at low-pressure levels, which, for this project, can reach up to
50 mbar of vacuum.

E. CONTROL SYSTEM

As discussed in Section III-C, the main parameters to be
controlled in the system are the pressure inside the vessel,
which varies within a certain range, and the amount of time
each pressure is held, controlled based on a specified ratio
(I:E) and RR. There are two major types of control systems:
open-loop and closed-loop [71]. An open-loop control system
is equivalent to implementing a blind control system, which
issues commands to either the motor or the valve but does not
incorporate any feedback mechanism. Therefore, a closed-
loop control system has been deemed more suitable for this
project. In a closed-loop system, feedback will be provided
by a differential pressure sensor. However, there won’t be
a direct mathematical relationship between the speed of the
blower or the angle of the valve and the pressure inside
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FIGURE 7. Complete layout of the control system.

the vessel, which will be further explained in this chapter.
Section III-E(1) will discuss the sensors and indicators used
in this project to implement a closed-loop system and enable
device monitoring, while Section III-E(2) will delve into the
possible control system components, the selected compo-
nents, and the system’s implementation. The overall layout
of the control system is provided in Figure 7.

1) SENSOR SELECTION AND CHARACTERIZATION

In this study, we acquire and monitor two broad types of
physical quantities inside the vessel: pressure caused by the
vacuum and temperature, to ensure that the patient does not
experience a “‘tank shock’ [72]. For each type, we select suit-
able sensing modules and characterize them against standard
units before conducting tests.

a: PRESSURE

We placed a digital pressure sensor inside the vessel to mea-
sure the vacuum pressure, which required verification against
a reference. In the laboratory, we constructed a 2-meter-long
Manometer [73] to serve as the ground truth. A Manometer
is a device used to measure static pressure. It consists of a
U-shaped tube filled with a dense and incompressible fluid.
To measure the pressure inside a chamber, one end of the
U-shaped tube is connected to the patient’s pressure vessel,
while the other end is exposed to the atmosphere. When
the pressure inside the chamber decreases, the liquid level
rises on the side connected to the chamber. When there is
no pressure difference inside the vessel (i.e., atmospheric
pressure), the fluid level equalizes on both sides of the
U-shaped tube, a state known as ‘“‘Hydrostatic Equilibrium”
[74]. With this increase in height, the pressure of the fluid
inside the chamber can be measured using Equation (7).

P = pg(Ah) @)

In this equation, P represents the pressure of the system,
p stands for the fluid density (which is 1000 kgm=3 for
water [75]), g is the acceleration due to gravity (average
g on the earth’s surface is 9.81 ms 2 [76] which has been
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TABLE 3. Temperature sensor selection criteria.

Criterion DHT22 DHT11 LM35

Cost (USD) 9.95 5.00 2.5

Calibration Not Required Not Required Required

Temperature + 0.5 degrees + 2 degrees + (.5 degrees

Accuracy

X"m'd'ty £2-5% +5% +0.75%
ccuracy

Measuring -40°C to o o Depends on

Range +125°C 0°C o 50°C calibration

Operating

Voltage 3to5 3to5 4 to 30

Operating

Current 2.5 mA 2.5mA 114 pA

considered for this study), and A’ denotes the change in fluid
level. The handmade Manometer serves as a valuable ground
truth to verify the proper calibration of the digital sensor.
To cover a wide range of pressure, we chose a Manometer
with a length of two meters. This method incurs minimal
error and does not necessitate further calibration. The pro-
cess has been visualized in Supplementary Figure S1. The
selected digital sensor requires characterization of the applied
voltage to convert the analog temperature readings into a
digital range determined by the device’s analog-to-digital
converter (ADC). Digital data can be stored, processed,
transferred, or employed for controlling other parameters.
However, to use this data effectively for display or control
purposes, it is essential to establish the relationship (slope
and intercept) between the analog (temperature) and the con-
verted digital units. Therefore, we conducted pressure vs.
voltage characterization.

