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FOR COVID-19 PATIENT
Matthew W. Mueller, MS
The University of Texas at Dallas, 2020

Supervising Professor: Dr. Yonas Tadesse

During a time where COVID-19 is spreading across the globe, mechanical ventilators are sought
to help those in respiratory distress caused by the coronavirus, and different low-cost mechanical
ventilators have been extensively discussed and proposed. Ventilators are one of the few weapons
against the coronavirus for patients in a critical state. One major problem is that ventilators are
very scarce in America and in the world, and the fact that the number of coronavirus cases are
surging means that people around the globe are in vital need of ventilators. The goal of this thesis
is to review existing design solutions of mechanical ventilators and propose a simplified design
that functions in similar way to high-end ventilators with few basic operation modes. Furthermore,
the thesis will address how to build the low-cost ventilator using common commercial devices and
electronics for scenarios such as the COVID-19 pandemic. The proposed design in this thesis
consists of two blowers, servo motor valves, an Arduino, air filters for both inspiratory and
expiratory lines and other electronics, which have all been tested using methods available to people
in the comfort of their own homes, during social distancing. The proposed design is 3D printed,
integrated with a mechatronic system, and evaluated for initial performance. The design is simple,
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yet effective in providing positive and negative airway pressure through the use of two 12V
blowers and will hopefully provide life-saving assistance to many people around the world when
it is further developed.
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CHAPTER 1
INTRODUCTION
Ventilators have always been a rare commodity in a hospital, they are often used for assisting
breathing of patients who have different conditions. As the ratio of ventilators to patients grow
wider, what happens if there are extremely large numbers of people who need ventilators for
extended periods? With new patients falling ill to the global pandemic COVID-19 each day,
hospitals often face a dilemma when they need to choose who gets a ventilator, and who does not.
But what if the patient truly needs the ventilator for an extended period and has a burning desire
to fight this virus? Halfway through year 2020, we are facing the “worst case scenario.” COVID19 is rampaging across the globe. Presently, there is no vaccine, cure, or reliable medication. Each
day we get a better picture of what the next weeks and months are going to look like, and the sight
is grim. Though, there are not many weapons in our arsenal to fight this coronavirus for critically
ill patients, there is one hospital tool that is extremely vital to assisting a patient’s fight for their
life; a ventilator. Considering that ventilators are already a scarce commodity, and health
professionals are projecting that there will be millions that may need ventilators, there is an
extreme need to find a working and accessible alternative to provide to patients across the globe.
Not all hospitals are equipped with the vast assortment of expensive medical equipment that large
metropolitan hospitals have. Looking at hospitals in the US, Spain, Brazil, or many other countries,
we have seen patients lining the halls, lying down on the floor because the hospital ran out of beds.
One thing is certain, no hospital has more ventilators than beds. A solution needs to be made that
can provide ventilators to the millions across the globe for emergency situation, and the ventilator
proposed in this thesis can provide additional design idea to the existing low-cost ventilators.
1

An ICU professional has a certain expectation when they walk up to a ventilator. The ventilator
must be able to change modes, depending on the doctor’s prescriptions; be able to easily change
settings of flow, pressure, tidal volume, respiratory rate, oxygen; be able to sound an alarm if the
patient’s lung compliance changes and their pressure or volume changes; be able to provide
constant pressurized flow to a patient; be able to move enough to be carried with the patient if the
bed moves. Ventilators are very complex machines, which is one reason why they cost so much
money; however, here in this thesis, we explain how it is possible to create a ventilator in an
affordable and accessible manner, which can be made available to people across the globe.
Every patient is different, an “emergency ventilator” that only has a selected number of functions
is not the answer when the patient’s condition worsens, and they need to have their settings
changed. With the help of 3D printing, common electronics, and an easy to use interface, the design
presented in this project can provide a fully functioning customized ventilator based on the
patients’ needs. 3D printing has been the key element in the design of customized products and
customized medicine, and here in this work, we considered 3D printing as one part of the
manufacturing methods to realize the ventilator. Ventilators have a baseline need, which is not the
user interface, or different settings, but instead, that all the pressure, flow, etc., be met. That is to
say that a ventilator provides 40cm H2O of pressurized air, but also provide a path to exhale the
air. A ventilator needs a range of respiratory rates, as well as a certain amount of flow and volume
per breath. Each of these aspects can be provided using blowers accessible at industrial or
electronic suppliers.
For the scope of this project, we will delve into each of the different functions of a low-cost
ventilator and run a series of tests to understand the capability of the commercially available
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blowers. Because of the shutdown season (March- July 2020) of self-isolation, social distancing,
and campus labs that are closed, this thesis will lay out a way to run tests on each components of
the ventilator such as the DC blowers and other electronic devices as well the entire system.
The thesis consists of four chapters. Chapter 1 briefly introduced the motivation of this work.
Chapter 2 will discuss on literature review of the most popular ventilators. Chapter 3 is dedicated
for the design and manufacturing of the ventilator in this work. Chapter 4 is explanation on the
experimental works performed for characterizing the ventilator components and assembly.
Conclusion and future works are described at the end.
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CHAPTER 2
VENTILATOR BASICS AND LITERATURE REVIEW
Common modes on a mechanical ventilator are presented here, which are used according to the
condition of the patient. There are many modes that exist; however, only the commonly used
modes will be discussed in this section. It is also important to understand the different modes of
breathing that can be provided to the patients by the ventilator and terminology used in designing
the ventilator. This will help in better understanding of the different modes that are normally used
to operate mechanical ventilators.
Ventilators are an amazing lifesaving device that breathes for someone when they cannot. They
range from CPAP machines to full invasive Pressure Controlled ventilators in Intensive Care
Units. CPAP stands for continuous positive airway pressure. One concern facing many health
professionals for a while has been the relative lack of ventilators in rural hospitals and in America
as a whole. It has always felt like a matter of time that America would face a situation in which
the number of patients needing a ventilator far exceeds the number of ventilators. In 2020, that
fear overwhelmed the nation and the world with the arrival of COVID-19, which attacks people’s
lungs, leaving them in dire need of a ventilator as one of their only weapons to combat the virus.
Humans are all unique and no two lungs are 100% alike; however, ventilators come with many
different modes and even more settings, which allow ICU Professionals to fine-tune the breathing
machines to best suit their patients. As there are many different types of ventilators, with many
different functions, two of the most common settings are Pressure Controlled Ventilation and
Volume Controlled Ventilation, which are shown in the schematic diagram in Figure 2.1.
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Figure 2.1: Pressure Control vs Volume Control [1].

In the book “Understanding Mechanical Ventilation,” [1] the author goes into detail in describing
how ventilators work, and what is entailed by different modes. Figure 2.1 compares the two control
modes. As the name suggests, pressure control ensures desired pressure within the airways, it
doesn’t ensure tidal volume control. Whereas, volume control ensure that the user’s pre-set
volume is met and the air pressure may fluctuate. There are other modes of operation of ventilators
and the details can be found in the reference [1]. Figure 2.2 shows the typical waveform profiles
of a ventilator showing two cycles of operations for the two modes of operation. The flow, air
pressure and volume with respect to time are depicted in the schematic diagram illustrating the
distinctive behavior.
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A)

B)
Figure 2.2: Waveform Profile of ventilator A: Volume Control waves. B: Pressure Control
Waves [1].
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As seen the second cycle of (A) and (B) in Figure 2.2, there is a small negative dip in pressure
before the inspiratory stage. This is known as triggering the breath and is possible in assist mode.
The patient would receive a set number of breaths per minute but would still have the freedom to
initiate an extra breath.

2.1 ICU Ventilators
In dealing with mechanical ventilators, it is good to see a brief overview of ventilators from the
advanced to the low-cost machines that exist either in the market as well as in the research
community. Table 2.1 shows three different models of advanced ventilators along with their unique
features and their total costs.
Table 2.1: Advanced Ventilators for use in ICUs.

GE Avance S5 Carestation

• 6.2

Mindray

A5

anesthesia

Anesthesia Machine -

system ($52,165, new)

($23,495, refurbished)

• Ventilation modes include:

Software,

Volume

Control, Pressure Control,

Siemens Maquet Servo-I
Around $7,000, used, which
is around 50% OEM Price)

VCV, PCV with Volume • Regulates
Guarantee, CPAP/Pressure

7

levels in blood

Oxygen/CO2

PSV

PRO

(pressure

support) and SIMV.
• New O2 Sensor.

