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In this work, a pressure sensing system was designed and fabricated by developing a highly
sensitive cone-structured pressure sensor with a custom-built software for physiological
monitoring applications. A novel highly sensitive cone structured porous polydimethylsiloxane
(PDMS) based pressure sensor capable of detecting very low-pressure ranges was developed for
respiration monitoring. The pressure sensor was fabricated using a master mold, a hybrid-
structured dielectric layer, and fabric-based electrodes. The master mold with inverted cone
structures was created using a rapid and precise three-dimensional (3D) printing technique. The
dielectric layer, with pores and cone structures, was prepared by annealing a mixture of PDMS,
nitric acid (HNO3) and sodium bicarbonate (NaHCO3) in a master mold with inverted cone
structures. The electrodes were developed by screen printing silver functional ink on fabric. The
porous-cone structures provided enhanced deformation and thus resulted in high sensitivity for
detecting very low-pressure ranges below 100 Pa. As an application demonstration, the pressure
sensor was sewed inside a surgical mask and its capability to detect different respiration rates

(normal, fast, and deep breathes) was investigated. An airflow controller system and a custom-



built software was also developed for performing continuous sensor data acquisition and

capacitance conversions for varying airflow rates.
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CHAPTER |

INTRODUCTION

1.1. Motivation

Wearable technology and health applications have recently gained a lot of momentum and are
altering how patients access healthcare services. Wearable technology refers to a category of
electronic devices that can be worn as accessories, embedded in clothing, implanted in the
patient's body, or even tattooed on the skin [1-13]. These wearable devices can be used for
continuous monitoring of various human physiological activities such as cardiac pulse, respiration
rate, and body motions. Coronavirus disease (COVID-19) has spread globally since late 2019 and
has affected the day-to-day life of millions of people worldwide. The outbreak of the COVID-19
crisis has significantly expanded the role of wearable technologies due to the critical need for
remote monitoring services in the healthcare sector [14-26].

Highly sensitive pressure sensors, capable of being attached to the skin, fabric and clothing for
continuous monitoring of diverse human physiological activities such as cardiac pulse, respiration
rate, and body motions, have obtained an incredible research interests in recent years [27,28].
These pressure sensors have found a wide variety of applications specifically in wearable
healthcare and patient rehabilitation center [28-30]. These pressure sensors should be highly
responsive and detect pressures in range of 10 Pa in order to acquire/measure different
physiological activity related information. The author has explored the development of a pressure
sensing system consisting of highly sensitive wearable pressure sensors along with software and

electronics to perform continuous monitoring of the human physiological activities.



1.2. Author’s Contribution

My research work has resulted in 25 peer-reviewed journal and conference publications as
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1.3. Organization of Thesis
The rest of this thesis is divided into five chapters. In Chapter 2, the author presents a

comprehensive literature review on different types of sensors and sensing mechanisms. This
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review provides the basic introduction on various sensor classifications, followed by a
background about wearable and highly sensitive pressure sensing technology along with the
fabrication techniques, and health monitoring sensors. Chapter 2 provides an introduction to the
sensor data acquisition techniques and requirements. In Chapter 3, the author provides a detailed
discussion on a research project that involves the development of a flexible highly sensitive
porous cone based capacitive pressure sensor. This includes explanation on the design, fabrication
steps, and characterization of the capacitive porous pressure sensor, where a highly sensitive
capacitive pressure sensor with dielectric layer made of pores and cone structures was fabricated
to detect varying low pressures of the air flow during respiration. Chapter 4 presents the
development of a software for a pressure sensing system and an airflow controller system, by

implementing required algorithms and flowcharts. Finally, Chapter 5 summarizes this work.



CHAPTER II

LITERATURE REVIEW

2.1. Introduction

In this chapter, the author provides a literature review on different types of sensors and sensing
mechanisms [31-72]. This chapter is divided into three sections followed by a summary. Section
2.2 provides an introductory discussion about sensors and their classifications, followed by an
introduction to flexible hybrid electronics (FHE) features and requirements, and sensors for health
monitoring [73-127]. Section 2.3 provides a review on pressure sensors, by introducing different
types of pressure sensing transducers. In this section, the author introduces some of the wearable
pressure sensors used for remote health monitoring by emphasizing the significance of cone-
structured porous capacitive pressure sensing. Section 2.4 provides a review on sensor acquisition
techniques and the need for software development in collecting big data sets, as an introductory
requirement for extracting and analyzing the algorithms for machine learning purposes. In section

2.5 author provides a summary of this chapter.

2.2. Sensors
2.2.1. Introduction to Sensors

Nowadays, we live in a world of sensors. Various types of sensors can be found in our homes,
offices, cars, and even in our clothes. The increasing use of sensors has significantly made our
lives easier. For example, automating the adjustment of the room temperature, turning on the
lights, detecting smoke or toxic gases, opening entrance doors as soon as we are near the door
and many other tasks. In addition, the overwhelming growth of the sensor technology can make
our lives healthier and probably longer in the future, by increasing the frequency of recording and

monitoring health metrics. We can check our heart rate, blood sugar level, and oxygen saturation
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rate at any time while doing the daily routines. This is due to a major change in the way patients
access healthcare which has been realized by advances in wearable sensing technology and
various health monitoring applications.

There are different, but similar, definitions for the word “sensor”. A sensor can be defined as
an input device that provides an output in response to a specific physical quantity (input). From
the definition of the sensor, it can be understood that the sensor named as “input device” is part
of a more complex system which provides the input to a main control system such as a processor
or a microcontroller. In the other words, a sensor can be defined as a device that can convert the
input signals from different energy domains into electrical domain which can be understood by
processors. The most familiar sensing system can be found in the human body. Human sensing
system consists of different types of sensors that are capable of detecting different stimulus. This
sensing system consists of sensory neurons, neural pathways, and parts of the brain involved in
sensory perception. Commonly recognized sensory systems in the human body and most

mammals are related to vision, hearing, touch, taste, and smell (Fig. 2.1) [128].

TONGUE 4,

Figure 2.1. Human sensory system: The five senses.
[Source:https://i.pinimg.com/originals/d7/4e/41/d74e41bd677aa29e578c5ea7c8813627.jpg]
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2.2.2. Classification of Sensors

The classification of sensors is based on the conversion phenomenon between the input and
the output. Some of the common conversion phenomena are based on acoustic, photoelectric,
thermoelectric, electrochemical, mechanical, and electromagnetic mechanisms. Table 2.1 shows
different types of the sensors and their corresponding stimulus to which the conversion

phenomenon occurs between the input and the output [129].