b: TEMPERATURE
To prevent the patient from experiencing a “‘tank shock”
[72], it is crucial to monitor the temperature inside the pres-
sure vessel, as previously discussed. We primarily had three
options to consider: DHT22 [77], DHT11 [78], and LM35
[79]. We analyzed all three module types and determined that
DHT?22 was the most suitable choice based on the evaluation
criteria outlined in Table 3 and their respective datasheets.
The selection of the DHT22 sensor for this study was
based on its ease of installation and programming, as well
as its high level of accuracy when compared to the other
available modules. The DHT22 is an enhanced version of
the DHTI11 and, while being more expensive, offers the
latest features and specifications, resulting in improved accu-
racy and precision. Moreover, it boasts a wider operating
range for temperature and humidity, with the added benefit
of not requiring external calibration (as it includes calibra-
tion software). However, to ensure its accuracy, the DHT22
module underwent testing alongside a well-established oper-
ating device (a digital thermometer) known for its precise
temperature measurements, as depicted in Supplementary
Figure S2. The temperature accuracy difference was found
to be approximately +0.5 degrees across the operating range
of the DHT22.
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TABLE 4. Comparison between motor and valve control.

Criterion Motor Control Valve Control
Complexity High Low
Reliability More Relatively Less
Maintenance H1gh-<.:ost periodic Low-gost periodic
maintenance maintenance

Noise More Less

TABLE 5. Comparison of actuators.
Criterion Servo Stepper DC
Cost Low Moderate High
Availability High High High
Torque Moderate Low Moderate
Controlled motion High Moderate Moderate
Response speed High Low Moderate
Angle precision Moderate High Moderate
Control complexity Moderate Low High

2) ACTUATOR CONTROL MECHANISMS

To control the two parameters, pressure, and temperature,
mentioned at the beginning of this section, two primary
approaches can be followed. The first approach involves con-
trolling the air outflow, which can be achieved by regulating
the motor speed and, consequently, the blower speed. Alterna-
tively, this approach can also be implemented using a bypass
valve that allows the pump to either draw air from the vessel
or the environment, depending on the desired pressure inside
the vessel. The second approach focuses on controlling the air
inflow, which can be managed using a leakage valve that gov-
erns the volume of air entering the vessel. Table 4 provides a
comparison between controlling the motor and the valve [80],
to assist in determining the most suitable approach for this
study. Valves can be controlled either manually or automati-
cally with the use of an actuator. A manually controlled valve
may be practical in CNEP mode, where the pressure remains
constant and does not require frequent adjustments. However,
manual valve control becomes entirely impractical during
NPV mode, considering that the entire breathing cycle can
last a maximum of 6 seconds when the respiratory rate is set
to 10 bpm. This necessitates the use of an actuator to control
the valve. The system overview, as illustrated in Figure 7,
provides details of the control system implemented in this
project.

Table 4 indicates that valve control offers more advantages
compared to motor control. This choice allows for flexibility
in selecting between the two approaches for valve control,
either regulating air inflow or outflow. Controlling air inflow
would necessitate creating two holes in the vessel, one for the
tube connected to the vacuum pump and another for the valve.
However, this approach may present challenges because addi-
tional holes in the vessel can lead to more uncontrolled
leakage, particularly considering the potential high uncon-
trolled leakage from the neck and torso seals. On the other
hand, controlling air outflow through a valve would require
only one hole in the vessel. A 3-way pipe would connect to
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FIGURE 8. 3-way Butterfly valve: (a) 3D model designed in a
Computer-Aided Design (CAD) software; 3D printed (b) top view, (c) side
view.

the vessel, with one side linked to the vacuum tube and the
other to the valve. Consequently, regulating air outflow via a
valve appears to be the most suitable control approach for this
project, based on our assessment. Various types of actuators
can be used to control a valve’s performance, including servo
motors, stepper motors, and DC motors. These actuators can
be linked to a driver board and controlled through a micro-
controller. To ensure optimal performance, specific selection
criteria have been established, encompassing factors like cost,
availability, torque, controlled motion rate, response speed,
angle precision, and control complexity, as outlined in Table 5
[81], [82], [83].