Support, SIMV-VC, SIMV- • All modes
PC

• Turbine technology

• Automatic compliance and

• Two New Flow Sensors.

fresh

• Two Container Absorbents.

maintain

• Three Gas Hoses:

volumes

• One - O2 Anesthesia Gas

Hose.
• One - N20 Anesthesia Gas

gas

• Weight = 44.1 lbs

compensation • Method of triggering: Flow,
accurate

tidal

pressure and Edi (optional)
• Max operating pressure:

• O2/Air/N2O back-up gas
• 2-hour battery back up
• Ref [17]

Approximately 115cmH2O
• PEEP regulation:

Microprocessor controlled

Hose.

valve

• One - Air Hose.

• CareFusion PTV Series

• New Battery.

Revel

• Power Cord.

• Ref [15, 16]

• Ref [14]
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Ventilators like the ones in Table 2.1 are used to provide assistance to critically ill patients, and it
becomes important to understand the different operating modes of the system. The high-end
ventilators all operated largely the same way, which is very important because an ICU professional
should expect familiarity when going from one hospital room to another.
When comparing the low-cost ventilators (Table 2.2) with our proposed ventilator (to be discussed
in chapter 3), our hope is that one can see that implementing additive manufacturing, such as 3D
printing, makes it possible to achieve a fully functioning ventilator. Outside of implementing 3D
printing, it is important to look to these examples to see how they implement the vital functions
required.
Many of these low-cost ventilators thrive in one area but lack in others. Looking at the sensors of
these ventilators, and how they are implemented, will be one of the most important aspects of
creating a ventilator. As our goal is to have a ventilator provide a CPAP function (continuous
positive airway pressure), which is a contrast with designs with an Ambu Bag. The BVM designs
have the potential to implement a positive end expiratory pressure (PEEP) valve. The PEEP
function is very vital to ventilators, as they assist in opening up the lung’s alveoli, which is
especially important for patients suffering from respiratory distress. Ventilators also need to have
a CPAP function; however, the PEEP valve on BVM designs does not allow a patient to breathe
using only CPAP support, as the actuation comes from squeezing the bag, and would not be
considered constant pressure. After a patient has been on a ventilator for an extended period of
time, they might need to undergo a weaning trial, which is when they transition from ventilator
support to breathing on their own and using CPAP can help assist in this area. Another notable
comparison of these ventilators with our ventilator is that ours will implement a filter for both
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inspiratory and expiratory air, which is important when dealing with a virus which spreads via
airborne respiratory droplets. The designs that just provide inspiratory air provide no control to the
patients’ expiratory air, and also, they rely that the patient has the ability to breathe out on their
own, which will send their contaminated air directly to the room they are in, which is harmful to
the medical professionals also in the room.
Table 2.2: Low cost ventilators from literature

Allied AHP 300 Transport
Ventilator $5,995

•
•
•
•
•
•
•

Rice University’s
ApolloBVM –Emergency
Use Ventilator – OpenProtection case for portability source
for EMS
• Builds on concept
Quick start function for adult or
introduced by MIT. (<
child
$250)
Long 7.5-hour battery life
• Control system developed
TV: 40 – 2,000 ml
to provide continuous
Has all the required functions
hospital-grade mechanical
18 lbs with shock rate of 100Gventilation
force
• Ref [19]
Modes: Volume AC, Pressure
AC, V/P SIMV, CPAP,
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University
RapidVent

of

Illinois,

• Gas-operated ventilator
• Powered by oxygen

from wall or from a
pressurized tank.
• Partnering with Belkin,
original maker of the
FlexVent
• Pending approval from
the FDARef [7]

• Alarms:

pressure,
levels,
battery…
• Spontaneous breath sensor: 15cmH2O
• Does NOT have a negative air
pressure for expiratory air.

The Allied AHP 300 Transport ventilator would most likely be found in the back of an ambulance
or medical transport vehicle. Though it largely can operate in all of the way that an ICU ventilator
operates, it is considered an acute care ventilator, as it is not meant to operate for extended periods
of time.
University of Illinois Grainger College of Engineering designed a low-cost, and offered it free to
manufacturers [7]. This is a ventilator meant to give doctors more time to work on other patients
and make decisions during this pandemic and time where hospitals are constantly running at
capacity. It is one of many ventilator projects that propose a simple solution using 3D printing
for a very limited amount of time. University of Illinois partnered with Belkin to create a 3D
printed version of Belkin’s FlexVent [13]. It is this item that controls the gas-powered air to be
sent to the patient, which the RapidVent uses in its gas-operated ventilator design.
What we can learn from the above ventilators is that there are certain aspects of a ventilator that
are vital to providing respiratory support to a patent. Few of these designs meet every aspect,
though they all provide at least a couple of functions required. Putting a critically ill patient on a
ventilator that only meets a small number of requirements can quickly become dangerous. Every
medical situation is different, so if a healthy person stops breathing, they need air, which can be
provided by use of a BVM (Ambu Bag). On the other hand, a person who has been on full
ventilation support for two months will eventually and hopefully need to be weaned off, which
11

requires a change in settings to perhaps consist of just CPAP. One single ventilator needs to be
able to address and provide the appropriate support to almost every different type of situation that
a patient could be in.
Due to the lack of ventilators in the world, the unfortunate reality is that some patients get taken
off ventilators because they are prematurely considered cured and sent home, or some patients’
odds of survival are too slim to occupy a ventilator, and they are taken off. The goal of this project
is to provide a means in which every patient who could potentially use a ventilator has the
possibility to have a ventilator. Regardless of all odds and opinions regarding quality of life, if a
patient or the patient’s family desires to fight COVID-19, every tool should be exhausted before
that patient’s life comes to an end. Of course, a ventilator is not the one and only weapon in this
battle, but it is certainly an important one. There are some hospitals that will inevitably have more
patients sick with COVID-19 needing a ventilator than the overall number of ventilators in that
hospital.

2.2 Literature Review
This section is meant to be a closer study on the current ventilator projects, which are aimed at
assisting patients affected by COVID-19, or to provide a lifesaving means to those who need when
all other options are gone. In this section, three projects are discussed and these three projects
differ from each other in many ways, but there is something to note about each of them. Though
there are many novel ventilator ideas out there, many of them are missing important functions,
which an ICU ventilator would be able to provide. The goal of this thesis is to find if there is a gap
in knowledge related to the design and development of low-cost ventilators and to attempt to fill
12

it. When COVID-19 began to spread across the globe, thousands of people of many different
backgrounds took it upon themselves to design their own ventilator in hopes to ease the glaring
lack of ventilators. Though there are thousands of ventilator projects in blogs and videos, we will
focus on those ventilators that have been scientifically reviewed, and we will propose a new design
and approach.
2.2.1 Impeller Design
The first reference we will discuss comes from London [2], where a group of people propose a
novel ventilator, which they evaluate to display its capability. They point out the potential harm in
using BVM designs, as they are strictly only meant for short term usage.
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Figure 2.3: Impeller-based design [2]

This group created an apparatus in which they could test their low-cost portable ventilator. What
makes them unique is the simplicity of their design, as they use a very simple single-throw, singlepull pressure-sensitive switch to trigger breaths. Along with simplicity, they use widely available
mechatronics and an impeller blower for the sole actuation. In Figure 2.3, Darwood et al. (2019)

14

display (A) the ‘test rig ’prototype, along with (B) an adult anesthetic test-lung, and finally (C) the
pressure sensor [2].
They implement a novel pressure-sensing algorithm to sense and control the breaths. The pressure
switch works by ending the inspiratory stage and immediately switching to the expiratory stage.
This might cause a concern as it limits pressure wave settings, as the only plot profiles available
are peaks as seen in Figure 2.4.

Figure 2.4: Pressure vs Time wave of Impeller Ventilator Design [2]

As seen in the plot from Darwood et al.[2], the inspiratory and expiratory slopes have the same
slope, which result in a triangular profile. Judging by the frequency of breaths, this setting appears
to have an I:E ratio of 1:2.5 with a respiratory rate (RR) of 12.
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One downside is that some ventilator settings requires a longer period of peak pressure; however,
due to the throw switch, there is no way that the peak pressure can be held at one value. Some
other areas of concern are that this design only provides positive pressure. For patients with a
contagious respiratory virus like COVID-19, it is vital to contain the contaminated air in an HEPA
filter. Furthermore, they write that “The device has no way of identifying the actual ventilation
pressure it is providing.” If there is a drop in lung compliance, the pressure will quickly be met;
however, the patient might not have received an adequate amount of volume, which could lead to
CO2 poisoning.
When looking at their whole design, some of the biggest ways in which it can contribute to our
design is in that, it uses an electric impeller to deliver the air. The fact that their design focusses
on simplicity is also important, as it increases the possibility of it being manufactured by those in
need.
Regarding mechatronics, they use commercially available electronic speed controller (ESC), an
Arduino Nano PCB, and a very simple single-throw, single pull pressure switch. The ESC allows
for electronic breaking, which is when the blower instantly stops providing air, so that the
expiratory cycle can begin. By having one fan, gravity and the residual pressure in the lungs will
the driving force in exhaling. This ventilator does allow for a health professional to change the
settings so that it can perform at each of three peak pressure levels: 16 cmH2O; 20.8 cmH2O; and
34.2 cmH2O.
Some of the claims that they lay out is that this novel ventilator delivers “accuracy; reliability; and
safety.” They also explained how their design contains a calibration protocol, which is very
important when making a machine compatible with a human.

