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Introduction: More than 60% of preterm births take place in South Asia and sub-Saharan Africa, making prematurity a primary
cause of neonatal mortality. Even though continuous positive airway pressure (CPAP) is a popular treatment for respiratory distress
syndrome (RDS) and is safe, practicable, and efficient for use in LMICs, it is crucial to ensure that neonates receive the full benefits of
the therapy by monitoring their blood oxygen level.

Methods: A centrifugal fan, power source, control system, and sensors are all included in our design. A centrifugal fan was created to
provide air at positive pressure in the range of approximately 4 cmH20 to 20 cmH2O utilizing revolving blades (impeller), a DC
motor, and a fixed component. The control unit contains a microcontroller to handle sensor data. The proportional-integral (PI)
controller board’s external potentiometer is used to set the pressure level.

Results: To ascertain whether the prototype satisfies the design requirements, it was constructed and put through several iterations and
testing. The proposed device’s prototype was tested for accuracy, affordability, and usability. The centrifugal fan speed measurement
was accurate to within 94.5%, while the oxygen concentration sensor reading was accurate to within 98.5%.

Conclusion: The design investigates viability of a straightforward, inexpensive, portable SpO2 integrated neonatal CPAP device for
use in the delivery room in low-resource countries and to evaluates methods for measuring flows during CPAP treatment by
monitoring the level of oxygen in the blood and pressure level delivered by the device using the lowest and safest setting that yields
useful results.
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Introduction

More than 5.9 million children die each year, most of them from illnesses that may be prevented or treated simply, and
more than 95% of those fatalities take place in poor nations.' An estimated 15 million children are born prematurely
each year, with more than 60% of these births taking place in south Asia and sub-Saharan Africa.>* Prematurity is
a primary cause of neonatal mortality. By 2030, the UN plans to lower newborn mortality to 12 deaths per 1000 live
births.* The majority of the world’s low- and middle-income nations (LMICs) are found in Africa, where the regional
newborn mortality rate is 27 deaths per 1000 live births.>® Most preterm babies breathe when they are born, but since
their lungs and respiratory control systems are still maturing, they often require further breathing support.” To observe
a significant improvement, strategies to accomplish this aim must be adapted to LMICs. To prevent lung harm, the focus
of respiratory support has recently changed from invasive to noninvasive ventilation. Even if the device compresses the
needed volume of air, performing efficient noninvasive ventilation is challenging due to mask leakage and airway
blockage.

The main dangerous side effect of pneumonia is hypoxemia or a lack of oxygen in the blood. According to estimates,
there will be 120 million occurrences of pneumonia in children under 5 years old in 2020, of which 14 million will
progress to serious illness and 1.3 million will result in mortality.'® In nations where resources are few, hypoxemia is one
of the best predictors of mortality. A total of 1.86 million instances of hypoxemic pneumonia occur each year, accounting
for at least 13.3% of pediatric pneumonia cases and substantially increasing the mortality risk.''*'* Additional newborn
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disorders, such as birth asphyxia, infection, and low birth weight, all of which can result in hypoxemia, account for 23%
of the 5.9 million child fatalities each year.'> These variables underscore the significance of total oxygen monitoring
within health systems during CPAP treatment in low-income and middle-income countries and add to the significant
burden of hypoxemia. It is important in almost all acute severe illnesses, but frequently overlooked, and blood oxygen
concentration monitoring is still a luxury that many seriously ill children admitted to hospitals in impoverished nations
cannot afford. This is especially true for newborn cases in small-scale institutions where, even if some installation for
covering position oxygen is present, supplies are usually unstable and the advantages of therapy may be diminished by
poorly maintained, absence of fully automated bias to cover oxygen level.

It is still unknown how often respiratory distress syndrome (RDS) occurs in newborns. This issue, which has started
to get substantial attention in the medical community in the last 15-20 years,'*'” has been the topic of numerous
epidemiological studies. Intellectual disability or cerebral palsy, cardiovascular issues, and a higher newborn death rate
are all effects of RDS. For people with RDS, continuous positive airway pressure is now the most common type of
therapy. However, the assessment of the therapeutic efficacy of this therapy has been restricted to the subjective
assessment of physicians following CPAP therapy. Further research on performance, as well as CPAP optimization
and resuscitation system fusion, has the potential to reduce the requirement for mechanical breathing and improve
outcomes.