Precisely controlling the vacuum pressure within the vessel
relies on two primary parameters: high-angle precision and
sufficient torque to withstand the pressure acting against the
valve’s movement. Conversely, when it comes to controlling
RR and I:E ratio, response time assumes critical importance.
To maintain cost-effectiveness and simplicity, DC motors
were initially ruled out as an option. Stepper motors offer
precision and relatively fast performance. However, they can-
not provide information about the angle at which they are
positioned, as they do not incorporate a feedback system. This
limitation poses an issue since knowing the valve’s angle is
essential for using it as an input within the system. On the
other hand, servo motors exhibit movement relative to their
original position (i.e., 0° angle), allowing the system to accu-
rately track the valve’s angle. The servo motor selected for
this project is the HS-646WP Waterproof Servo Motor [84].
This actuator possesses substantial power thanks to its metal
gears, enabling it to move the valve with ease even against the
suction force, thanks to its high torque.
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(d) Ul showing severe alarm test condition.

It’s important to note that not only does the angle at which
the valve is opened affect the airflow rate, but also the size of
the valve. After experimenting with various sizes of butterfly
valves, a 3D model of a 2-way butterfly valve from the
Exovent team [85] was adapted to create a 3-way butterfly
valve, as depicted in Figure 8 (a). One side of the designed
valve accommodates the valve’s flap, while the vacuum tube
is attached to the other side. The valve is affixed to the
vessel through its center. The flap remains fixed within the
body using a spindle, which connects to the actuator’s shaft.
The valve was 3D-printed using Polylactic Acid (PLA) [86]
due to its cost-effectiveness and practicality, as shown in
Figure 8 (b).

3) CONTROL ALGORITHMS AND CODING
To control the actuator, and consequently, the valve, we uti-

lized an Arduino Uno microcontroller [87], known for its
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cost-effectiveness, wide availability, and ease of program-
ming in the Arduino integrated development environment
(IDE) [88]. This environment offers various built-in libraries,
including the servo motor library, and enjoys robust support
from a vast online community. The code comprises multiple
functions and operates within a continuous loop upon device
startup. One of these functions was designed to collect pres-
sure sensor data in terms of voltage and convert it into cmH20
values, using a characterization equation derived from plotted
data (slope and intercept). Another function calculates the
inspiration (7j,sp) and expiration (T,y,) times. An important
algorithm dynamically controls the pressure inside the vessel
based on the angle or position of the valve, which is controlled
by a servo motor. This function senses the pressure at the
specified position and adjusts it if it deviates by more than
40.5 cmH20 from the set pressure (Pge;). Notably, at 0°, the
valve is fully open, and at 90°, it is fully closed. Therefore,
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if the sensed pressure falls below the set pressure (Pg,;, €xpi-
ration, or inspiration), the angle or position is incremented
to reduce the air inflow, thus increasing the pressure within
the vessel. The reverse action is taken if the sensed pressure
exceeds the set pressure. However, the degree to which the
valve moves at any given time depends on the error (i.e., the
difference between the set pressure and the sensed pressure).
If the error is less than 10 cmH2O, the angle is adjusted
incrementally by 1. If it exceeds 10 cmH2O, the angle is
adjusted incrementally by 10. Another function moves the
motor to the expiration position, initially set at angle zero,
and waits for T,,, seconds, and then adjusts the position using
the servo motor control function if the error exceeds |0.5]
cmH20. Subsequently, it moves to the inspiration position,
initially set at angle zero, waits for Tinsp seconds to adjust
the position, and resets the overflow counter. A flowchart
illustrating the control system’s logic is provided in Supple-
mentary Figure S3. Experimental results and visualizations
of the control system are presented in the Results and Discus-
sions section (Section IV).