16

2.2.2 MIT E-Vent
MIT has been the trailblazer for many years on the subject of low-cost ventilators. Their BVM
design has been adapted by many during the COVID-19 pandemic. One of their first iterations of
this BVM Design came 10 years ago in 2010 and they have been amending the design since then
(see Figure 2.5 and Figure 2.7).

Figure 2.5: MIT Low-Cost Portable Mechanical Ventilator (2010) [3].

Their design translates many different mechanical functions to work with human lungs, which is
something that we hope to implement in our ventilator design. The main essence of the ventilator
design is that they use a cam to actuate an Ambu bag. This cam is actuated by a torque motor, so
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a hand dynameter is implemented to record the torque, which will later be translated to air pressure.
As this cam rotates, a rotary motion sensor records the angle, which will later be translated into
volume. Figure 2.6 shows the relationship of the cam angle and the volume delivered, which is a
linear relationship. A commercially available spirometer is used to measure flow rate and
everything goes into a mock lung.

Figure 2.6: MIT BVM Cam Angle Test Result (2010) [3]

Stephen Powelson and other engineers on the MIT BVM ventilator team use a rotating cam with
one degree of freedom to measure tidal volume. This feature of relating a measuring tool to
calculate a three-dimensional volume is an aspect that inspired our design, as we measure the
displacement of two parallel plates that further separate as a mock lung expands. in the fact that
we measure a plate that raises and lowers. As an Ambu bag is designed to repeatedly deliver a
18

preset amount of volume, squeezing it with a cam would output a certain amount of volume with
each angle.
For the mechatronics and specifications, this design uses Arduino microcontroller, torque-based
motor to deliver max 0.9L of air, Two H-bridges, and a speed driven by pulse train generated by
the Arduino. A unique aspect of this design is that it allows for intermittent breaths, which is made
possible with a pressure sensor, which also makes this ventilator much safer.

Figure 2.7: MIT E-Vent [4]

As the years progressed, MIT made large improvements to their design and provide everything on
their website, along with an open source code, which can be used on an Arduino for anyone to use.
This design is one of the leading BVM ventilator designs, and when New York City was becoming
19

overwhelmed by COVID-19 cases, they looked to this design to create a fleet of “bridge
ventilators,” as Steve Lohr writes in his New York Times article. [5]

Figure 2.8: Mechatronic Architecture of MIT E-Vent [4]

As seen in Figure 2.8, MIT uses many different electrical components to drive the ventilator, which
all help to deliver a better user interface for the health professional using it. When looking at the
different components, we can learn a great deal from what they have done. Even though their
design implements a BVM, we can use their open source code to fit our needs. LCD display
screens, Arduinos, potentiometers, and many other of these components are widely available and
are very easy to work with.
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Though this design brought forth by MIT has a tremendous amount of novelty, there is a basic
limitation of BVM designs in that they lack in their ability to deliver CPAP, provide a high
respiratory rate (RR), or a deliver path to expire air. Some BVM ventilator designs consist of a
mechanical PEEP valve, which lessens the air expired, thus increasing the residual PEEP value in
the lungs. Traditional ventilators have a way to expire air quickly with the use of negative air
pressure; however, BVM designs have no way to do this, which might leave residual CO2 in the
lungs. One unfortunate result of being on a ventilator is that one’s CO2 has the tendency to rise,
due to lingering air not exhaled. As one’s end title CO2 (EtCO2) rises, the patient would need
more oxygen so that they do not catch carbon monoxide poisoning. Also, Ambu bags are really
only intended for quick and short emergency usages and leaving someone on one of these bags for
extended amount of time might cause harm and affect their air blood gas.
This design by MIT has inspired many designs and is one that Rice University references in their
design of the Apollo BVM seen in Table 2.2. During the peak of New York City’s COVID-19
pandemic, NYC looked to the MIT BVM design to design a ventilator known as a “bridge
ventilator” [5]. America’s fleet of ventilators were hard to bring the price down to $3,000, as they
consisted of many machined parts and power supplies, but they took one month to assemble.

2.2.3 Helmet Ventilator
This design is an example of a type of ventilation device that is non-invasive and meant to provide
pressurized air to the patient. This “helmet” as shown in Figure 2.9, can be placed on an individual
and is intended to provide relief in the early stages of COVID-19, when breathing becomes
difficult.
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Figure 2.9: Helmet Ventilator taken from Ref [6].

In Figure 2.9, we have a) the schematic of the design, b) a completed prototype of the non-invasive
ventilator (NIV), and c) a person wearing the final prototype. “A low-cost, helmet-based, noninvasive ventilator for COVID-19” By Yasser Khan [6].
Though the design is very different from our design, and it is meant at a different stage of
someone’s battle with COVID-19, there are many aspects that can be taken and repurposed. One
major similarity is the use of a DC Blower, which is the source of pressurized air. Another aspect
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to note is the placement of the oxygen inlet. Balancing a patient’s air blood gas is very important
and it is very important to be able to fine-tune the fraction of inspired oxygen (FiO2) being
delivered to a patient. Some devices are called air/oxygen blenders, which mix air and oxygen to
be one gas, which is then sent to the patient, via ventilator, directly, or another device. This design
places the oxygen inlet after the bulk of the machine. Considering that hospital tubes are 22ml
wide and roughly 2m long, there is at least 1 tidal volume resting in the tube, leaving enough time
for the air and oxygen to mix.
Another aspect of the helmet design is their use of a touch screen display. The function of a touch
screen on a ventilator is becoming more and more common in hospitals. A major driving force in
our desire to build a ventilator is to make a ventilator that is not just functional, but also one that
is familiar to the ICU professionals, which could be using it.
There are many other designs that are presented in the literature in recent years. Most of them took
similar approach in the design, construction and implementation, and we will not review all of
them for brevity.
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CHAPTER 3
DESIGNS
This chapter lays out the train of thought when choosing a design. It is always important to test
targeting real-life scenarios, so that one can gain a solid understanding of a particular device. In
this case, our ventilator design changed at times, and often it was because of a limitation. Other
times when testing, it was found that not all the features initially planned were actually needed. In
this case, the design would become more simplified. After running a series of tests, and getting
inspiration from other designs, the CAD file of our final design is shown in Figure 3.1 and
described below.

Figure 3.1: CAD design of the final ventilator version.
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3.1 Proposed Design and Iteration
Now that we have looked into many different types of ventilators and what has been done before,
we will apply what has been done and purpose a new design. The first design (Design 1) proposed
implements a BVM, much like many other designs out there. The second design (Design 2) was a
very big change, which had the most amount of parts; however, because of the time of quarantine,
the design was largely theoretical, as testing was limited. Upon testing the devices in Design 2, it
became evident that a more robust blower was needed. Most of the experiments done in this thesis
come from the final and third ventilator design (Design 3), which was tested in a manner that could
possibly be replicated in someone’s own home.

3.1.1 First design: (BVM Design)
When COVID-19 was first spreading across America, many people were brainstorming ideas on
how it might be possible to design and make devices to help those with complications of the
coronavirus. After looking at other types of ventilators were being used, the following design was
made (Figure 3.2), which uses an Ambu bag for its actuation.
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Figure 3.2: BVM Linkage Design.