Finding methods or strategies to minimize the requirement for mechanical breathing, including both drug therapy and
respiratory support systems, have been a primary focus of neonatal research. Recent randomized control studies have
shown that CPAP combined with oxygen concentration monitoring is a reliable substitute for treating respiratory distress
syndrome and verify that the newborns benefit fully from the treatment.'® ?° However, mask leaks and airway blockage
make it challenging to perform adequate noninvasive ventilation.”’ A CPAP machine’s function is to deliver positive
pressure through a noninvasive interface to the neonate’s lungs. As a result, variations must be assessed, and pressure
should be kept constant and categorized for as long as the device is functional. In response to evaluating the efficacy and
efficiency of the treatment to address concerns regarding the performance of CPAP systems, flow measuring techniques,
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and monitoring blood oxygen saturation, the objective of this project is to design a device with the functionality of
treating respiratory dysfunction and monitoring preterm blood oxygen saturation. The device needs to be made of
resources that are found in the region where it is being implemented, easily accessible reliable and user-friendly so that
anyone can operate the machine.

Materials and Methods

The centrifugal fan, power supply unit, conduit (containing the patient interface), pressure control, and oxygen saturation
monitoring are the five essential parts of the proposed design. The respiratory cannula served as the patient interface on
the prototype created for this project, which also used silicone tubing as the conduit, a centrifugal fan as the air source,
a symmetric voltage power supply, a pressure sensor to regulate the pressure delivered by the device, and SpO2 sensor to
measure blood oxygen saturation. The intended newborn respiratory dysfunction therapy and oxygen saturation monitor-
ing device is shown in functional block diagram form in Figure 1. As illustrated in Figure 1, the apparatus additionally
included an inbuilt flow meter for monitoring the flow of mixed oxygen and atmospheric pressure through the tube and
a pressure gauge for adjusting the pressure of these gases to the required level. In addition, a humidifier was incorporated
to replenish the moisture lost by the nasal airways during CPAP therapy and a two-way solenoid valve that alternately
produces positive end-expiratory pressure (PEEP) based on the condensate buildup on either side of the expiratory tube.

Air Source

In this project, a centrifugal fan was designed to deliver air at positive pressure in the range of approximately 4 cmH20
to 20 cmH20 utilizing revolving blades known as an impeller. A centrifugal fan is a type of pump that increases the
kinetic energy in the fluid by using revolving blades. An impeller linked to a spinning shaft and a stationary casing that
houses the impeller make up the two primary parts of the pump. The impeller increases the velocity by utilizing a number
of blades placed in a regular pattern around the shaft, and as the velocity decreases, the housing converts the velocity to
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Figure | Block diagram of the proposed SpO?2 integrated neonatal CPAP device.
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Figure 2 3D design of the air source: the impeller (A) and stationary component (B).

pressure. System parameters, such as variations in elevation, pipe diameters and lengths, friction factors, and small
losses, define the system curve.

It is advised that the operating point occurs at a safe and effective flow rate and pressure for newborns to maintain the
device’s mobility. The housing was 83 mm in diameter to provide extra clearance, while the impeller was 75 mm in diameter
and contained 9 vanes. Air is sucked into the impeller’s center as it rotates and spins CW is flung outward by the vanes and
descends into the base where it is sent out via the exit port. The 3D structure designed on AutoCAD software was printed using
the recent 3D technology indicated in Figure 2. Our centrifugal fan design, which has the power to accomplish the extra effort
needed to spin faster against the resistance of the air, employed an HDD motor developed for 12 V to 24 V. The output of the
designed centrifugal fan using different power source was evaluated (see Supplemental Information Figure SI1).

Conduit

The inspiratory limb and the expiratory limb make up the two components that comprise the conduit for the developed
prototype. The silicone tubes used for inhalation and exhalation are similar and flexible. As a result, air travels from the
pump output through the inspiratory limb, nasal cannula, and expiratory limb before arriving at the valve. Each segment
of tubing from the pump to the valve will undoubtedly experience a pressure drop because the device’s goal is to supply
a continuous, positive pressure to the neonates. Poiseuille’s Law can be used to determine the size of pressure losses and
anticipate the pressure that will be applied to the patient.*?