F. USER INTERFACE
The User Interface (UI) serves as the primary point of inter-
action between clinicians and the system. A user-friendly
and robust interface is essential, as it empowers clinicians
to effortlessly monitor and control the system’s behavior.
In this context, the UI has been implemented on a 7-inch
touchscreen, which is powered by a Raspberry Pi (RPI),
a single-board computer [89]. This interface displays real-
time data on pressure, temperature, and flow within the
vessel. Moreover, it provides clinicians with the flexibility to
choose between two modes: NPV (cyclic) and CNEP. When
the CNEP mode is selected, clinicians can set a static pressure
to be maintained within the vessel. In contrast, the cyclic
mode allows for the configuration of maximum and minimum
negative pressure values for inspiration and expiration phases.
To set up the RPI module, one needs to begin by down-
loading the Raspbian OS [90] onto the memory card that
is inserted into the RPI. Afterward, the RPI is connected to
the touchscreen using a ribbon wire, and a wired keyboard
and mouse can be attached to the RPI, which simplifies
the process of writing the required code to be used for
communication. The UI design, complete with annotations,
is presented in in Figure 9 (a). This interface features buttons
on the right side and knobs at the bottom, which clinicians
can utilize for adjustments. Meanwhile, the left panel dis-
plays information gathered from the sensors connected to the
microcontroller, and the central area showcases the pressure
waveform. Beginning with the buttons on the right, the first
button flashes to indicate an alarm when the pressure devi-
ates from the clinician’s preset values, as illustrated in in
Figure 9 (c). The activation of the alarm is contingent upon
parameters configured by the clinician within the ‘“‘alarm
limits” button. This setting allows them to specify the alarm
frequency and define moderate and severe levels of pressure
variation, as depicted in in Figure 9 (d).
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FIGURE 10. Control system test results for the NPV mode - cyclic pressure
curves for various input and output parameter values.

The user initiates the system by pressing the ““Start” but-
ton, at which point the valve begins adjusting to meet the
preset inspiration and expiration pressure levels, I:E ratio,
and RR. Upon clicking the button again, it transforms into
a stop button, which halts the valve and motor movement.
The “Mode” button enables users to switch between the
two available modes: cyclic and CNEP. As depicted in in
Figure 9 (b), the default mode is cyclic. When the CNEP
mode is selected, all knobs except the one for expiration
pressure are disabled, and only the expiration pressure and
temperature are displayed on the left side of the screen. The
knobs located at the bottom of the screen allow users to set
inspiration and expiration pressures, I:E ratio, and RR from
a predefined range suitable for the patient. The inspiration
pressure ranges from 15 to 35 cmH2O, while the expiration
pressure ranges from O to 15 cmH20. Additionally, the I:E
ratio is limited to preset values of 1:1, 1:2, 1:3, and 1:4.
Finally, the RR can be adjusted within the range of 10 to
30 bpm. The left side of the screen displays data received
from the microcontroller, which includes inspiration pres-
sure, expiration pressure, I:E ratio, RR, and temperature.
Pressure data is collected using a digital pressure sensor,
while temperature data is obtained via a DHT22 tempera-
ture sensor mentioned earlier. The pressure values over time
are presented in the middle of the screen as a waveform.
The UI was programmed using Hypertext Markup Lan-
guage (HTML) [91], Cascading Style Sheets (CSS) [92], and
JavaScript (JS) [93], which are programming languages used
for web page development. The Ul is hosted by ““localhost,”
a virtual web server used on the local computer, i.e., the RPI
module.
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1) DATA TRANSFER