This design consists of two arms that squeeze an Ambu Bag at a constant rate. A high torque motor
would be needed, or a faster motor with additional gears for higher gear ratio. Typical drill motors
have a torque of 250-500 in-lbs, which would be more than enough to continually compress the
Ambu bag. A low RPM high torque motor, such as TSINY Small High Torque 12 Volt Reversible
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35 RPM DC Worm Gear Motor [8] can be purchased for around $25. This motor has a torque
rating of 42kg.cm and its maximum RPM satisfies the maximum breaths per minute (BPM) that a
patient would need. The design functions by having one arm remain stationary while the other one
is attached to the rotating drill attachment. The attachment on the moving arm can be adjusted,
which would be how the I:E ratio could be set. This design would be for extreme scenarios and
not meant for an ICU room.
For the linkage assembly, “affordability” and “accessibility” were the key factor for the design.
Because of this, all of these could be 3D printed, and a common BVP (Bag Valve Mask) or Ambu
Bag will be placed in between the arms. Note: there will not be only two arms, but instead, one
arm would have two attachments to stabilize the bag (three attachment points on the bag). The
design shown in Figure 3.2 serves to represent the motion of the arms squeezing the Ambu bag.
The accessible portion of the design comes in the form of a drill motor or other high torque motor.
This way the motor could rotate only one direction. Note: depending on the setting, the motor will
need to start and stop. This might cause issues with how much volume or pressure goes into the
patient. To solve this issue, the arms should be extendable. Once can play around with how this
would affect the closure of the arms. This set-up is intended to provide a replicable tidal volume
in each breath as the motor turns. Being able to adjust the arm length would mean that the user
could decide how much of the bag is squeezed, and thus, how much volume. Moreover, changing
the placement of the arms could allow for the I:E ratio to be changed.
The main incentive for this design was to deliver a repetitive delivery of air to the patient,
simulating a health professional using a BVM bag to deliver air. Problems arise with this design
in a few different areas: it would affect the patient’s air blood gas (ABG) levels, and it would also
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limit the possibilities ICU Professionals could make when matching the machine to the patient’s
compliance.
For ventilators, having certain modes is vital: Assisted Control (AC), Volume Control (VC)
Pressure Control (PC), CPAP, and more. Many of these modes require that the ventilator always
have a certain amount of pressure being applied to the patient. A simple “bagging” machine might
not satisfy this, which leads us to Design 2.

3.1.2 Second design: Squirrel Cage Blower
The driving force when designing this version of the ventilator was to have a means to provide the
patient with a CPAP function. In addition to various forms of constant air flow, there was also a
plan to us 3D printed parts to slide filters into place and help protect the components.
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Arduino

Inspiratory
Blower
enclosure

To patient

From
patient

Figure 3.3: Second Ventilator Prototype.

Figure 3.3 shows the purchased and 3D Printed components that make up the ventilator. The figure
aims to show that the blue colored components send air to the patient, and the red components take
in the exhaled air using negative air pressure. Figure 3.4 shows the use of HEPA filters, whose
purpose is to take in room air (if no hospital air supply is available) and then filter out the
contaminated air that the patient breaths out.
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Figure 3.4: Rear View of Design 2.

As previously stated, this design is meant to have the filter casing slide in and out to access the
blower, which can be seen in Figure 3.4. One major reason for having an enclosure for the
inspiratory blower was so that oxygen could be attached to the blue case, so that the case could
double as an air/oxygen blender.
As the number of COVID-19 patients continue to increase across the globe, we eventually might
be in a situation where patients will be in temporary hospitals or even a tent, where no hospital
supplied air is available. In this case, HEPA filters would be needed, as a portable ventilator needs
to first filter out potentially harm contaminates in the air for the inspiratory cycle, then more
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importantly, have a way to capture the airborne COVID-19 molecules. As a COVID-19 particle is
0.125 microns, a study out of NASA debunk a common misconception about HEPA filters not
being a sufficient means to capture COVID-19 particles as the study explains how HEPA filters
can capture ultrafine sized particles, as small as 0.1 microns [22]. Now, we can be sure that an
HEPA filter is a safe solution for our ventilator designs.
The exploded view of the ventilator parts is shown below in Figure 3.5. The intent is to show
which parts can be 3D printed and purchased. Not included is the pressure sensor, which will be
located at the Y-joint next to the patient’s endotracheal tube.

Figure 3.5: Exploded View of Design 2. In Figure 3.5, the components are as follows: A) HEPA
Filter. B) Inspiratory Filter Casing. C) Expiratory Filter Casing. D) Inspiratory Blower Case. E)
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Expiratory Duct. F) Rubber Seal. G) Flow Sensor. H) 12V DC Blower. J) Base. K) Battery L)
Arduino. Components B, C, D, E, F, and J are all 3D printed. The design was inteded to be
compact, portable, and contain a protective casing around the device. The battary backup (K) is
inteded to keep the ventilator operating in the case that the power is cut off from the ventilator.

Figure 3.6: Schematic of Design 2

The schematic shown in Figure 3.6 serves to show how the ventilator works. First, the air will
enter and leave the ventilator through HEPA filters because this ventilator is meant to be able to
function in rooms that do not have air attachments. From the inspiratory filter, a 12V DC squirrel
cage blower will provide a high flow rate of air to the patient. The air will go past a flow sensor,
which will determine the Tidal Volume of the patient. Then once the preset pressure or volume is
met, a valve will direct a majority of the air to the outside air, while leaving a partial passageway
to still provide PEEP to the patient. From the inspiratory valve, the air will go to the y-joint and
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past a pressure sensor before entering the patient. This pressure sensor is incredibly vital because
it will detect the pressure drop when a patient initiates the breath, and a signal will be sent to the
Arduino. Once the patient is given their preset amount of air and the inspiratory valve closes, the
expiratory valve will open, which provides a controlled negative air pressure to the patient with a
similar 12V DC blower. The two blowers will be driven by a L298N H-Bridge. Everything will
be controlled by the Arduino, which will also be able to receive the user input.
Inspiration for using valves and flow sensors with a blower actuated ventilator come from many
designs, one of which is a non-invasive ventilator design from Yuan et al. in their journal, “A
noninvasive high frequency oscillation ventilator: Achieved by utilizing a blower and a valve.”
Figure 3.7 shows the path of air as it flows through their device.

Figure 3.7: Yuan et al. ventilator design [24].
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Flow sensors are often used in Ventilator designs. On the above design, which sends air in one
direction, requires a blowoff valve for air to pass through as the patient breathes out. This air
passage is often placed on the non-invasive mask, which is on the patient’s face, and will be forced
open as the patient breathes out then close as the patient is initiating a breath. As the blowoff valve
is not entirely air-tight, flow sensors are especially important in this case, as there is always air
going to the patient.
Figure 3.8 is a list of figures containing the necessary items that have been 3D printed or purchased
to build this prototype. The overall size is 20cm x 12cm x 15cm, when printed and enclosed. For
printing, some parts took much longer to print than others, but the time to finish all of the parts
was over 24 hours. The Ender 3 Pro printer was used for manufactring.

F)

G)

H)

Figure 3.8: Assembled 3D Printed Parts of Design 2.
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I)

Here we see the printed componets along with HEPA Filters and 12V DC blowers. A) is Expiratory
12V DC Blower and B) is Funnel to connect the expiratory air tube to the expiratory blower. C)
is Inspiratory blower case, which allows air to come from every part of the rectangle HEPA filter.
Another reason for its box-like design is so that we can attach an oxygen supply directly to the
inspiratory air. This box is also currently enclosing the second DC Blower. D) is Inspiratory HEPA
filter holder, which slides onto (C). A stretch goal is to allow the possibility of an air/oxygen
blender, which is necessary when providing a patient with 100% FiO2. If a patient needed this
ventilator with a 100% FiO2 setting, we would slide off this part and replace it with a flat piece of
plastic, or simply cover all or a portion of the filter. E) is Expiratory HEPA filter case, which sends
the contaminated air out to the room. This is connected to (A) by a short tube. F) is Squirrel Cage
Blower $6 from SparkFun. G) is a $10 Arduino. H) is a $6.49 L298 H-Bridge on Amazon and I)
is $10 HEPA filters on Amazon.