Table 2.1. Types of sensors and corresponding stimulus.

Sensor Type Stimulus
Acoustic Wave Amplitude, Phase or Velocity
Photoelectric Light Reflection and Transmission
Thermoelectric Temperature, Voltage
Electrochemical Chemical or Biological Reaction
Electromagnetic Electrical Current
Mechanical Pressure, Force, Strain, Stress

2.2.3 Flexible Hybrid Electronics and Wearable Sensors

While flexible electronics have been around for years, either as flexible printed circuit boards
(PCB) or printed electronics, there has always been a trade-off between flexibility and
functionality [130]. However, flexible hybrid electronics (FHE) promises to combine the
extensive processing capability of the integrated circuits with a flexible form factor, and printing
processes rather than etched conductive interconnects [131,132]. Basically, the word hybrid in
FHE means that this technology is the combination of printed electronics and silicon IC

technology. This combination opens a wide range of application possibilities, across many
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different industries. FHE technology utilizes both printed electronics and silicon IC’s to develop
electronics which can be flexible, stretchable, bendable, conformable, transparent, biocompatible,
and light weight [131]. However, the interfacing of soft and hard electronics is a key challenge in
field deployable demonstration of FHE devices and has become one of the important research
areas [133]. Figure 2.2(a) shows the depiction of an FHE based circuit, printed onto a flexible
substrate along with an integrated circuit. Additional functionalities such as thin film

photovoltaics (PV), a thin film battery and printed sensors can also be included.

A market forecast of the total revenue from FHE over the next 10 years is shown in Fig. 2.2(b)
and is divided into major categories [133]. Each category is made up of multiple forecast
subcategories and components. while wearable/healthcare applications (especially skin patches)
will dominate over the next 5 years, smart packaging will ultimately become the largest
application. The FHE market shows a compound annual growth rate (CAGR) of 16.2% from 2020
to 2026. However, the market is still in its infancy, with a very limited number of manufacturers
that have commercialized their products. The majority of the players developing this technology
are in their R&D phase. In addition, due to the outbreak of COVID-19, there has been a disruption
in the electronics industry's supply chain which is challenging the market growth. However, it is
worth noting that the COVID-19 crisis has expanded the role of wearable technologies in the

healthcare sector due to the need for remote monitoring services.
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Figure 2. 2. (a) Flexible hybrid electronics circuit and (b) market forecast (by revenue) for the

adoption of FHE for various applications. [Source: https:/agilitypr.news/Flexible-Hybrid-Electronics-New-
IDTechE-9650]

Wearable electronics refer to textiles and clothing with integrated electronic technology or
other computing devices that provide smart functionalities and relies on sensors to measure health

metrics and various other parameters of the human body, and provides the consumers with data

=
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0 Body temperature
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- Diabetic foot
pressure

Figure 2.3. Different types of wearable sensors.

about themselves. After the smart phone revolution, it is now the wearable technology that will
revolutionize how we wear smart devices on the body. Different products are being offered in the

form of health monitors, gaming wears, clothing, security wears, fitness, and even jewelry to meet
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various costumer needs. Figure 2.3 shows examples of different types of wearable sensors that
can be used on the human body. FHE has the capability to further progress the field of wearable

electronics by improving conformability along with functionality.

2.2.4. Sensors for Health Monitoring

Depending upon the measuring parameters, health monitoring sensors can be categorized into
two major types: electrical sensors and non-electrical sensors. Electrical sensors can derive
electrical signals such as electrocardiogram (ECG), electroencephalography (EEG), and
electromyography (EMG) whereas non-electrical sensors can derive other physical and chemical
signals. Some of these health monitoring sensors [14,134] include pulse oximeters, sweat sensors,

temperature sensors, glucose sensors and accelerometers, are discussed below:

o  Pulse oximeters measure oxygen saturation in blood and pulse rate. It employs the use of
spectral analysis or spectrometry for measuring the ratio of oxy-haemoglobin and
haemoglobin. Spectrometry is dependent on the distance that the light travels through a
substance and because of different absorption levels will be emitted at different
wavelengths.

o  Sweat sensors use humidity sensors on a textile substance. The diffusion flow can be
calculated using the difference in the humidity level. Alternatively, sweat sensors that use
conductivity value for measuring the sweat rate in human body have also been utilized.

o  Temperature sensors are used to measure body temperature at different situations such as
normal body temperature, before or after surgery, during illness, etc. Micro-thermistors or

thermocouples may also be used to measure temperature.
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o  Glucose sensors are the earliest developed bio-sensors which can measure metabolism of
human body [134]. The highly selective and sensitive electro-chemical glucose sensors are
used to measure glucose concentration in human body via colorimetry, fluorescence. The
most recent glucose sensors work based on the enzymatic glucose reactions in human body.

o Accelerometer sensors are used to detect motion, velocity, tilt, position and fall based on

the angular velocity and piezoelectric effect. The recent tri-axial accelerometer sensor can
measure the position of the human body in three dimensions. Rotatory transducers are also
used to measure the multi-position of human body.

Wearable devices have been intensively developed to be integrated with health monitoring
systems as they provide essential features such as real-time monitoring, abnormalities detection,
lower cost, minimum power consumption and health awareness. Some examples of wearable
devices include a vest for monitoring vital parameters; smart shirt that measures ECG signals;

and electronic patch and photodiode as pulse oximetry sensors [14].

2.3. Pressure Sensors

The sensing mechanisms of pressure sensors can be classified as piezoelectric, piezoresistive,
and capacitive. Among these transduction mechanisms, capacitive pressure sensors with an
enhanced sensitivity are good candidates for covering a wide range of sensitivity, desired in
different applications. Over the past years, pressure sensors have been typically fabricated using
conventional silicon manufacturing technologies. However, the conventional methods lack

flexibility, with complex and expensive fabrication process.