AP = OR (1)
R=) )

Where AP is the pressure drop [Pa], Q is the flow rate through the tube [m>/s], and R represents resistance, L length [m],
and r radius [m]. The nasal cannula is the patient interface, which lies between the inspiratory and expiratory limbs.
Different types of nasal cannulas were analyzed for use in the developed prototype. The RAM cannula was selected for
the prototype because it is made of a more flexible, softer material with thinner walled nasal prongs, decreases nasal
injury without increasing the need for mechanical ventilation, is more user-friendly than others and is commonly used for
CPAP in LMICs.”>**

Pressure Control

A silicon pressure sensor (XGZP6847A) was used in this design, to measure pressure over the designated full-scale
pressure range. The silicon piezoresistive pressure sensor used in the XGZP6847A is fully calibrated and temperature
compensated for offset, sensitivity, temperature, and nonlinearity so that it satisfies all requirements for repeatability,
linearity, stability, and sensibility and can be used right away in medical equipment.*®
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Blood Oxygen Concentration Monitoring

The percentage of oxygen-binding sites in the blood at the measuring location that is saturated with oxygen is known as
blood oxygen saturation. A MAX30100 sensor was used to measure blood oxygen levels. The sensor is an integrated
pulse and heart-rate monitor sensor system that detects pulse and heart-rate signals using two LEDs, a photodetector,
optimized optics, and low-noise analog signal processing. Deoxygenated blood absorbs red light and passes more
infrared light, whereas blood that has been oxygenated absorbs more infrared light and passes more red light.”® The
sensor’s primary job is to measure the absorption levels of both light sources and store the results in a buffer that can be
accessed through the data interface.

Power Supply

The proposed device needs electricity for its components, but most likely uses less watts. The transformer converts the
voltage; it accepts 220 Vac and sends constant, necessary, and reliable voltages to every component of the device. The
system has an external power source with a symmetric system of voltage at 5V, 12 V, and 24 V from this point. For
detail information regarding to the design power supply (see Supplemental Information Figures SI2 and SI3).

The materials and their specifications needed to build the prototype are shown in Table 1.

Results

Simulation Result
Before building the prototype and doing actual testing, the design was modeled using Proteus software and an Arduino
Uno microcontroller board. Since neither MAX30100 nor XGZP6847A has a library, the inputs for the simulated system

Table | List of Materials and Specifications Used to
Construct the Prototype

S. No Items Specification
| Arduino Arduino Uno
2 LCD 16%4

3 Solenoid valve 12V

4 Switch 12V

5 LED 5V

6 Fan 12v

7 DC HDD motor 24 v

8 Power supply 512,24V

9 Pressure sensor XGZP6847A
10 Oxygen sensor MAX30100
I Humidifier DIY

12 Relay 12

13 Tubes Silicon

14 Nasal Cannula RAM type

15 3D printed casing Plastic

Abbreviations: LCD, liquid-crystal display; LED, light-emitting diode;
DC HDD, Direct current hard disk driver. DIY, do-it-yourself; RAM,
Ramanathan.
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were torchlight for MAX30100 and an MPX4115 for XGZP6847A. As a result, these parts are linked to the analog pin
on the Arduino board so that they may be simulated, and the output would then be shown on an LCD. A buzzer was also
employed to mimic the alarming element. These pressure-flow correlations describe how the blower’s intended function
as a pressure source performs.

Since a real neonate cannot be used in the simulation, we make the scientific premise that whenever the neonate
expires, there will be an increase in condensate in the expiratory tube and pressure. To simulate a pressure sensor, the
pressure from the sensor was manually increased and decreased based on this assumption. By manually manipulating the
torchlight as the sensor’s input, a blood oxygen saturation level test simulation was carried out. We manually adjusted the
safe range pressure and SpO2 based on the oxygen blending chart given by the WHO to simulate the system. As
demonstrated in Figure 3, our device kept working and no warning or red light-emitting diode (LED) blinks were noticed
while the pressure and SpO2 measurements were within the safe range established by the physician. The relay did not
transfer the expiratory channel to the alternative tube if the pressure measurement was above or below the safe limit
because of condensate accumulation, but rather, as illustrated in Figure 4, both the alarm buzzer and red LED were
activated to alert the physicians. Our device may continue to function if the SpO2 level is below the safe range, but
neonates may not benefit fully from the treatment. In this instance, the red LED and alarm buzzer were both activated to
alert the general practitioner, as illustrated in Figure 5. The warning buzzer and red LED were also activated to alert the
physician if the pressure and SpO2 measurements were outside the safe range established by the physician, as illustrated
in Figure 6.