3.1.3. Final Design (Design 3): The Genesis Vent
After beginning testing on Design 2, it became evident that something stronger air pressure was
needed. The squirrel cage blower seen in item (F) in Figure 3.8 is a high flowrate blower, which
means that it is rated to blow air out its port at a fast rate. This is possible due to its short and wide
forward-facing blades. This fan blade orientation favors speed at the cost of static pressure. As a
ventilator needs a maximum of 40cmH2O, a different blower was needed, which leads us to the
Genesis Vent, which utilizes an air mattress pump in the design.
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Figure 3.9: Final Design: The Genesis Vent

Like the “helmet” ventilator discussed in Chapter 2, the attachment for the oxygen hose is after
the blower and any pressure sensor. This is because the amount of volume inside the hospital hose
leaves ample room for air and oxygen to mix. The servo motor valve will be discussed later, but it
allows for fine adjustments to the air. As these blowers were tested, it became evident that the
design could possibly be simplified, which would be even better.
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Figure 3.10: Schematic of the Genesis Vent

The above diagram seen in Figure 3.10 serves to help better understand the ventilator. In the circuit
diagram, blue lines represent the path of air, while black lines represent control lines, and the one
orange line is the oxygen supply. First, the air will enter and leave the ventilator through HEPA
filters because this ventilator is meant to be able to function in rooms that do not have air
attachments. Also, one of the main goals of this project was to have a way to direct COVID-19
contaminated air particles to an air filter, and not just release to the room. The one-way hospital
tube valve [10] in Figure 3.10 also serves as an added precaution so that no contaminated air leaks
into the inspiratory line, as does the endotracheal tube filter [11].
From the inspiratory HEPA Filter 1, a low-cost 12V DC air-mattress pump (Blower 1) will provide
a maximum of 40 cmH2O to the patient. The air will be regulated by a servo motor valve, then the
oxygen will be delivered to the air line. Like the Helmet Ventilator [6], there is enough volume
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sitting in the hospital tube to “blend” the oxygen with the air. The air will then go past a pressure
sensor, which will determine keep track of important changes in compliance. Then, once the preset
pressure or volume is met, the servo valves will turn and begin the expiratory stage, while leaving
a partial passageway to still provide PEEP to the patient. The pressure sensor is incredibly vital
because it will detect the pressure drop when a patient initiates the breath for the times that the
ventilator is on AC mode, and a signal will be sent to the Arduino. Once the patient is given the
preset amount of air and the inspiratory valve closes, the expiratory valve will open, which
provides a controlled negative air pressure to the patient using Blower 2. The two blowers will be
driven by a L298N H-Bridge. Everything will be controlled by the Arduino, which will also be
able to receive the user input in the form of potentiometers and an LCD screen, like the MIT design
[4].
The blower used in the Genesis Vent is the INTEX Quick-Fill Electric Air Pump (Model AP636)
[12], which is commercially available air mattress pump and can be purchased at a very low cost.
The two INTEX blowers used in this project can be found on the INTEX website for $15.99 [12].
The unique aspect of this blower is that it uses an impeller design with involute curved blades and
is discussed further in Figure 4.5a.
3.2 Servo Motor Valve.
After running experiments on the INTEX blower, we realized that it might be possible to achieve
a working breathing profile by an alternating valve, which would allow for various levels of
closure. As solenoid valves do not satisfy this means, a valve was created that could achieve
controlled flow that resembles breathing.
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Figure 3.11: 9G Servo Motor [27]

An RC servo motor was chosen for the valve due to their optimal control. Solenoid valves are
either fully closed, or fully opened, which does not suit our purpose. Furthermore, solenoid valves
are ideal for high pressure fluids, but the air coming from the INTEX blower operates at a much
lower comparative pressure. As we are planning to use the valve as the primary means of
controlling breaths, we needed a valve that could close partially then quickly open back up.
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Figure 3.12: Valve Body

The servo motor will mount on to the bridge via the holes on the top of the part, seen in Figure
3.12. This will be located just before the expiratory blower. One hospital hose will attach to one
end, and a short hose will attach the other end to the return port of the INTEX blower. The central
cylinder is much wider than the 20mm diameter hose because it needs to be able to turn and not
leak or block any air, so that we can get an efficient output of the blower.
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Servo

Valve
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Figure 3.13: Complete Valve Assembly

The valve assembly consists of three 3D printed parts, which are seen in Figure 3.13: Body, Valve,
and Bridge. The Servo motor is attached to the Valve cylinder. Because of the rather large valve
diameter (20mm) of the hospital hose, the central valve body must be even wider, 36mm. As this
is designed for assembly, the servo motor mounts to a bridge, which can be attached with small
screws directly to the PLA 3D printed part.
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3.3. Additive Manufacturing
3D printing has opened the possibility for many different people to design ventilators during
COVID-19. The goal of the Genesis Vent is to be able to create a design that can use available
manufacturing and materials, such as 3D printing, affordable fans, and controllers such as Arduino,
which can be made available for anyone to build. The design would be simple, yet effective, and
would hopefully be able to provide life-saving assistance to those who need it.

Figure 3.14: Ender 3 Pro
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The 3D printer shown in Figure 3.14 that was used to make all the parts is one that can be operated
inside one’s house. Accessibility is one of the main driving factors of this thesis and it is important
that the parts used to build this ventilator are available to anyone. The popularity of 3D printers
has been surging in the last few years, and the accessibility of using a 3D printer in becoming
increasingly more common each year.

3.4 Mechatronics
One major appeal for using some of the electronics used in this project is their capability for being
replicated. An Arduino UNO is a device that can be purchased by anyone and placing the pins in
their locations is very straight forward if instructions are available, and if a code is provided, too,
then the project has just been duplicated. There are so many YouTube Tutorials on the use of this
controller and hence it is selected for this project. Arduino UNOs can program functions straight
to the device, or a potentiometer could be used to call a certain function. For switching different
sequence or mode, a potentiometer could be used to call a certain mode, ie. 2-3 represents PC
mode, and if PC mode is selected, then run a preset code.
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Figure 3.15: Arduino UNO [25]

The motor driver that was chosen for this ventilator was the L298n H-Bridge, which allows DC
motors to have variable speed. They work by switching the polarity of applied voltage. One can
connect more than 35V directly to them, which is important for this project, as we are running two
12V DC motors. There are six pins that connect to the Arduino, along with a ground, which is
quite simple. The driver is readily available in most electronic stores and allows the user to vary
the setting of the devices attached to it.
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Figure 3.16: L298n H-Bridge [26]

The architecture of the H-bridge (L298) allows the possibility to control two 12V DC motors at
the same time. As our design calls for two 12V motors, the voltage provided will be greater than
12V, so the 12V Jumper was removed.
As said before, pressure sensors are extremely important aspects of ventilators. The experiments
that were completed and seen in the next chapter (chapter 4), use a mechanical means of finding
pressure, but an electronic pressure sensor will be on the final ventilator prototype. Obtaining and
creating a working pressure sensor is one of the many challenges that has occurred because of the
pandemic. Extensive research was done to decide which pressure sensor would be best in our case.
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Table 3.1 is a contender for which pressure sensor we should use along with the important
characteristics.
Table 3.1: ASDXL10G24R Honeywell Pressure sensor
•

Honeywell

Max Operating Pressure:
210.88 cmH2O
• Supply Voltage: 4.75V 5.25V
• Output Voltage: 4.5 V
• # of Terminals: 8
• Cost N/A
• 17mm x 14mm

• Repeatable output designed
for enhanced accuracy and
sensitivity over range of
device
• Customizable output
designed for application
flexibility
• Would be a good option for
this ventilator
Ref. [28]

The Honeywell pressure sensor (ASDXL10G24R) has been used on medical devices before, which
is another reason why it looks to be a good fit for what we need. Many pressure sensors are meant
for water and are rated to a large amount of pressure; however, the operating pressure inside a
ventilator hose is less than 1psi, so a delicate sensor is required. For comparison, 1psi is equal to
70cmH2O, and the maximum pressure that a ventilator should give a patient is 40cmH2O.
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CHAPTER 4
EXPERIMENTS
4.1 Setup
The method in which this ventilator was tested consisted of testing each of the components by
themselves. First, we tested the pressure capability of the INTEX blower by using a manometer.
Having pressure is not enough – bike pumps can provide a great deal of pressure, but at the cost
of time and volume. We needed to see the speed in which the tidal volume was met, and to ensure
that there is a realistic amount of resistance when filling a mock lung that was used for testing the
ventilator.

Figure 4.1: Experimental setup.
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On all tests requiring video recording, a camera is placed 3ft away with the lens directly level with
the item to be measured (Figure 4.1). Most of the photos and videos taken during experiments
were from an iPhone XS. A ventilator needs to be able to deliver air to the patient, and as air enters
the lungs, the body weight and alveoli pockets would cause some resistance. This resistance was
tested in the form of a weight compressing a mock lung. For testing, we used a 24” latex balloon,
which had enough free-standing volume to simulate a normal tidal volume, which is a maximum
of around 900ml. Smaller balloons require a great deal of pressure to overcome the initial
resistance, which would not work for a mock lung; however, even though larger balloons have this
resistance, as well, they can also contain a much larger amount of air before the rubber begins to
stretch.
After researching different trends and volume settings for patients on ventilators, it is common that
a patient could need around 800ml of air at a pressure of 30cmH2O, while other patients might
require more. For consistency and replicability, we used a flat plate and added weights on the mock
lung until an appropriate ratio of volume to pressure was met when testing the INTEX Pump.
Weights were needed because zero resistance would inflate the lung quickly with close to zero
pressure.
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B