2.3.1. Piezoelectric Mechanism

Piezoelectric sensors convert mechanical energy (either force, pressure, strain, vibration, etc.)

into an electrical signal or vice versa. The most common sensing material used in the fabrication
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of piezoelectric sensors is a perovskite ceramic material (lead zirconate titanate (PZT)) as shown
in Fig. 2.4 [135]. Piezoelectric sensors are among the most demanding sensors which can be used
in medical applications, and self-powered energy harvesting sensors. Recently, researchers have
developed the next-generation piezoelectric sensors which are highly efficient, durable,

lightweight and can be used as self-power sensors [136].
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Figure 2.4. (a) A novel fabrication process to produce ultrasensitive, flexible, and transparent
piezoelectric materials using both lead zirconate titanate nanoparticles, and graphene nanoplatelets
(b) The output voltage of PZT/PDMS samples aligned at different field strengths as a function of

various water drop pressures [135]. [Source: A. Yildirim, R. Rahimi, S. S. Es-haghi, A. Vadlamani, F. Peng, M. Oscai,
and M. Cakma, “Roll-to-Roll (R2R) production of ultrasensitive, flexible, and transparent pressure sensors based on vertically aligned
lead zirconate titanate and graphene nanoplatelets,” Adv.Mater. Technol., vol. 4 (3), pp. 1800425, 2019]

2.3.2. Piezoresistive Mechanism

Piezoresistive strain gauges are among the most common types of pressure sensors.
Piezoresistive pressure sensors measure the pressure based on the change in the electrical
resistance of a material when stretched. These pressure sensors are suitable for a variety of
applications because of their simplicity of fabrication and durability. They can be used for
measuring absolute, gauge, relative and differential pressure in different applications by covering
both high and low pressure ranges. The working mechanism of the piezoresistive pressure sensor
IS to use a conductive strain gauge that its electrical resistance changes when it is stretched. The
change in resistance is converted to an output signal. For example, the strain gauge can be attached

to a diaphragm and recognize a change in resistance when the sensor element is deformed. There

17



are three main effects that can contribute to a change in the resistance of a conductive material.
These effects include the conductor length (stretching increases the resistance), its cross-sectional
area (to which the resistance is inversely proportional), and the inherent resistivity of some
materials that can change when it is stretched. The piezoresistive effect and sensitivity is specified
by the gauge factor, which is defined as the relative resistance change divided by the strain, and
varies greatly between materials. Strain gauge elements can be made of metal or a semiconducting
material. The resistance change in metal strain gauges is mainly the result of the change in
sensors’ geometry (length and cross-sectional area). In some metals such as platinum alloys, the

piezoresistive effect can increase the sensitivity by a factor of two or more [137,138].

2.3.3. Capacitive Mechanism

Among all the pressure sensing mechanisms, capacitive pressure sensors are reported to
provide excellent sensitivity, relatively shorter response time and long-term stability with low
power consumption [139-143]. Typically, the capacitive pressure sensors consist of a dielectric
layer sandwiched between two conductive electrodes (top and bottom electrodes) as shown in
Fig. 2.5. Capacitive based pressure sensors in principle are parallel plate capacitors and its

capacitance can be calculated using Eq. (1),

Eo&rA

C, =22 (1)
where Co, &, &, A, and d are the base capacitance, the permittivity of the free space, the relative
permittivity of the dielectric layer, sensor contact area, and the thickness of the dielectric layer,
respectively. The capacitance is directly proportional to the dielectric constant and the overlap
area of the two plates, and is inversely proportional to the thickness of the dielectric layer which
determines the distance between the two electrodes. By increasing the overlapping area and

dielectric constant, or decreasing the plates’ distance, the capacitance can be increased. When an
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external force is applied to the sensor, the dielectric layer deforms and the distance between the
two electrodes of the capacitive pressure sensor decreases accordingly and causes an increase in
the capacitance. As the deformation of the dielectric layer increases, the pressure sensor gets more

compressed and provides higher output capacitance change, resulting in increased sensitivity.

Pressure

!

I Electrodes

B Dielectric Layer

Figure 2.5. Capacitive pressure sensors consisting of a dielectric layer sandwiched between two
conductive electrodes (top and bottom electrodes).

2.3.4. Structured Capacitive Pressure Sensors

In recent years, constant efforts have been made to increase the sensitivity of the pressure
sensors by reducing the elastic modulus of the elastomeric dielectric layer and thus increasing its
deformation. Silicone based elastomeric polymers such as polydimethylsiloxane (PDMS) have
been extensively employed as a dielectric layer in the fabrication of capacitive based pressure
sensors, since PDMS provides excellent mechanical strength, flexibility, stretchability and
conformability [144]. Several attempts have been reported to increase the sensitivity of PDMS
based pressure sensors by modifying the dielectric layer properties to increase its deformation
under the application of an external pressure. Micro-structured dielectric layers are reported to
have a significant effect in increasing the deformation of the dielectric layer by reducing the

elastic modulus of the elastomeric dielectric layer. As the deformation of PDMS increases, the
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pressure sensor gets more compressed and provides higher output capacitance change, resulting
in an increased sensitivity. The common fabrication techniques for developing micro-structured

dielectric layers include:

Three dimensional (3D) sacrificial templates such as sugar or salt

e Micro-patterning techniques such as laser patterning

e Emulsions of oil aqueous solutions obtained by mixing water and PDMS

e Nanomaterial fillers such as carbon particles

e Developing water droplets or gas packets by injecting water or realizing gas

In all the aforementioned fabrication techniques, creating the micro-pores/structures in the

elastomeric dielectric layer causes a significant decrease in the elastic modulus which in turn
increases the deformation and thus the sensitivity of the fabricated capacitive pressure sensors.
Figure 2.6 shows micro-structured dielectric layers using different fabrication techniques.
pressure sensors by micro-structuring the dielectric layer material, there is no research available
on the development of pressure sensors with dielectric layers made of hybrid microstructures
(combined two or more microstructures). It is envisioned that the pressure sensors developed with
hybrid micro-structured dielectric layers will result in ultra-high sensitivity sensors for respiration
rate monitoring applications [143]. J. C. Yang et al. [144] have reported an ultra-high sensitive
capacitive pressure sensor based on a porous pyramid dielectric layer (PPDL) which, when
compared to the conventional pyramid dielectric layer, had a significantly increased sensitivity
of 44.5 kPa—1 in the pressure range <100 Pa. The high sensitivity was achieved by an increased
deformation level of the porous dielectric materials, along with the pyramid architecture, which
induces the highest pressure at the apex of the pyramids, where the cross-sectional area is the

smallest [145] as shown in Fig. 2.7.
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Figure 2.6. Micro-structured pressure dielectric layers using different fabrication techniques: (a), sugar

and salt 3D templates [143] (b) laser patterning [4] (c) drying water in PDMS [146] (d) carbon black
filler in PDMS [147] (e) developing CO2gas in PDMS [148] and (f) injecting water droplets in PDMS