Prototype Iterations

The final design was developed after several prototype iterations. The final design was accomplished to provide a Spo2
integrated CPAP device that was safe and generally acceptable and could diagnose respiratory problems as well as
monitor preterm blood oxygen saturation to determine how well the therapy was working. The centrifugal fan, power
supply, controlling unit, and sensors make up this low-cost SpO2 integrated CPAP design. A model of the motor, the
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Figure 3 Both the alarm and LED are off when the pressure and SpO2 are within the safe range.
Abbreviations: LED, light-emitting diode; SpO2, blood oxygen concentration.
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Figure 4 Both the alarm and LED are ON when the pressure is below the range.
Abbreviations: LED, light-emitting diode; SpO2, blood oxygen concentration.
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Figure 5 Both alarm and LED are ON when SpO2 is below the range.
Abbreviations: LED, light-emitting diode; SpO2, blood oxygen concentration.

impeller, and the housing for the centrifugal fan was made using certain measurements; it is not the final design but rather
more of a proof of concept. Then, we improved the design to make the CPAP blower more useful and robust, the
housing, which was 83 mm in diameter to allow for greater space, the top and bottom covers, the 22 mm diameter
exhaust tube, and the 80 mm diameter impeller, which is 75 mm in diameter and has 9 vanes. To print in extremely high
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Figure 6 Both the alarm and LED are ON when the pressure and SpO2 readings are not in the safe range.
Abbreviations: LED, light-emitting diode; SpO2, blood oxygen concentration.

quality and enable the mounting of various-sized tubes on a comparable blower, we ultimately selected to make the tube
a distinct piece.

The device is composed of a centrifugal fan built for continuous positive air delivery, a pressure monitoring
component (pressure sensor, LCD, and alarm), and a pressure control component called proportional integral (PI)

controller board (see Supplemental Information Figures SI4 and SIS), Arduino Uno, and two-way solenoid valve).

The final produced prototype also included a nasal cannula (RAM), a relay, and humidifier components. To power the
device’s systems, the system requires a varying amount of voltage from an external power source. The whole develop-
ment process of the low-cost Spo2 integrated CPAP with a pressure control and treatment monitoring system is shown in
Figure 7.

Prototype Test Results

Accuracy, safety, affordability, portability, and ease of use were the design criteria used to develop the prototype. Due to
a lack of realistic animal or other models, we tested our device by physically inflating the artificial newborn test lung and
observed the outcome for ten distinct iterations. This allowed us to conduct the test in the actual world. We agree that
clinical testing and assessment in humans should come after tests in animal models. The test findings were compared to
the design requirements. As a result, a variety of experimental tests were carried out to determine the correctness of the
prototype units. Using a tachometer to monitor speed and analyze the related pressure-flow (P-V) relationship recorded
with various power sources, the planned centrifugal fan’s accuracy was evaluated. The centrifugal fan can deliver up to
14 cmH20 with a flow of 105 L/min when powered by a 12 V source, which should be enough for the majority of
clinical uses of CPAP treatment. As a result, we decided to use this 12 V power supply option to construct our gadget.
The power supply for the centrifugal fan can be raised if a higher pressure is needed. Using a healthy, average individual,
the accuracy of oxygen saturation monitors was evaluated. The sensor data were then compared to a gold standard using
a pulsometer device. The oxygen level sensor measurement and centrifugal fan speed measurements both have accuracy
levels of 98.5% and 94.5%, respectively. The testing procedures employed and the test results are shown in Table 2.

152 hetps: Medical Devices: Evidence and Research 2023:16

Dove!


https://www.dovepress.com/get_supplementary_file.php?f=406170.pdf
https://www.dovepress.com/get_supplementary_file.php?f=406170.pdf
https://www.dovepress.com
https://www.dovepress.com

Dove Dawud and Abagaro

1* Phase

Figure 7 The overall development process of the prototype (1*° Phase: Design and simulating on computer aided design software, Functional test based on simulation
parameters and made appropriate design revision. 2" Phase: Construction of centrifugal fun including Power supply, Controlling unit including humidifier, Constructing all
components of the design. 3" Phase: Images of final prototype from different position).

Discussion

Preterm babies often have less lubricant in their lungs at birth than full-term infants, which makes it harder for them to
maintain lung expansion. This can result in persistent lung conditions, which can be deadly for newborns, especially in
developing nations with severely constrained access to healthcare. The other is called neonatal transition, which is
marked by a sudden rise in the amount of oxygen available to tissues. As a result, preterm infants with an immature
antioxidant system are more vulnerable to oxidative damage. Based on these assumptions, global guidelines advise the
use of oxygen in preterm infants and have incorporated SpO2 reference ranges to direct CPAP and oxygen monitoring
systems in the delivery room. Continuous positive airway pressure (CPAP) machines are commonly used to assist
preterm infants in breathing, giving them a chance at a normal life. There are several devices available right now, such as
bubblers.?” However, this device only unfolds, has a fixed pressure manifold, and the pressure needed to treat a newborn
is much higher. Additionally, it is quite costly, making it unaffordable for middle- and low-income nations. Additionally,
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Table 2 Test Methods and Test Results

