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ABSTRACT  
 Many diseases affect the efficacy of the respiratory system, and thus ventilatory 
support is required to improve the patient’s prognosis. One of the methods of providing 
this support is by using non-invasive, positive pressure, BiPAP ventilation. The 
purpose of this project is to develop a prototype of a medical device that can provide 
this support. This is achieved by understanding the requirements of the device, 
generating concepts that can satisfy these requirements, selecting a concept and 
constructing it. The selected concept makes use of two blower fans, the first to provide 
the inspiratory pressure support, and the second to provide the expiratory pressure 
support. The pressure delivered to the patient is controlled using an axial solenoid 
valve and a one-way valve. A PID control loop is then used to control the speed of the 
fans. The system developed is not able to meet all the requirements but would be able 
to do so with slight improvements. These improvements include redesigning the axial 
solenoid valve to reduce the pressure drop across the valve, redesigning the flow path 
of the circuit to reduce the pressure drop in sharp corners, and changing the inspiratory 
fan control loop implementation strategy. The flow rate sensor also needs to be 
improved to allow the device to perform accurate volume-controlled ventilation.  

Keywords: BiPAP, non-invasive, ventilation, pressure controlled, flow control valve, 
flow rate sensor 
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NOMENCLATURE 
NPV Negative Pressure Ventilation 
PPV Positive Pressure Ventilation 
BiPAP Bilevel Positive Airway Pressure 
CPAP Continuous Positive Airway Pressure 
IPAP Inspiratory Positive Airway Pressure 
PEEP Positive End Expiratory Pressure 
WHO World Health Organisation 
PID Proportional Integrative Derivative 
I: E Inspiratory: Expiratory 

 
INTRODUCTION  

Many diseases have harmful impacts on patients’ lungs, resulting in reduced 
blood oxygen levels and ultimately respiratory failure (Patel, 2020). To improve their 
prognosis, it is essential to provide support to the patient's respiratory system before 
it fails (Shelly & Nightingale, 1999). This support can either be invasive or non-
invasive. Invasive therapy refers to mechanical ventilation administered via an 
endotracheal tube (a tube through the mouth into the throat near the larynx) or a 
tracheostomy tube (a tube through an incision in the trachea) (Shelly & Nightingale, 
1999). Non-invasive therapy refers to respiratory therapy applied via a face mask.  

 
Non-invasive therapy can be further split into two categories: Negative 

Pressure Ventilation (NPV) and Positive Pressure Ventilation (PPV). Negative 
pressure ventilation is the application of negative pressure to the outside of the 
thoracic region, assisting in opening the patient’s airways (Marcotte, 2020). This 
ventilation method is, however, not effective when the patient’s lung compliance is 
reduced, and the devices are typically cumbersome to use (Grasso, et al., 2008). PPV 
is the application of positive pressure inside the patient's lungs. This is achieved by 
blowing air into the patient's lungs through a mask, thereby preventing their lungs from 
collapsing. 

 
Non-invasive PPV can be achieved through two different strategies: 

Continuous Positive Airway Pressure (CPAP) and Bilevel (also known as Bi-phasic) 
Positive Airway Pressure (BiPAP). CPAP provides constant pressure to the patient, 
regardless of whether they are inhaling or exhaling (Sharma, et al., 2011). BiPAP, on 
the other hand, provides two different pressure levels: a lower pressure when the 
patient is exhaling, and higher pressure when they are inhaling. The higher pressure 
is the Inspiratory Positive Airway Pressure (IPAP), and the lower pressure is the 
Positive End Expiratory Pressure (PEEP). BiPAP ventilation is more comfortable than 
CPAP ventilation, especially at higher pressures, and is therefore used more 
frequently to treat severe cases of respiratory distress (Patil, 2020). 
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The COVID-19 pandemic has placed significant strain on the healthcare 
systems in many countries, leaving patients untreated, or inadequately treated (Menon 
& Padhy, 2020). This project, therefore, aims to develop a non-invasive BiPAP 
ventilator that can be used in the treatment of patients infected with the SARS-COV2 
virus. The device differs from conventional ventilators by changing the pneumatic 
circuit. Conventional ventilators use a single fan module and control the speed of the 
fan to control the pressure output. This device uses two fans, with one fan controlling 
the expiratory pressure, and the second controlling the inspiratory pressure. The fans 
do not need to change speed rapidly, allowing for more accurate control of the 
pressure levels. The following research question is therefore addressed in this article: 
Can the use of a dual fan pneumatic circuit combined with the use of an axial solenoid 
valve reduce the reliance on the change of speed of the fan to produce BiPAP 
ventilation? 
 