[149].
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Figure 2. 7: Ultra-high sensitive capacitive porous pyramid structured pressure sensors consist of a

dielectric layer sandwiched between two conductive electrodes [144]. /Source: J. C. Yang et al, “Microstructured

porous pyramid-based ultrahigh sensitive pressure sensor insensitive to strain and temperature,” ACS Appl. Mater. Interfaces, 11, 21, 19472—
19480, 2019]

2.4. Sensor Data Acquisition and Processing Importance

Nowadays, due to the recent developments in the internet of things (loT), a patient can be
continuously monitored using wearable and off-body sensor-based devices at home [15,16]. In
health monitoring systems, data acquisition is a significant stage in which the data acquired from
sensors should be reliable to assess the health condition.

Data acquisition depends on the sensor as well as the environment in which the body signals
will be recognized. After receiving the electrical signal by each sensor, data can be collected and
converted to a readable digital format using a module embedded in the mobile device. However,
the accuracy of the measured data can be affected by a variety of noises such as, weak contact

between the electrode and the skin, electromagnetic interference caused by power line, baseline
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drift caused by respiration, electrosurgical instruments, and patient’s body movements. In order
to transform these data to a meaningful and readable information, in addition to hardware,
powerful software is also needed to reduce some of these noises and do possible processing and
analysis [17,18].

Depending upon the environmental conditions, the types of sensor, the capabilities of the
electronic readout module, types of the applications and the types of data collected, data
processing methods can be defined or changed. Figure 2.8 shows the typical processing steps
required after collecting the data [18]. Data processing methods may include a segmentation
method, which divides a larger data stream into smaller chunks appropriate for processing, and a
definition of the window size [18]. Healthcare services in terms of diagnostics and predicting
modelling can also be improved by machine learning and artificial intelligence techniques [17].

Machine learning is a branch of artificial intelligence that can find arbitrary patterns or

structure in data and make predictions for new input data [17]. To overcome the challenges

associated with biosensors such as sensor drift and to make them as intelligent biosensors to
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Figure 2.8. Post processing steps of the collected data from sensors [18]. [Source: H. H. Nguyen, F. Mirza, M. A,
Naeem and M. Nguyen, “A review on iot healthcare monitoring applications and a vision for transforming sensor data into real-time clinical
feedback,” Proceedings of the 2017 IEEE 21st International Conference on Computer Supported Cooperative Work in Design (CSCWD),

2017].
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predict species based on decision system, machine learning can provide novel strategies.
Recently, machine learning techniques such as regression, genetic algorithm, clustering, bayesian
classification, fuzzy logic, neural network, k-nearest neighbor (kNN), support vector machine
(SVM), Naive Bayes (NB), decision tree (DT), gradient-boosted trees (GBT), random forest (RF),
Feedforward artificial neural network (Feedforward ANN), recurrent neural network (RNN), and
convolutional neural network (CNN) have been used for feature extraction and building decision
models for prediction. Some of these techniques are commonly used in biosensors, while the

others remained untouched by the biosensor community [14].

2.5. Summary

In this chapter, the author has provided a literature review on different types of sensors and
sensing mechanisms. This was done by reviewing the FHE features and requirements, introducing
different types of sensing mechanisms and introducing different types of pressure sensing
transducers. The author introduced some of the wearable pressure sensors used for remote health
monitoring by highlighting the cone-structured porous capacitive pressure sensing. The
importance of the sensor data acquisition system in any sensing and monitoring device was also

reviewed.
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CHAPTER III

HIGHLY SENSITIVE CONE-STRUCTURED POROUS PRESSURE SENSORS
FOR RESPIRATION MONITORING APPLICATIONS

3.1. Introduction

Wearable devices and health monitoring apps have recently gained a lot of momentum and are
altering the way patients’ access/receive healthcare services. Wearable technology refers to a
category of electronic devices that can be worn as accessories, embedded in clothing, implanted
in the patient's body, or even tattooed on the skin [1-13]. These wearable devices are peel and
stick patches and can be used for continuous monitoring of diverse human physiological activities
such as cardiac pulse and gait analysis. Coronavirus (COVID-19) has spread globally since late
2019 and has affected the day-to-day life of millions of people worldwide. Throughout this
pandemic, the extreme demand for the clinical equipment such as intensive care unit (ICU)
resources have resulted in a disruption of medical supply chain, even in developed countries. In
the USA, almost 14 million confirmed cases and more than 260,000 deaths has been reported as
of December 1, 2020 [19]. As per the data from 555 US medical centers, a total of 192,550 adults
hospitalized with COVID-19, and among them 55,593 (28.9%) were admitted to ICU. Severe
hypoxic respiratory failure requiring mechanical ventilation is the most common reason COVID-
19 patients are admitted to the ICU.

Respiration monitoring has been a critical parameter in estimating the lung volume and
perfusion, and in turn monitoring the severity of the disease for patients with COVID either in the
ICU or regular wards or at-home treatment. Typically, hospitals are equipped with advanced
oximetry equipment to monitor the respiration rate. However, recently, due to the COVID-19

pandemic, there has been a huge disparity between the availability of these devices and the
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number of patients who need it [20-23]. To cover this disparity/gap, there is a need to develop
and employ more accessible devices using novel wearable technology capable of monitoring the
respiration rate.

Flexible pressure sensors have been developed for object detection, structural monitoring and
gait analysis in various applications. Recently, the development of highly sensitive pressure
sensors for monitoring respiration has gained attention and are envisioned for applications in
continuous respiration rate monitoring and early detection of the patient’s respiration failures
[24,25]. Pressure sensors should be highly responsive (sensitive) and detect pressures in range of
0-2 kPa in order to detect different respiration rates [26]. Among the different types of pressure
sensors, capacitive based pressure sensors are reported to be highly responsive which can be
achieved by varying the design parameters and properties of dielectric layer [151,161]. The
sensitivity of the pressure sensors has been enhanced by creating micro-structured dielectric
layers (such as polydimethylsiloxane (PDMS)) using various prototyping techniques including
3D sacrificial templates such as sugar, micropatterning such as micro pyramid/cone, and
developing chemical reactions for creating gas pockets [10, 162-164]. Among these techniques,
gas pockets and cone structures resulted in high sensitivity. However, there is no research
available on the development of pressure sensors with dielectric layers made of hybrid
microstructures (combined two or more microstructures). It is envisioned that pressure sensors
developed with hybrid micro-structured dielectric layers will result in ultra-high sensitivity sensor
for respiration rate monitoring applications [143,6,165].