Communication between the microcontroller (Arduino Uno)
and the RPI is achieved through serial communication,
wherein data is transmitted one bit at a time sequentially,
employing the Universal Asynchronous Reception and Trans-
mission (UART) protocol [94]. UART is chosen for its
simplicity and multi-master protocol characteristics, allowing
multiple devices to initiate communication. The Arduino and
RPI can be connected for serial communication using either
Universal Serial Bus (USB) or General-Purpose Input/Output
(GPIO) pins. Using USB is simpler, as GPIO pins would
necessitate a voltage level shifter due to the RPI operating
at 3.3V, unlike the Arduino, which operates at 5V. Clinicians
input essential information via the touchscreen as required for
the device’s operation, as outlined in the Ul. Communication
between the Arduino and RPI is programmed using Python
on the RPI, with data transmitted in bytes. Once communi-
cation is established, the Python script retrieves data such
as start/stop commands, mode selection, inspiration pressure,
expiration pressure, [:E ratio, and RR from the buttons or
knobs in the Ul This data is then sent via serial commu-
nication to the Arduino, enclosed within a frame marked
by a start marker ‘<’, an end marker ‘>’, and commas
to separate different parameters. The use of start and end
markers is crucial for both the Arduino and RPI to identify
the beginning and end of a frame, while the commas facilitate
the distinction of various values in a specific order. The RPI
transmits the same frame multiple times to the Arduino until
it successfully receives the values. Following this, the RPI
ceases data transmission until a new alteration is made in
the UI and the Arduino requires an update. In response, the
Arduino provides data to be displayed in the Ul, acquired
from the sensors, and appends a frame number. This frame
number increments when new, non-repeated data is received
from the RPI. The RPI verifies the successful reception of
the frame by checking whether the frame number has been
incremented.

On the Arduino side, the code operates by receiving data
and storing it in a buffer when the start marker is detected,
and the buffer is filled once the end marker is received.
Here, the buffer is compared to the previous buffer to identify
duplicates, and if it’s not a duplicate, the frame number is
incremented, and the data is parsed. To initiate the system,
it checks for the ““start” command to become true. Based on
this condition, it calculates the duration for inspiration and
expiration using the received I:E and RR values. It then moves
the valve accordingly to reach the designated inspiration and
expiration pressure, depending on the selected mode. These
conditions also activate a solid-state relay to close, which
starts the motor and increases the pressure inside the vessel.
The output from the Arduino includes data collected from
sensors, such as inspiration and expiration pressures and
temperature, along with the time information derived from
counters responsible for valve control. The frame sent from
the Arduino to the RPI encompasses the frame number, the
‘start’ data received from the RPI, inspiration, and expiration
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pressures, pressure data for the curve, inspiration and expira-
tion times obtained from the counter, and temperature. These
data elements are enclosed within start and end markers and
separated by commas. The RPI receives the frame, decodes
it, and divides the frame into variables, which are then trans-
mitted for display on the Ul The data transfer process is
illustrated in Supplementary Figure S4. The results of the
Arduino IDE and the RPI-based Ul are presented in the
results and discussion section (Section IV).

G. SAFETY FEATURES

ExoventQ incorporates two layers of safety protocols: alarms
(both audio and visual) and a vacuum relief system designed
for emergencies. Both subsystems are elaborated upon below.

1) ALARMS

Two types of alarms have been investigated in this study:
audio and visual alarms. In this system, a moderate alarm
is implemented by flashing the alarm button in orange to
indicate a moderate deviation from the pressure set by the
clinicians. On the other hand, a severe deviation in pressure
level from the set value triggers a buzzer to sound, changes
the alarm button’s color to red, and displays text to the left
of the button, providing details about the fault. The responses
of the alarm systems on the RPI-based GUI are discussed in
Section IV.

2) VACUUM RELIEF SYSTEM

Since a dangerous pressure increase can occur within sec-
onds, an extra safety feature has been incorporated into the
system. This feature automatically alleviates pressure in the
event of a system failure. In cases of system failure, immedi-
ate vacuum relief is essential should pressure spike within the
vessel. A solid-state relay [95] has been integrated to respond
when the pressure inside the vessel reaches a specific thresh-
old. When triggered, it will disconnect the power supply to
the motor, thereby eliminating negative pressure around the
patient.

IV. RESULTS AND DISCUSSION

In this section, we present the various experimental outcomes
of our proposed ExoventQmechanical ventilator prototype
for the ICU patients. We also perform a comparative analysis
with the state-of-the-art ventilator systems developed during
COVID-19.