MATERIALS AND METHODS 

Firstly, the required performance characteristics of the device are identified. 
These will ensure the device developed meets the market standards in terms of 
performance as well as the requirements of the World Health Organisation (WHO). To 
limit the scope of the project, and because the device developed is only a prototype, 
some of the requirements are excluded. The requirements are shown in Table 1. 

 
Table 1: BiPAP Non-Invasive Ventilator Requirements 

Requirement  Value Source 
Inspiratory flow 1 – 120 l/min (WHO, 2020) 
Inspiratory 
pressure 4 to 35 cmH2O (WHO, 2020) (MHRA, 2020), 

(SASA, 2020) 
Respiratory rate 10 to 30 breaths/min (MHRA, 2020), (SASA, 2020) 
PEEP 0 to 25 cmH2O (WHO, 2020) (SASA, 2020) 
I:E ratio 1:1 to 1:6 Clinician 

Ventilation Modes Volume and pressure 
controlled (WHO, 2020) (SASA, 2020) 

 
While considering the intellectual property landscape, different concept 

generation strategies are used to develop solutions that would satisfy the 
requirements above. These concepts are then screened by their functional 
performance, as well as regulatory and reimbursement considerations. The resulting 
pneumatic circuit of the device is shown in Figure 1 below. 
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Figure 1: Selected Concept 
 

All components are purchased as off-the-shelf parts except the flow rate sensor 
and the control valve 1. The design of these components is discussed below. 

i. Flowrate Sensor 
Flowrate sensors are typically expensive components, so to reduce the cost of 

the device, a flowrate sensor that makes use of the Venturi effect is designed. This 
relies on the principle that a fluid flowing creates a negative pressure next to it, and 
the faster the fluid is flowing, the greater the negative pressure. If the diameter of a 
pipe is reduced, the velocity of the fluid flowing through the pipe changes, thus causing 
a pressure differential. The flow rate can be calculated using Bernoulli's equation 
shown below (Muson, Young, & T.H., 1994). 

 

    𝑄 = 𝐴9d
9
B
∙ ∆Q

0<X8784
Y
7  (1) 

In the equation, A2 represents the smaller area of the pipe, A1 the larger area 
of the pipe, the density of the air, and Q the flowrate. By iterating through different 
differential pressure sensors and optimising the design for the most accurate flow rate 
reading, it is calculated that the ideal diameters for A1 and A2 are 20mm and 7.5mm 
respectively. The design is 3D printed, and the inner area is drilled and reamed to 
ensure dimensional accuracy. The assembled flow sensor is shown in Figure 2. 

 

 
Figure 2: Assembled Flowrate Sensor 
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ii. Control Valve 
The control valve is required to open when the patient inhales, and close when 

they exhale. It must therefore close quickly, and seal well to ensure the correct 
pressure is applied to their lungs. Various design iterations are built and tested, and 
the final iteration is shown in Figure 3.  

 

 
Figure 3: Flow Control Valve 

 
This design makes use of a movable plunger in the flow path to open and close 

the valve. When the solenoid coil around the outside is not activated, the air pressure, 
as well as the spring, pushes the plunger to the right, sealing it against the casing. 
When the solenoid coil is activated by applying a voltage to it, the magnetic field of the 
solenoid and the permanent magnets on the plunger interact, pushing the plunger to 
the left, up the flow path. This allows air to flow through the valve and to the patient. 
The air passes between the magnets and the coil, so it does not need to go through 
any sharp corners, thus reducing the pressure drop across the valve. 

 
iii.  Device Assembly 

  The purchased and manufactured components are assembled, using 3D 
printed parts to connect all the components. All the connections are designed to press-
fit together, and tape is used where necessary to seal the connections. The resulting 
device is shown in Figure 4.  
 