In this project, a highly sensitive capacitive pressure sensor, with dielectric layer made of pores
and cone structures, was fabricated and its capability to detect varying low pressures was

investigated.
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3.2. Experimental

3.2.1. Chemicals and Materials

Sylgard® 184 silicone elastomer kit (A & B) from Dow Corning; NaHCO3 powder; HNO3
(70%) and 99.5 % anhydrous isopropyl alcohol (IPA) from Sigma-Aldrich chemical company;
were used for the fabrication of porous dielectric layer. A stretchable sweat resistant polyester
and polyurethane based fabric (JenniferS/914) from Top Value Fabrics Inc; silver (Ag) ink
(Ag800) from Applied Ink Solutions; a stretchable thermoplastic polyurethane (TPU) material
(Intexar TE-11C) from Dupont, were used for fabricating the top and bottom electrodes. Formlabs

high temp resin (RS-F2-HTAM-02) was used for the fabrication of the 3D printed mold.

(b) (c) (d) (e)

Figure 3.1. Master mold fabrication process: (a) CAD design for two molds with different cone
dimensions, (b) Form 3 Formlabs 3D printer, (c) Form wash (d) Form cure and (e) 3D printed
master mold.
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3.2.2. Fabrication of the 3D Printed Master Molds

\v PDMS + NaHCO; + HNO; Water vapors
/ ' CO, gas pocket

() pouring  (b) spreading (c) Annealing (d) Peeling

Figure 3.2. Dielectric layer fabrication process: (a) pouring the mixture of PDMS, NaHCO3, and
HNO:3 into the 3D printed mold, (b) waiting until proper spreading of the mixture (c) annealing
and (d) peeling the porous cone structured layer.

Master molds for the fabrication of the porous cone structured PDMS dielectric layer were
prepared using a rapid and precise 3D printing technigue. Initially, a mold with inverted cone
grooves was designed in SolidWorks software. As illustrated in Fig. 3.1(a), two master molds
with cones of different height and base width were designed. As shown, mold-1 and mold-2
were designed with inverted cone grooves of 1.5 mm x 1.5mm, and 2 mm x 2.5 mm,
respectively (the pitch was 2.25 mm for both molds). Then, the CAD file was imported into a
Form 3 3D printer machine (Fig. 3.1(b)) and the master mold was printed at a resolution of
50 microns by melting the high temperature clear resin. Table 3.1 shows some of the 3D
printing properties. The printed mold was then transferred to the Form-wash (Fig. 3.1(c)) and
washed with isopropyl alcohol (IPA 91%) for six minutes. Following this, the printed mold
was cured in the Form-cure (Fig. 3.1(d)) for 120 minutes at 80 °C. The photograph of the 3D

printed master mold (mold-1) is shown in Fig. 3.1(e).
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Table 3.1. 3D printing properties.

Resin Fill Layer Thickness .
Technology System (Axis Resolution) Laser Spot  [XY Resolution
Low Force
Stereolithography Automated 50 - 300 um 85um 50um
(LES)™

3.2.3. Fabrication of Porous Cone Structured Pressure Sensor

Sylgard® 184, composed of a 10:1 ratio of elastomer base to curing agent (w/w)) was mixed
with 20% (w/w) NaHCO3s. HNOs was added to the PDMS—NaHCO3 mixture (20% compared to
PDMS (w/w)), followed by manual stirring for 5 minutes. Following this, the mixture was poured
into the molds and left for 60 minutes to obtain a proper spread and fill of the PDMS mixture into
the grooves (Fig. 3.2(a,b)). After that, the mold was placed in a drying oven (Yamato DX300)
and the mixture was thermally annealed for 30 minutes, at 130 °C (Fig. 3.2(c)). During annealing

process, an acid—base neutralization process occurs resulting in the creation of CO2 gas pockets

Figure 3.3. Microscopic images of the fabricated porous cone structured dielectric layers:.(a) side
view (b) top view, and (c,d) close view of the cones fabricated using mold 1 and mold 2.
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in the PDMS mixture along with water vapors and sodium nitrate (NaNO3) as byproduct [6,148].
Finally, the PDMS dielectric layer, with pores and cone structures, was peeled off from the mold
(Fig. 3.2(d)). Then, the dielectric layer was immersed in a diluted solution of IPA and sonicated
in deionized (DI) water for 30 minutes for removing the byproduct NaNOs. The microscopic
images (captured using a Dino-Lite digital microscope) of the dielectric layers with different cone
dimensions are shown in Fig. 3.3. As shown in Fig. 3.3(a), CO2 gas pockets (porous structures)
were formed both in the cones and the base layer regions of the dielectric layer. Figure 3.3(b)
depicts the uniform formation of the cones on the surface of the porous PDMS layer. As illustrated
in Fig. 3.3(c,d), height and width of the porous cone structures were measured to be ~1462 mm,
~1458 mm (mold-1); and ~2426 mm, ~1985 mm (mold-2), respectively. Then, the top and bottom
electrodes were fabricated by screen printing Ag square blocks on a TPU substrate that was heat-
laminated onto a fabric. Finally, the dielectric layer and electrodes were laser cut (PLS6MW
10.6 um COz laser beam from Universal Laser Systems) into circles with a diameter of 35 mm
and the pressure sensor was assembled by sandwiching the dielectric layer between the electrodes
[145]. The photograph of the fabricated pressure sensor with cone structured porous dielectric

layer and fabric electrodes is shown in Fig. 3.4.
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The fabricated pressure sensors were characterized by placing the sensor between a force
gauge (M5-5) and a compression plate, in a motorized test stand (Mark-10 ESM 301). The force
gauge was used to apply varying pressures (0 kPa (no load) to 10 kPa). The pressure sensor was
connected to an LCR meter (Agilent E4980A) for measuring the capacitive responses for varying
applied pressures. A software was developed with a custom-built Visual Studio C# program to

control the force gauge and sensor data acquisition.