S.No Design Criteria to be Tested | Method Result
| Accuracy o Measuring the speed of a Centrifugal fan using Accuracy: 94.5%
a tachometer Accuracy: 98.5%

o using a normal person and observing the reading

signal
2 Electrical Safety All the systems are isolated Emergency switch
3 Cost Component cost Approximately 200 $
4 Portability Weight measuring 6 kg
5 Easy to use Operating procedure | hr training for nurses and Physicians

if the newborn is utilizing a CPAP machine, it’s crucial to check that the treatment is working as intended by measuring
the blood oxygen level in the newborn.

In this paper, we introduce the feasibility of a simple, low-cost, portable SpO2 integrated neonatal CPAP device for
low-resource settings by comparing existing systems used for CPAP treatment using simulated neonatal breathing. To
monitor blood oxygen levels, we have also identified and assessed systems and methodologies utilized for measurements
of neonatal breathing, with a focus on the in-line versus flow-through position. The sensors were utilized to measure the
blood oxygen concentration in newborns as well as the pressure value compressed by the air source. The controller uses
these values to control the air source’s pressure, measure the amount of oxygen in the blood, and evaluate the
effectiveness of the treatment by driving an HDD DC motor pump to turn the centrifugal fan’s impeller.
A proportional integrated board is part of the design, and it regulates how much pressure is applied to the patient. The
LCD continuously shows the pressure and oxygen level values in real time.

The proposed method was first simulated in advance of prototype construction. The sensor readings and the feedback
mechanism (regulation of the controller) were evaluated using the simulator, and the system was modified correspond-
ingly. The compressing system, the electrical system, and the control mechanism were designed, constructed and tested
sequentially, and system unit integration was performed. The body of the final design was constructed using affordable
metal sheet materials. The design was made to be simple and user-friendly for physicians to easily adapt to the proposed
system with minimum training. The components used for the development of the prototype cost less than 200 USD
(excluding design, manufacturing, and other costs), making it potentially economical for low-resource settings. The
accuracy of the sensors used was tested against a gold standard and an average accuracy of 94.5% was achieved for the
centrifugal fan and 98.5% for the oxygen saturation level. This makes the effectiveness of the ventilation and the Spo2
integrated with a single setting effectively provide respiratory support and monitoring of the treatment.

Our proposed solution is unique due to the following: (1) an HDD motor and a 3D-printed impeller and casing were
used in the design of the centrifugal fan; (2) the design integrates a blood oxygen concentration sensor to monitor oxygen
saturation in the blood to assess the effectiveness of the treatment; (3) the device has a controlling mechanism to correct
levels of oxygen in the blood and reduce pauses in breathing; and (4) the humidifier uses a container of water to produce
water vapor. Thus, air is generated from the centrifugal fan, the oxygen source is humidified as it passes through the
water vapor, and this air is sent to the infant. Thus, the final prototype generally offers the basic functionality of CPAP
and Spo2 devices, is suitable for low-resource settings, is safe for the patient and is user-friendly. Of note, the proposed
approach for neonatal CPAP device design empowers the end users in LMICs to fully control the procedure, adapt it to
the local conditions and update the components used in response to market availability. In a time when complex devices
appear to be needed and only be provided by a very competitive and specialized industry, the simplicity and performance
of this designed low-cost Sp02 integrated CPAP device remind us of the need to go back to the basics.

As there was no real-world testing of the device, tests on the animal model should be done before clinical testing and
evaluation on humans. In this work, we have demonstrated a potentially effective low-cost SpO2 integrated CPAP device
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that could, with more evaluation, be effective as a means of treating neonates affected by respiratory distress syndrome
and hypoxemia.

Conclusion

The objective of this project is to design a device with the functionality of treating respiratory dysfunction and
monitoring preterm blood oxygen saturation.In this work, a device was developed that was low cost, simple, casily
accessible, and maintainable and could regulate neonatal respiratory dysfunction and monitor preterm blood oxygen
saturation to ensure that the baby received the full benefits from the treatment. The humidifier is very effective and
provides clean air for the infant. Our study demonstrates the potential for this low-cost, SpO2-integrated neonatal CPAP
device for low-resource settings to become a globally used commercial product for neonates. As there was no real-world
testing of the device, tests on the animal model should be done before clinical testing and evaluation on humans.
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