 

 
 

Figure 4: Assembled Prototype 
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The four potentiometers on the front face of the device are used to control the 
breathing rate, PEEP pressure, IPAP pressure, and I:E ratio. Veroboard is also used 
to make all the required electronic connections and ensure that the connections do 
not loosen during operation.  

 
iv. Algorithm  

One of the key components of the device is the algorithm used to control the 
pressure delivered to the patient. To identify what algorithm would be suitable, a test 
is done on the system without any feedback. The IPAP and PEEP fans are set at a 
constant speed and the control valve is controlled with a square wave. The results of 
this test are shown in Figure 5. 

 

Figure 5: Pressure Readings During Algorithm Development 
 
The P1 reading is taken just after the PEEP fan, the P3 reading is taken just 

after the IPAP fan, and the P5 reading is taken at the patient end. It is noted that the 
P1 readings do not change when the control valve opens and closes. A continuous 
Proportional Integrative Derivative (PID) control loop can therefore be run on the value 
from P1. It is also noted that the P3 reading drops significantly when the valve opens 
and rises again when the valve closes. Because of this, a PID loop is implemented for 
the second half of the inspiration phase. The pressure readings are therefore allowed 
to settle to a relatively constant value before the speed of the fan is changed.   

 
RESULTS AND DISCUSSION 

The design is tested using a passive test lung with a volume of 1.0 l, and 
compliance of 20ml/cmH2O, in the place of a patient. The first characteristic of the 
ventilator tested is the flow rate delivered to the patient. The results of this test are 
shown in Figure 6.  
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Figure 6: Flowrate Test Result 
 
The device achieves a maximum flow rate of 103.81 l/min, which is less than 

the 120 l/min requirement. During component testing, it is found that the fans can 
produce the required flow rate, so the flow path of the air needs to be optimised to 
increase the flow rate. This can be achieved by improving the design of the flow control 
valve and reducing the pressure drop across the valve. This change would also 
increase the maximum pressure delivered to the patient. Figure 7 shows the maximum 
pressure delivered to the patient during the inspiratory phase. The maximum 
inspiratory pressure is measured to be 33.45 cmH2O, less than the 35 cmH2O 
requirement.  

 
 

Figure 7: Inspiratory Pressure Test 
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One of the issues with the control algorithm that became clear during testing is 
that as the time of the inspiratory phase decreases, so does the time that the PID loop 
is run for the IPAP fan. This results in an unstable loop, where the speed of the IPAP 
fan and thus the IPAP pressure delivered to the patient oscillates between breaths. 
This is seen in the test with an Inspiratory: Expiratory (I:E) ratio of 1:6 (inhalation is 
one-seventh of the total cycle). The results of this test are shown in Figure 8. 
 

 
Figure 8: Inspiratory Pressure Test 

 
The time that the PID loop is used is indicated by the dark blue line labelled 

"PID Loop". For an I:E ratio of 1:6, the IPAP PID loop is only used for 7.1% of the 
cycle. The resulting oscillation of the fan speed is seen in the P3 readings, the 
pressure just after the IPAP fan. Similar oscillation in the IPAP fan speed is seen with 
an increased breathing rate (30 breaths per minute), as shown in Figure 9.  

 

Figure 9: Breathing Rate Test 
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Lastly, the PEEP pressure is tested. The required maximum PEEP pressure is 
25 cmH2O and the device can supply this pressure. The PEEP fan stabilises at a fixed 
speed for all the tests indicating the control algorithm for the PEEP fan works 
correctly.  
 
CONCLUSION 

The constructed device was able to meet some of the requirements, but not all 
of them. The flow control valve used in the device should be redesigned to reduce the 
pressure drop across the valve and increase the maximum flow rate. The control 
algorithm for the IPAP fan should also be improved to increase its stability. 
Improvements should be made to the flow rate sensor to allow accurate, volume-
controlled ventilation. Although it can provide basic pressure controlled non-invasive 
ventilation, further development is required for the device to have the same 
performance characteristics as conventional single fan ventilators. 
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