(a) (b) (c)
Figure 3.4. Photographs of the pressure sensor: (a) cone structured porous dielectric layer, (b)
sensor layers including dielectric layer between fabric electrodes and (c) fabricated cone
structured porous pressure Sensor.

3.2.4. Results and Discussion

Capacitive responses of the fabricated pressure sensors were investigated for three applied
pressure ranges of 0 to 100 Pa in steps of 5 Pa, 100 Pa to 2 kPa in steps of 0.1 kPa, and 2 kPa to
10 kPa in steps of 2 kPa, with a dwell time of 5 seconds. To investigate the effect of the pores
(created by the CO> gas pockets) as well as the cone structures (formed by the 3D printed master
molds) of the PDMS dielectric layer on the sensitivity of the pressure sensor, four types of sensors
were tested, and the results were compared. These pressure sensors include porous cone-1
(1.5%1.5 mm), porous cone-2 (2x2.5 mm), non-porous (solid) cone (2x2.5 mm), and porous no-

cones (even surface).
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Figure 3.5(a) shows the dynamic response of the sensors for an applied low pressure of 5 Pa.
The porous cone-1 and 2 clearly shows a higher capacitance change when compared to the non-
porous cone and porous no-cones pressure sensors. The capacitance change of the porous cone-2
is significantly high (by 30%) when compared to porous cone-1. An overall relative capacitance
change of ~ 114, = 108, , ~ 83, = 32 was obtained for porous cone-2, porous cone-1, non-porous
cone, and porous no-cones when the pressure was varied from 0 to 10 kPa, respectively
(Fig. 3.5(b)). The porous cone-2 showed the highest sensitivity of ~135 %kPa™, ~25 %kPa™, and
~5 %kPa* for all the applied pressure ranges (0 to 100 Pa, 100 Pato 2 kPa, and 2 kPa to 10 kPa).
The hysteresis response of the porous cone-2 was investigated by applying stepwise continuously
increasing pressures from 0 kPa up to 10 kPa followed by continuously decreasing pressures to
0 kPa (steps of 1 kPa), as shown in Fig. 3.5(c). An average degree of hysteresis of 4.3% was then
calculated for the porous cone-2. In addition, repeatability of porous cone-2 was investigated by
subjecting it to 200 cycles of three pressure loadings of 100 Pa, 2 kPa and 10 kPa. As shown in
Fig. 3.5(d), porous cone-2 demonstrated a highly stable capacitive response with a relative
capacitance change of 2.9%, 3.1% and 3.9% when compared to the base value, for the applied

pressures of 100 Pa and 2 kPa, and 10 kPa, respectively.
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Figure 3.5. Capacitive response of the fabricated pressure sensors: (a) dynamic response for the
applied very low pressure of 5 Pa (b) relative capacitance change response (c) step wise pressure
response and (d) repeatable capacitive response of the porous cone-2 under the application of
multiple cyclic pressures.

In addition, the capability of the pressure sensor (porous cone-2), with the highest sensitivity,

to detect very low-pressure ranges was demonstrated by measuring the pressure applied onto a
mask by the air flow while breathing. Some of the general human respiration characteristics are
included in Table 3.2. Normal breathing includes inhalation, exhalation which takes roughly 3 to

4 seconds, followed by a short pause of 1 to 2 seconds with no breathing as shown in Fig. 3.6.
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Table 3.2. Human respiration characteristics.

Respiration characteristics

Normal rates

Inhalation

15-2s

Exhalation

15-2s

Automatic pause

No breathing for 1-2 seconds

Minute ventilation (MV)

6 L/m (for a 70 kg man at rest)

Tidal volume (TV)

500 ml - air volume breathed in during a single breath

Respiratory frequency (Rf)

12 breaths per min (can be up to 20)

A Volume of air on the lungs, ml

Inhalation

2400 ml

Exhalation

th
»

2,900 ml Automatic pause

78 D VA VAN
> |

10 s

Tune, seconds

15 s
1

N
L4

Figure 3.6. Normal breathing pattern of human in time. [Source: https://www.normalbreathing.com/respiratory-rate-

volume-chart/]

For a healthy adult, a normal respiration rate is usually between 12 to 20 respiration per minute
with a minute ventilation of 6 L/min [165]. A fabric based porous cone pressure sensor was sewed
inside a surgical mask and the mask was worn by a male subject. It was observed that sensor was
capable of detecting different respiration rates. As shown in Fig. 3.7(a), normal, fast, and deep
breathing cycles were clearly detectable from the capacitance change. An average capacitance
change of = 3% was recorded when the subject was breathing normally and then the capacitance

change increased to = 5% and = 10% by increasing the respiration rate to the fast and deep states,
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respectively (Fig. 3.7(a)). This clearly shows that the sensor is capable of detecting different
respiration rates and can be potentially employed for continuous monitoring of respiration.

In addition, an air flow controller system and an isolated air-tight chamber box was set up for
measuring the capacitive responses of the sensor for different rates of the air flow (Fig. 3.7(b)).
A software was developed in Visual studio C# program for controlling the air flow channels, data
acquisition and analysis (Fig. 3.7(c)). The pressure sensor was placed inside the chamber box and

a relative capacitance change of ~0.3%, ~0.5% and ~1% was obtained when the air flow was set

15 —Normal Breathing
—Fast Breathing
_— Deep Breathin
10 - P g
J
—
o
9
Q5
0 T T T
0 10 20 30

(b) (c)

Figure 3.7. Respiration and air flow rate monitoring: (a) respiration rate detction using cone structured
porous pressure sensor attched to the mask, (b) air flow controller system with an isolated air-tight
chamber (inset - lid off) for placing the pressure sensor and (c) developed software.
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to ~ 0.15 L/min, = 0.2 L/min and ~0.3 L/min (=40 times less than the flow of the real breathings
— considering that the regular breath flow is =6 L/m). These results demonstrated that the cone
structured porous pressure sensor is highly sensitive to air flow even for the flow ranges less than
the breath flow. Currently, more research work has been focused on establishing a correlation
among the respiration rate of human and the adjusted airflow in the chamber, by performing the

capacitance measurements of the sensor.