A

Figure 4.2: Mock Lung and Testing the Maximum Volume.
Figure 4.2 shows how one might determine the volume inside of a balloon. In the first picture,
(A) the balloon was filled up with water, then poured into a pitcher to record the volume (B)
capability of the balloon. It is estimated that this balloon is capable of holding 900ml-1000ml
before stretching.
Like the MIT E-Vent, which uses the angle of the cam to calculate the volume of the BVM, we
use distance to calculate the volume of this mock lung. Once calibrated, we will know how much
voltage to provide to the ventilator when creating the prototype. Once the prototype is ready, and
a power supply is available, we will be able to run cycle tests. Expected results will look like the
waveforms in Figure 2.2(shown in Chapter 2) and the Figure 4.3 from “Understanding Mechanical
Ventilation” [1].
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Figure 4.3: Expected results with varying voltage [1]

Figure 4.3 shows how volume can increase with increasing levels of applied pressure (as a result
of applied voltage) within the same timeframe. The red color being the highest and green color
is at lowest applied voltage. The effect of voltage on the change of pressure are discussed in the
following section and the volume results of Figure 4.20 are achieved.
Now that we have a good idea of what we are expecting to get, it is time to run experimental test
on the INTEX blower. Many of the tests will be targeted at only certain aspects of the waves seen
in the expected waveform graph, but once we know the capability of the blower, we can run a full
test.
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4.1.1 Pressure Testing
As stated before, two of the main components of this ventilator design are pressure and volume.
The two are often joined together, depending on parameters, like resistance in the form of weight.
As a side goal of this third design is simplification, this section serves to show that certain voltage
coincides with a certain pressure. If that is the case, then that just might mean we need one less
sensor.

3” Diameter

Air Flow

Figure 4.4: Blades inside of INTEX blower.

The photo of Figure 4.4 was taken after disassembling the INTX blower. It is known as an impeller,
similar to the Impeller Ventilator by Darwood et al [2]. As this turns clockwise, static pressure

51

increases greatly because the curves at the blades are perpendicular to the air flow. This orientation
is optimal for static pressure because the blades act in such a way that they push the air.

A)

B)

Figure 4.5: CFD of Centrifugal Blower [9]
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The characteristics of an impeller in a certain blower has been completed by Sushant Wagh and
Dhananjay Panchagade in their CFD study, “Analyzing Effect of Impeller Width on Mass Flow
Rate of Centrifugal Blower using CFD” [9]. The simulation in Figure 4.5 show (A) the path lines
of blower and (B) Effect of impeller width on mass flow rate, which indicate the geometry of the
impeller/blades in the blower has important effect on the flow rate, as well as the pressure ratio.
As most of the work in this thesis has been completed outside of the campus lab, it was necessary
to find ways in which pressure and other components could be tested easily. Ideally there will be
a pressure sensor, which the final prototype will have, but before that point, we need to know if
the INTEX blower is capable of high levels of pressure that is needed, and a U-tube manometer is
a device that will help us find the pressure.

Blower

Open Air

3ft

h

Power Supply

Figure 4.6: Positive Pressure Test with U-Tube Manometer
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The test setup shown in Figure 4.6 is good for finding what pressure is achievable by what voltage
magnitude. The displacement of the water column is recorded, and the pressure is equal to the total
height difference, or double the water displacement on one side, h in Figure 4.6, with the unit of
cmH2O. For example, if 8V is applied, and the water rises 10cm, then that means that the blower
is exerting a pressure of 20cmH20.

Blower

Open Air

3ft

h

Power Supply

Figure 4.7: Negative Pressure Test with U-Tube Manometer

The setup shown in Figure 4.7 is intended to find the pressure allowable by the INTEX blower.
The INTEX blower will provide the pressurized air, which is what is the variable to be measured.
The blower will be attached to a hose containing water, or colored water. After increasing voltage,
the water level will displace and will be recorded. A sudden burst of air pressure will cause the
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water to oscillate; however, after leaving the voltage steady for a couple of seconds, the water level
will settle on a certain height.

Figure 4.8: U-Tube Manometer Apparatus, Photograph Taken in a Lab Setting.

Figure 4.8 shows how a CPAP hose with a 20mm inner diameter, which is the same as a hospital
hose, is hung in the air to make the “U” shape and is filled with water. The hose was taped to the
top of the INTEX blower, in hopes to eliminate any leaks; however, in practice, a 3D printed part
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will be used as a transition piece. This test proves that the impeller seen in Figure 4.5 provides
ample static negative pressure.

4.1.2 Volume Tests
Now that it has been established that the INTEX blower is able to provide an appropriate pressure,
it is now necessary to find how much pressure is required to achieve a certain volume. Other
blowers, like the Squirrel cage blower initially used in Design 2, use a forward-facing short blade,
which means that its cubic feet per minute (CFM) will be large, but the pressure will be very low.
The blades on the INTEX blower are backwards facing curves, which is optimal for “pushing” air
out.
When looking at hospital ventilators, pressure, volume, and flow rate, the three most important
factors in the breathing cycle. There are also many other factors that have been previously
discussed, such as: Respiratory Rate (RR), PEEP, and (I:E) ratio. Our goal is to not only deliver
the appropriate VT (tidal volume), it is also to deliver it as many times as the ICU professional
decides. That is, if RR is 20, VT is 500ml, and I:E is 1:2, then the machine must deliver 20 complete
breaths a minute, leaving three seconds for each breath, which means that the inspiratory stage is
one second long and the expiratory stage is two seconds. In this case, the machine must be able to
deliver 500ml of air in one second.
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Figure 4.9: Schematic of blower filling up artificial lung (balloon)

The INTEX blower is controlled by the DC power supply, which will provide pressurized air to
the apparatus. The Balloon is placed between two horizontal plates, and as it is filled up with air,
the displacement (d) is recorded. This is done after the U Tube manometer test, so that we will
know what voltage coincides with what voltage. Then a mass (m) is placed on the top plate to add
resistance to the inflated period in order to better simulate human lung resistance (Figure 4.9).
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Figure 4.10: Close-up of volume test

Though the two guides in Figure 4.10 helped tremendously in keeping the two plates on top of
each other, there was a slight amount of tilting, mostly because of the weight on top of the balloon.
After a video was recorded, a tracking software was used, which allows for a tracking point to be
placed anywhere. Even if the top plate is slanted, an accurate reading can be made by tracking the
middle of the balloon. By using the tracker, the arrows in the middle are the same as the arrows on
the right.
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Figure 4.11: Testing apparatus as seen in perspective view.
Two spools were used to guide the plate up two clamp stands so that the plate would not slide or
tip toward one side. Calibrated weights were added on plate for added pressure resistance to
simulate the resistance from body weight, gravity, and the lung’s alveoli opening up. Stacks of
washers were meant to leave a small residual amount of volume in the balloon in order to reduce
filling time or pressure when filling up with air.

4.1.3 Arduino Code
A very simple code that is intended to show how the circuit is meant to run is located in the
appendix. The code can turn the blowers on at a certain voltage; however, as this design is driven
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by valves, the code also controls the servo motor used to open and close the valves to control the
flow of air.
4.1.4 12V DC Motor Circuit
Contaminated

Fresh Air to

Air from Patient

Patient

Figure 4.12: Assembled Circuit
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For simplicity in assembling, the blowers are kept in their enclosure. The car auxiliary port in the
INTEX blower was cut off and directly attached to the L298n H-Bridge. Because each blower is
12V, the power supply needed increasing, so two 12V power outlets were used for actuation. The
power supply is not shown in Figure 4.12. The valves / RC servo motors are connected to the
Arduino. The return expiratory hose from the patient attaches to the top of the INTEX blower.

4.2 Results
It was necessary to test a wide range of the INTEX blower in order to better understand their
capability as a ventilator. Positive Inspiratory and negative Expiratory pressure tests were done
by varying resistance. As not all patients are alike, it is important to test with different weights,
which would lessen peak pressure, but satisfy tidal volume.

4.2.1 Manometer Tests
One aspect to note about manometers, is that the water oscillates for about three seconds after a
sudden burst of pressure, which is due to the inertial forces of water. A manometer is a method
that is readily available to anyone, if they have a tube or hose, and they can find the pressure of
air.
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Figure 4.13: Positive and Negative Manometer Tests

Figure 4.13 shows the direction that the air pressure moving the water. In (A), the INTEX blower
is blowing air into the manometer, while in (B) the air is being pulled into the INTEX blower
from the manometer.
Though the INTEX blower was made to deliver air with a high static pressure, this ventilator
design called for the use of negative pressure, too. Ventilators with a negative pressure in the
Expiratory lines are not very common, but that is expected in the more high-end ICU ventilators.
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It was found that the INTEX blower had enough negative pressure when attached to the inlet port
of the blower.