A. CONTROL SYSTEM TEST RESULTS
We test ExoventQ control system for both NPV (cyclic) and
CNEP modes by recording the data stream directly from
the Arduino serial monitor [96]. In Figure 10, we present
the cyclic pressure curves from the NPV mode, which
include various Pinsp, Pexp, RR, and LI:E values recorded over
20 seconds. We change these parameters externally using the
control panel to check and visualize the device response.

On the other hand, Figure 11 displays the test results from
the CNEP mode for various Peyp values measured in cmH20
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FIGURE 11. Control system test results for the CNEP mode - constant
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FIGURE 12. Full system testing in the (a) NPV (cyclic) mode, and the
(b) CNEP mode.

over 20 seconds. An ideal plot representing the CNEP mode,
as shown in Figure 2, is a constant, straight line. However, in a
practical scenario, the device requires some time to build up
pressure and reach the set target to satisfy the CNEP mode.
In Figure 10 and Figure 11, the plots do not exactly start from
zero pressure at the zeroth second, as we began recording the
data after a few seconds of the device’s activation. Never-
theless, the primary objective was to demonstrate a practical
scenario.
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FIGURE 13. Safety alarm testing for (a) moderate, and (b) severe test
scenarios.

B. FULL SYSTEM TEST OUTCOMES FROM THE UI

To assess the complete system, we conducted field tests to
ensure proper data communication in both directions, i.e.,
between the Arduino IDE and RPI. Clinicians input the data
(Pinsp, Pexp» RR, and L:E) into the UI, which was then trans-
mitted to the Arduino IDE for display on the serial monitor.
Conversely, the output sensor data, including inspiration and
expiration pressures, temperature (Temp), and time, was col-
lected by the microcontroller and derived from the counters
responsible for valve control. The results from the Arduino
serial monitor are presented in Supplementary Figure S5.
The communication and Ul subsystems were integrated to
achieve full system functionality, with the test results shown
in Figure 12. Figure 12 (a) displays the test for the cyclic
mode, while Figure 12 (b) presents the test results for the
CNEP mode. On the left aisle of the Ul screen, we present
the input and output parameters, namely Pinsp, Pexp, RR,
LLE, and Temp, accompanied by their respective standard
units. On the right side, we showcase the control buttons
for alarms and control systems. Additionally, there are con-
trol knobs available for adjusting or modifying the input
parameters according to the patient’s scenario. Positioned at
the center of the screen is the pressure plot. Furthermore,
the current device mode is displayed at the corner of the
screen.
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TABLE 6. Comparison of emergency ventilator systems.

Tidal Respirato Cost
Project Volume ry Rate I:E Ratio Estimate

(mL) (bpm) (USD)
GlasVent [38] - - - -
MADVent [39] - - - -
ApolloBVM [97] 300 - 650 5-30 1:2to0 1:5 <300
E-Vent [98] 200 — 800 6-40 1:1to 1:4 ~1900
Open-Vent [99] Max at 800 10-30 1:1to 1:3 -
OxVent [100] 250 — 600 10-30 1:1to01:3 ~1250
Spiro Wave [101] 200 — 800 10-35 1:1to 1:4 -
Umbulizer [102] 200 — 800 1-30 1:0to 1:3
AmbuBox [103] 0—700 10-30 N/A -
ExoventQ 0-800 10-30 1:1to 1:4 ~1000

C. TEST OUTCOMES FOR THE SAFETY FEATURES

We tested the alarms from the Ul as safety features for both
moderate and severe test scenarios, as illustrated in Figure 13.
First, we conducted a test for moderate alarms (Figure 13 (a)),
where the vessel pressure was allowed to deviate by £5
units from the clinician’s set pressure. In the case of severe
alarms, as depicted in Figure 13 (b), the button’s color
flashes red, and the buzzer sounds following the alarm lim-
its when the pressure deviates by 10 units from the set
pressure.