3.2.5. Summary

The outbreak of the COVID-19 crisis has significantly expanded the role of wearable
technologies for the continuous monitoring of various health metrics to address real-life problems.
In this direction, a novel highly sensitive fabric based flexible pressure sensor was fabricated
using 3D printing processes and additive screen printing. A high sensitivity of =530% kPa ! was
measured for the sensor for ultra-low-pressure ranges below 10 Pa. The pores and cone structures
provided excellent deformation and clearly showed higher sensitivity when compared to the plain
non-porous/non-cone sensors. A fabric-based sensor was sewed inside a surgical mask and the

sensor was capable of detecting different human respiration rates.
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CHAPTER IV

DEVELOPMENT OF SOFTWARE FOR FORCE TEST STAND MODEL
ESM301 AND MULTI-CHANNEL FLOW RATIO/PRESSURE CONTROLLER
TYPE 647C FOR MACHINE LEARNING PURPOSES

4.1. Introduction
In any sensing and monitoring device, the data acquisition system (DAQ) plays an important

role as it collects data from different sensors. This data should be digitalized for storage and sent
to a control center for performing the processing and visualization. A basic DAQ system contains
four key components including; sensor interface, signal conditioning, analog to digital
conversion, processing and transmission of the data. Typically, sensors can be identified as the
first stage of the monitoring system to convert a physical quantity into an electrical signal that
can be measured and read by an electronic system. In order to collect valid and reliable data from
sensors and reducing the measurement errors, it is crucial to eliminate any external effects such
as human interference when recording the data. Moreover, for providing long-term reliable data,
the sensor lifetime can be determined by examining it under the application of continuous and
uniform amounts of the appropriate physical stimuli in an accelerated way.

To eliminate the human interferences as well as predicting the sensors performances in long
term use cases, the author was motivated to develop automated pressure sensing and flow
measurement systems. The automation was made possible by developing software to control the
movement of a force gauge as well as a flow controller device. In this chapter, the development
of the software, related flowcharts, and the process flow of the main functions are discussed. The

C# codes and PC control commands for both software are available in the Appendix.
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4.2. Software Development for Controlling the Force Test Stand

In order to perform experiments on the fabricated capacitive pressure sensors properly, a
controllable, repeatable and robust experiment setup is required. The measured capacitance
change and the calculated sensitivity values will not be valid if the pressure has not been applied
uniformly from experiment to experiment. The measurement errors originated from the human
interference has remained unavoidable even when well trained technicians are employed.
Therefore, rather than relying on humans, employing a software-based controller to provide the
desired applied force (which in turn provides the required displacement on the force stand
machine) is preferred. At the same time, when the force is being applied to the sensor, we need
to record the electrical signals (capacitance) that are varying as the result of a change in the sensor
structure. In this work, varying pressures were applied to the pressure sensors using different
force gauges, M5-5 (0-20 kPa), M5-50 (20- 200 kPa), and M5-200 (200-1000 kPa). The sensors
were mounted between the force gauge and a compression plate of a motorized test stand (Mark-

10 ESM 301). An LCR meter (Instek LCR-6100) has been used for recording the capacitance

Controlling the Force

Reading the Capacitance

Limit switches
(rear of column,
not visible)

Crosshead ————_

557 /— Force gauge

Column \ E o /— Upper grip
1.5

Motor __.___._‘\ E
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/ Controller

) (b)

Figure 4.1. (a) Force test stand model ESM301 and (b) LCR meter (Instek LCR-6100).
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response of the pressure sensors. Figure 4.1 shows the Mark- 10 ESM 301 test stand and the
Instek LCR-6100.

The developed software has the capability to compute the relative percentage changes of any
measured parameter (inductance, capacitance, and resistance) and plot the obtained results on a
computer. The LCR meter can be disconnected only if the applied force and displacement are to
be calibrated. This will also increase the speed and the accuracy of the software for detecting the
force set points. Figure 4.2 shows the flow charts of the main function and critical routines of the
developed software. The main functions includes:

e Finding the available COM ports for communicating with the machine
e Connecting to the force gauge machine

e Reading the settings on LCR meter and force gauge machine

e [Initiating the test.

When the “Main Form” of Visual Studio C# is executed, available COM ports will be
recognized (found), and then the main and customized setting tabs will be displayed. Next, the
software can be connected to the machine by selecting the corresponding COM port and using
the “Connect” option on the software. After that, all available settings will be read and shown on
related textboxes and labels. In read/write setting function, when the LCR meter is not available,

the software will skip performing the read/write function for LCR meter.
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The software contains two major tabs including “Main Settings” and “Customized Settings”.
Figure 4.3 shows the “Main Settings” tab and this facilitates adjusting the connections to the force
gauge machine and LCR meter in the yellow and green panels, respectively. In addition, the force
gauge settings can be adjusted according to the experiment. For example, the travel units (in or
mm), crosshead (for activating the speed setting tab), operation mode (cycle, limit, manual),
speed, and upper/lower travel limits (mm) can be adjusted using the buttons in the relevant
textboxes. This “Main Settings” tab is very crucial to automate the machine for testing. For
example, when performing experiments on pressure sensor, the set point must be detected by the
up and down buttons (on the force stand) where the force gauge touches the pressure sensor at a
minimum pressure. After detecting the set point, the vertical displacement of the force gauge on
the force stand can be reset to zero by pressing the reset button. In addition, the force gauge can

also be reset to zero force. Force and displacement adjustments can be monitored using “Data
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Figure 4.2. Main function and critical routine flowcharts.
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Figure 4.3. Main settings page.

Collection” panel.Once the “Main Settings” are completed for running the experiment, the
“Customized Settings” (in the second tab) can be defined for three different types of test. The
“Customized Settings” tab is shown in Fig. 4.4. Depending on the force gauge model and the kind
of experiment selected from the yellow box, the number of runs, upper and lower dwell time,
force start point, force steps, number of steps, number of cycles, upper and lower speed, and the
resolution can be defined by the operator. When the displacement is not zero the software detects
the displacement as a set point. Three differend types of experiment including linear, cyclic, and

hysterysis can be defined and selected from the “Experiment Type” option, which are discussed
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Figure 4.4. Customized settings page.

in the following sections. In “Customized Settings” tab, experiment settings for the force gauge
machine can be adjusted in the gold box. The green boxes, in “Customized Settings” tab, show
the measured raw data that will be collected from the force gauge and LCR meter. The red box
displays the analyzed data. Force, displacement, capacitance, and capacitance change graphs will

be provided in the brown box.