Pressure vs Voltage
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Figure 4.14: Inspiratory and Expiratory Pressure Tests

After running a series of tests with the blower attached to the manometer and varying the voltage
provided to the blower, we were able to calculate the pressure capability of the blower. The
results are shown in Figure 4.14. The trend of the difference between the positive and negative
pressure increases as the voltage increases, considering the same range of voltage magnitude.
The maximum pressure at 10V is 30 cmH20 and ~25 cm H20 for positive and negative pressure
test respectively. This is necessary to know so that we can move forward with the design. These
results proved to be satisfactory, as a maximum negative pressure should be able to provide
roughly half of that of expiratory.
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4.2.2 Mock Lung Volume Tests
As we found with the water volume test, the balloon fully inflated is roughly less than 1000ml.
Even though the balloon has a full volume of 1000ml, the weight flattens the balloon slightly.
This means that once the balloon stops inflating, the volume can be extrapolated by using the
distance between the two plates. The plots in Figure 4.15 implement this by first measuring
maximum height displaced and declaring that to be full – everything less than that would have a
fractional volume assuming linear relationship. The plots in Figure 4.15 are the summary
showing as to how a different weight changes the pressure and volume.

Figure 4.15: Varied Load Tests

Simply put, if there were weight or resistance acting on the balloon, the smallest amount of
pressure could fill up the entire volume; however, for more realistic tests, resistance was needed,
as to simulate different types of human lungs. The results in Figure 4.15 show how varying weight
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affects volume and pressure. This is good to know in the case that pediactric needs a different
setting; however, for the rest of the experiments, a 1000g weight was used. According to Nagler
et al. [20] the general target tidal volumes in pediatrics range between 5 and 8 mL/kg. So, an 80lb
child might need a volume of 400. Adults on the other hand can require up to 1000ml. There needs
to be more data to create a ventilator to satisfy all children; however, for the scope of this ventilator,
we focussed on finding how the the INTEX blower performed under one resistance, a 1000g load.
Once that data is known, the ICU Professional who might be opperating the Genesis Vent provide
the appropriate voltage to the venilator for the given max tidal volume.

4.2.3 Cycle Tests.
Running cycle tests is important part of the characterization so that we can find out how the blower
works when operating under realistic situations. Once we know that this blower has what it takes
to provide air, we need to know if it can deliver air at a set rate. These cyclic tests are intended to
focus on the inspiratory times and expiratory times. The set respiratory rate and I:E ratio will come
later. The test setup is a power supply (Topward 6306D) a video camera (iPhone XS), two blowers
(discussed in the chapter 3), artificial lung-like latex rubber sandwiched by two parallel wooden
plates, and for simulated resistance, a calibrated mass. During experiment, a valve at the end of
the exhaust blower was controlled manually to fully open and partially open positions.
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Figure 4.16: Schematic diagram of two INTEX blowers at constant speed

A valve after the expiratory blower (the red label in Figure 4.16) is the only driving factor for a
breathing cycle. Inspiratory voltage was changed in one test, and expiratory voltage was changed
in others. A higher expiratory voltage means that the mock lung will expire faster, which is desired.
When the valve is closed, the circuit closes and all the pressure from the inspiratory blower goes
to the mock lung. The setup in Figure 4.16 was used to get the results of the following two tests,
Figure 4.17 and Figure 4.18. The plot in Figure 4.17 is obtained by turning the inlet blower ON
until fully inflated and OFF until fully deflated for the first cycle, while a 1000 g load is applied
to the top plate. The gap between the plates was tracked from the video recording and it is
converted to volume by referencing the water balloon volume.
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8v Inspiratory, 4v Expiratory, Closed/Open Valve
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Figure 4.17: Cyclic test results

These results in Figure 4.17 were achieved by applying 8V inspiratory blower and 4V expiratory
blower, with the output of the expiratory blower being closed and open at 1000 g mass at the top
of the mock lung. This test proves that some of the settings need to change in order to speed up
the cycles. As the valve was manually operated, the peak volume plateaus, which will not remain
once the Arduino controls the servo motor valve.
The volume plots that we are expecting are seen in Figure 4.3, which should resemble parabolas.
Though Figure 4.17 shows some resemblance to a parabola, the time in which it takes that mock
lung to rise and lower are too long. As said before, if a patient were operating under a respiratory
rate (RR) of 20bpm and an I:E of 1:2, then, the entire inspiratory stage should only take one second.
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8v Inspiratory, 5v Expiratory, Valve at 50% and 100%
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Figure 4.18: Positive pressure, negative pressure, and valve test

Another test was carried out and the results are as seen in Figure 4.18. This test was to simulate if
we had a return valve operating at 100% closed for a closed circuit inspiratory breath and 50%
closed for an open circuit system for the expiratory stage. The negative pressure was high with the
intent to decrease the expiration time. The problem with this test is that the percentage of user
error is very high. The test was to see what would happen if a higher expiratory pressure was
added, while also using a partial valve so that a PEEP was still possible.
After seeing what was achievable with two blowers and a valve, it is also a good idea to test what
would happen with only one blower and a return valve. Figure 4.19 is a similar schematic to Figure
4.16; however, there is only one blower.
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Figure 4.19: Inspiratory blower with expiratory valve

The schematic in Figure 4.19 uses one INTEX blower and a manual valve at the end of the return
hose, which can open or close depending on the test. Though using a manual valve is not accurate,
it gives us an idea of what the final design might use. This setup is to see if it is possible to have a
ventilator be controlled by only a valve, which will allow the patient to always have a PEEP value
but receive a breath when needed. The valve in the test result shown in Figure 4.20 operates at half
closed and then fully open.

69

8v on with open valve then 50% closed
800
700

Volume (ml)

600
500
400
300
200
100
0
0

2

4

6

8

10

12

14

16

18

Time (s)

Figure 4.20: Partial valve closure test

The volume vs time plot at different voltage (Figure 4.21) was also done to simulate if we only
had a valve at the end of the expiratory line, which alternated between 50% open to 100% open.
As no programed servo motor valve was available at the time, this test used a manually operated
method to open and close the end of the line. A series of tests are also done in which the power
supply turned on and the rising and lowering time of the mock lung was recorded. All the plots are
with a 1000g weight pressing down on the balloon.

70

All Volume tests On Then Off
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Figure 4.21: All Volume tests at different voltage and different on time.

This is a study on the time to inflate, as well as the time to deflate. This was completed by turning
on the power supply, then turning it off. Though not all have the same duration, the focus of this
test was to see how quickly the INTEX Pump can inflate the mock lung, and what volume the
voltage would bring and reach steady state.
By using a tracking software to follow the guide plate, seen in Figure 4.20, we can find all the
plots above. Under the assumption that the max volume is 1000ml, we were able to use the largest
displacement of at 10V test, which was 9.255cm, to divide all the other tests, then multiply by
1000. This would give us the volume at any point of any test. For 9V, 8V, and 7V the rise times
to reach steady state were almost the same. It takes less than a second to reach to maximum volume
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as can be seen in the figure. The power to the blower is provided for ~6 s manually and this show
the complete cycle of inflation and deflation as well as steady state.
At the lower voltages, like 6V, it became evident that there was not enough voltage for inspiratory
rise. Not only was the positive slope not as sharp as we need, the tidal volume was about half of
what is needed.

4.2.4 Valve Controlled Waveforms
As the previous schematics have been completed by operating a manual valve, it is important to
see how controlled dualling valves can perform in controlled manner.
Artificial Lung
Power Supply

m
3ft
d
Blower 1

Valve 2

Valve 1

Blower 2

Figure 4.22: Schematic diagram with two servo valves

Since it has been discovered that the INTEX blower can actuate the mock lung using the variable
opening of a valve, lifecycle waveforms were next tested. Some breaths consist of a steady rise
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and fall of the volume plot, while others have a sharper drop in volume, in hopes to excrete CO2.
The results in figure in 4.23 are done to see how varying the servo valve would affect the
waveform. Note, all of these tests were done with an HEPA filter on the expiratory blower outlet.

Servo Valve Controlled Volume Waveform
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Figure 4.23: Waveform controlled by servo valve

In the figure above (Figure 4.23), a breathing cycle was conducted that opened the inspiratory line
for one second, then sharply cut it off, as the expiratory line was opened for 0.5s. This burst of
negative pressure, in addition to the weight on the mock lung are to simulate a ventilator excreting
CO2 as much as possible. After the 0.3 seconds, the expiratory line was closed, leaving only a
small amount of air to pass through, and the inspiratory line was opened 30 degrees to provide
PEEP. This test was to show how a waveform can be customized to be changed in the middle of
the expiratory or inspiratory stage.
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Figure 4.24: Christian Hoffmann Ventilator Waveforms [21]

Christian Hoﬀmann, in his thesis of the “Design and Control of a Novel Portable Mechanical
Ventilator” discusses in detail the control of ventilators [21]. The main similarity of Hoffmann’s
work with the Genesis Vent is that both are blower-based ventilators. Figure 4.24 shows how the
Pressure Controlled mode requires a vastly different plot from the Volume Controlled (VC) mode.
Note that the flow of volume controlled is instantly on for the inspiratory, then instantly cut off
while there remains a plateau pressure. The negative flow for both modes is the same. While flow
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is on or off for VC, the flow is much more curved for pressure support. The following graph in
Figure 4.25 helps expand on this waveform.