D. COMPARISON TO THE EXISTING VENTILATORS

In response to the global ventilator shortage during
COVID-19, innovative low-cost emergency ventilators were
developed. ExoventQ, a negative pressure ventilator (NPV),
offers a cost-effective solution, overcoming health issues
linked to positive pressure ventilators (PPVs). GlasVent pri-
oritizes simplicity and uses 3D-printed parts, suitable for
low-resource settings. A closed-loop, pressure-controlled
ventilator ensures safety and efficacy. ApolloBVM enhances
the Bag Valve Mask with controllable, automated features.
The MIT Emergency Ventilator Project automates a manual
resuscitator for longer-term use. OpenVent-Bristol proposes
a low-tech solution for developing countries. AmbuBox
focuses on easy installation, simple operation, and high-
precision flow control. Each addresses ventilator shortages
uniquely, catering to specific healthcare needs. Table 6 sum-
marizes the comparative analysis of different emergency
ventilator systems.

E. LIMITATIONS AND POTENTIAL RISKS

While the study introduces ExoventQ as a novel low-cost
portable negative pressure ventilator to address ventilator
shortages during COVID-19, it has some potential risks and
limitations associated with the device. It is important to thor-
oughly investigate safety concerns, malfunctions, and adverse
events before the clinical trial of this device. While the study
briefly mentions safety measures, a more detailed analysis
of potential risks and corresponding mitigation strategies is
warranted. Additionally, factors such as long-term reliability,
user training requirements, and real-world performance chal-
lenges should be explored to ensure a thorough understanding
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of the device’s limitations and safety considerations in diverse
healthcare settings. Addressing these aspects is crucial for the
device’s successful integration into clinical practice and for
ensuring patient safety.

V. CONCLUSION AND FUTURE WORK

The shortage of ventilators during the COVID-19 pandemic
drew public attention to the need for a safe, cost-effective
ventilator solution that could be rapidly manufactured to save
lives. The potential to save lives among COVID-19 and simi-
lar disease patients through the development of an affordable
ventilator inspired the creation of ExoventQ. The primary
innovation of this design lies in its use of Negative Pres-
sure Ventilation (NPV), as opposed to the Positive Pressure
Ventilators (PPVs) currently in use in hospitals worldwide,
which pose significant health risks in COVID-like scenar-
ios. Furthermore, this study discusses and compares both
old and new implementations of NPV, with the best option
serving as the basis for the ExoventQdesign. The vessel
underwent significant improvements, transitioning from an
initial prismatic shape to a squircle-shaped PC vessel. This
vessel was connected to a vacuum cleaner’s motor-blower
to create a vacuum and featured a closed-loop control sys-
tem that used feedback from a pressure sensor to regulate
the pressure within. The pressure sensor was meticulously
calibrated and validated against a handmade manometer, and
various temperature sensors were evaluated, with the DHT22
proving the most effective. Motor control and valve control
methods were compared, ultimately favoring automatic out-
flow valve control. The actuator responsible for moving the
valve is a servomotor, chosen primarily for its precise rotation
angle tracking capability, which could serve as feedback for
the closed-loop system. User input for required parameters
was facilitated through a Raspberry Pi (RPI) 7-inch touch-
screen displaying a user-friendly interface. This interface
allowed users to configure different parameters and settings,
while data collected from sensors by a microcontroller was
conveniently displayed. Additionally, a safety system was
integrated, triggering a visual color change and alarm sound
when pressure moderately or severely deviated from the pre-
set levels. However, it’s important to note that despite the
progress made in this study, the ExoventQ prototype has
several limitations. Since the device couldn’t undergo testing
on humans in this phase, as it is considered a beta model,
testing was conducted using human mannequins to evalu-
ate neck and torso seals. Unfortunately, these mannequins
are quite costly, preventing a thorough examination of their
impact on pressure within the vessel. Future studies will need
to encompass not only technical aspects but also clinical
considerations to develop a more robust solution for critically
ill patients.
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