Figure 4.25: Christian Hoffmann Step Waveforms [21]

In Figure 4.25, the author showed how a Pressure Controlled waveform might be achieved. If
pressure is desired to be achieved sooner, it is logical that a greater flow is needed to have the
pressure be met sooner. Pressure Control waves are often square waves, and as Figure 4.25 shows,
a square wave can be achieved by first having a surplus of air be delivered for a short time, then a
medium amount of air be delivered to keep the pressure plateau, as seen in Figure 4.24.
The genesis vent operates by leaving the blowers running at the speed coordinating to the max
pressure needed, so the square wave would be achieved by having the servo motor valve direct the
appropriate pressure. In terms of Figure 4.25, the inspiratory servo valve would open entirely for
one second, close halfway for 4 seconds, then close for the rest of the breathing cycle. Keep in
mind that the waveform seen in Figure 4.25 would most likely not be on a patient, as one complete
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cycle takes 10 seconds, making the respiratory rate 6, which could be too low, especially with
someone with complications of COVID-19.
Through more experimentation, the goal of the Genesis Vent is to find which angle of the servo
motor valve allows for a more controlled waveform, while also achieving a replicable PEEP level.
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Figure 4.26: Waveform with PEEP
As Figure 4.23 shows how valves can be operated at different times and degrees to produce
different waveforms, Figure 4.26 is intended to show how the Genesis Vent can produce a steady
PEEP value. The Arduino code for the above figure is a slightly simplified version of Figure 4.23,
as the inspiratory line opens for 1s, closes for 0.5s, then opens 40 degrees for a higher PEEP value
for 1.5 seconds. Concomitantly, the expiratory valve remains closed during the first second, then
opens entirely for 0.5 seconds, then closes again for 1.5 seconds. Altogether, this simulates an I:E
of 1:2, a PEEP of 8, and an RR of 20.
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Life Cycle Test
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Figure 4.27: Servo valve multiple cyclic test

Like Figure 4.23, an Arduino code controlled two servo motors with no issues for 100 cycles
(Figure 4.27) multiple times. This was to test the life cycle of both the INTX blowers and the servo
motors and was completed multiple times without any issue.

4.3 Discussion
The methods in which the INTEX Pump were tested were intended to be replicated by others. Not
everyone has pressure gauges, yet most have the tools needed to build a manometer. During
lockdown and a time of social distancing in cases like pandemic, there are limited resources and
testing, it is possible to use mechanical methods to find accurate data. With more testing, the
different ventilator designs were altered and evolved because the device became better understood.
The original reason of this project was to put forth a ventilator that could be built by those in need.
If there is a way to simplify, that would be ideal. The final design, The Genesis Vent, met almost
all the goals set at the beginning: repeatable waveforms, PEEP capability, and simplicity. There is
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always room for improvement, but now there exists a method of testing so that anyone can replicate
the results.

4.3.1 Comparison Table
The following table serves to help illustrate how there are different types of ventilators for
patients that are different from the high-end ventilators, seen in Table 2.1, which all have
different functions.

Table 4.1: Comparison
Name/Category

Genesis Vent

Allied AHP
[18]

Actuation
Technology

Two INTEX 12V DC
Blowers

Control

Arduino UNO

Internally or
externally
pneumatically
gas powered.
N/A

Sensors

Honeywell
ASDXL10G24R

Structure
Power
Pros

N/A

3D Printed, mattress
Portable
pump casing,
protection case
12V 8A DC Power 110V 50/60HZ
Supply
AC Powered.
Easy to manufacture
with 3D printed
materials and

Does have
exhalation
valve control.
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Apollo BVM
From Rice [19] /
MIT E-Vent [4]

Portable singlethrow switch
with
Centrifugal
Impeller
Ventilator [2]
Ambu Bag being
Centrifugal
squeezed by 3D
Impeller
printed gears and
stepper motors
2 Arduinos.
Arduino Nano
(perhaps more if
PCB
sensors are added)
BMP280 [29]
Pressure sensor
to trigger
breathing cycle
Laser cut
Contains a
disposable unit
14.8 VDC battery
Four 18650
lithium ion
cells
Affordable cost of
Simple
$300. Easy to
structure.
manufacture.

Cons

accessible
electronics. Designed
for assembly.
Variable servo valve
controls waveform
Unknown life
expectancy.
Needs a user
interface.
More work is needed

Has oxygen
regulator

Open source.
Contains a
Readily available pressure sensor.
hospital materials.

Expensive.
Limited
production.
Mainly a
"transport"
ventilator.

Using a BVM is
very limiting. No
expiratory line.
Not for critical
case.

Due to the
single-pole,
single-throw
function,
pressure waves
are limited to
only be peaks

Looking back on what was discussed in Chapter 2, we discussed many different types of lowcost ventilators, and some of those have been placed in the above table to help compare with the
Genesis Vent. We have seen ventilators actuated by impellers, gas, Ambu bags, and we have also
seen the high-end ventilators cost in the range up to $50,000. When designing anything, it is
important to see what has been done before, and what works, so that we can try to improve upon
what exists and add something new.
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CHAPTER 5
CONCLUSION AND FUTURE WORK
In conclusion, an affordable ventilator is presented in this work, which uses common electronics
and 3D Printing materials. The ventilator also known as Genesis Vent, consists of two blowers,
servo-controlled valves, HPEA filters, Arduino controller and driver circuits and pressure sensors
as the main components. Three design iterations were discussed briefly, and various components
of the ventilator are tested individually as well as in assembly state using a mock lung. Pressure
test, Volume test and Cyclic tests were performed by looking different combination/ arrangement
of the blowers and servo valves, while varying actuation time and magnitude of inputs, in order to
show few operating modes of a ventilator using low-cost components. The results are encouraging
but there are many more tests that need to be performed to develop it further. Here in this thesis,
a few designs from the existing mechanical ventilators in the literature from high-end to low-cost
have been discussed from technical point of view. Different CAD models of the proposed
ventilator system consisting of blowers, filters, controllers and drivers are shown and explained
with illustrations. The simplified deign was tested experimentally considering the performance of
each component.
This is very much in the prototype stage, so future work should focus on a well thought out design
for a pressure sensor to be used in conjunction with a ventilator, that will detect when a patient
initiates a breath. That would bring the current mode of ventilator from PC and VC to also AC and
potentially more modes. The closed loop control system that ensure desired mode of operation
with set points as well as programing the controller to perform repeatable and safe operations are
important future work.
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APPENDIX
ARDUINO CODE
const int IN1 = 8;
const int IN2 = 7;
const int IN3 = 6;
const int IN4 = 4;
const int ENA = 9;
const int ENB = 3;
#include <Servo.h>
Servo myservo1;
Servo myservo2;
void setup()
{
myservo1.attach(10); // first servo pin
myservo2.attach(11); // second
}
pinMode (IN1, OUTPUT);
pinMode (IN2, OUTPUT);
pinMode (IN3, OUTPUT);
pinMode (IN4, OUTPUT);
pinMode (ENA, OUTPUT);
pinMode (ENB, OUTPUT);
}
void TurnMotorA(){
analogWrite(ENA, 255); // more research needs to go into fan speed, as all of the experiments
were completed by using a power supply
//control direction
digitalWrite(IN1, HIGH);
digitalWrite(IN2, LOW);
}
void LowerA(){
analogWrite(ENA, 100);
//control direction
digitalWrite(IN1, HIGH);
digitalWrite(IN2, LOW);
}
void loop()
{
//void loop() {
TurnMotorA(); //in the loop we use the function to turn the motor for 3s and stop it for 2s
delay(1000);
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LowerA();
delay(2000);
analogWrite(ENB, 150);
digitalWrite(IN3, LOW);
digitalWrite(IN4, HIGH);
// the above code is for using fan speed to actuate, not servo motor valve
// servo code below
// I:E ratio with PEEP Level
myservo1.write(100);
myservo2.write(0);
delay(1000);
myservo1.write(0);
myservo2.write(100);
delay(500);
myservo1.write(40);
myservo2.write(0);
delay(1500); }
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