The developed software has four functions (Upper Limit, Lower Limit, Moving Up and
Moving Down) for collecting data from LCR meter (sensor response) at different positions of
force gauge. The four functions can be placed in a loop to move the force gauge continuously in
a cyclic fashion. Procedures as well as the condition to break the loop is shown in orange

flowcharts for different types of tests in Fig. 4.6, Fig. 4.8, and Fig. 4.10.
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4.2.1. Linear Test

The linear test will be initiated after pressing the start button, when the setting and “Experiment
Type” are selected as a linear test (Fig. 4.5). The timer and date (shown in red color in Fig. 4.5)
included in “Customized Settings” tab helps to identify the exact sampling rate in each
experiment. According to the flowchart shown in Fig. 4.6, after pressing the start button, a
stopwatch based timing function will start, and the compiler runs the first cycle for the first force
step point. In linear test, there are four main stages as shown in the flowchart of Fig. 4.6. For each
cycle, in stage one, the force gauge value will be acquired when it is stopped by calling a function
that can write commands to force stand and read its response. If LCR meter is connected, this
function can return the average of capacitance which will be measured by LCR meter. During
each communication between the Force Gauge and LCR meter through the developed software,

the raw data from LCR meter, force and displacement values will be transmitted to the software
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Figure 4.5. Linear test settings and results.

and the corresponding charts will be updated. The updating loop will break when the set time is
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Figure 4.6. Linear test procedure, (a) stages, (b) flowchart.
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over. Consequently, the Move Down command will be sent to the force stand during stage two.
After command completion force, displacement and LCR meter values will be read again in this
function. When the applied force value is larger than the force set point - the loop will encounter
a break in this case and the force gauge stops at this point. In stage three, when the force gauge
stops, it calls function to read and return force, displacement, and average LCR Meter values. The
loop will encounter a break and end when the set time completes. In stage four, Move Up
command will be sent to the force stand, then force gauge moves up and stop at zero displacement.
During all of these four stages, charts will be updated in real time. When the compiler presets to
the main linear function, capacitance change will be calculated based on two values from stage

one and three. This process will be repeated in loop.

4.2.2. Cyclic Hysteresis Test

When the “Experiment Type” is selected as cyclic hysteresis as shown in Fig. 4.7, by pressing
the start button, the cyclic hysteresis test will run. The timer and date will aid in determing the

exact sampling rate employed/set for each experiment.

22852 7.982

Q]
T
o
o
L

Force

% 51%

m
01 227
0 10000 20000 30000 40000 0 10000 20000

P Data

0 10000 20000 ~ 30000 40000 0 2 4 6 8 10 12 14 16 18 20 22
Data Point Pressure (kPa)

Save Clear Save Cear

Bapsed Time (hhmm ss) 00:51:38.99 0:51:38 9996241
Date and time Saturday . May 08 2021.04:00:30

Figure 4.7. Cyclic hysteresis test settings and results.
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Based on flowchart in Fig. 4.8, after pressing the start button, the stopwatch will start and the
compiler runs the first cycle from the force step point. For each stage, a force gauge value is read
when it is stopped, by calling a function that can write the commands to the force stand and
acquire its response. If the LCR meter is connected, this function will also return the average of
capacitance which is measured by LCR meter. The LCR meter raw data, force, and displacement
charts will be updated in real-time continuously. The reading function loop in stage one will break
when the set time is over. To continue the procedure of test in this cycle, the software sends the
command to the force stand to move down. Force, displacement and LCR meter value are read
again in this function, but if the applied force is larger than the force set point, the loop will
encounter a break condition and the force gauge will stop at this point. When the force gauge is
stopped in stage three, it calls the function three to read and return the average LCR meter value.
In stage four, force gauge moves up and stops at zero displacement. During all these four stages,
charts are being updated real time. Capacitance change will be calculated based on two values
from stage one and three, when the compiler returns to the main function. This process will be
repeated for each cycle in loop. Once the force step reach the last step in the cycle, it goes down

sequentially in a step by step fashion.
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4.2.3. Hysteresis Test

The hysteresis test process will run after pressing the start button, when the “Experiment Type”
is selected as hysteresis test (Fig 4.9). The timer (stopwatch) and date helps in providing the exact
sampling rate for each experiment. According to the flowchart in Fig. 4.10, after pressing start
button, the count-down in the stopwatch function will start, and the compiler will run the first
cycle from the force step point. For each cycle, force gauge value will be read and record as a
base average capacitance value when it is stopped by calling “Upper Limit” function on stage
one. If LCR meter is connected, this function can return the average of capacitance which is
measured by LCR meter. The LCR meter raw data, force, and displacement charts will be updated
continuously. The loop will break when the set time is completed. In stage one, when the data is
recorded for specific time, the average value will be returned, Next, by calling related function in

stage two, the software sends the command to the force stand to move down. Force, displacement

a5 ESM301 - O X
Main Setting  Customized Setting
Number of Runs 1 1 [)FDD:; (N) DDDDwsu\acemem mm) o Ao Dat
Upper Dwel Time (5) 0000 000 .
2889 361
0000 000
Lower Dwel time (5) 0.000 000
0000 000
Force Statt Poirt (N) 000 om0 ey | 7402 —
0000 000 = P
Force Step () 0 0000 000 = 1723 ML S 6194 ~
0000 000 & - - =
Number of Steps g 0000 000 g - - E -
0.000 0.00 2 11496 - 2 4986 -
Number of Cycles 1 [l om I 1 5 /
0000 000 g il P
Upper Speed  (0000.0 mm/min) gggg ggg 5.698 -~ ' 3.778 /
. - /
Lower Speed (00000 mm/min) [0005.0 0000 000 Vs . -
' N
D () 0 ] oo o0 0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
0000 000 Data Poirt Data Paint
Kind of Experiment Fysteresis v
Graph Resoluton (Dec. No) Save Clear
— Displacement * Capacitance Change (%)
"
01 ¥
cpD Change (%) !
<2861726-12 +1.1956602 ~| [20Up 124 756216500541 ~ 5 / Ty .
+2861726-12 +119566e-02 78 D 141.548957185412 L \ / '
+2.85758e-12 +1076850-02 16 Dn 138.017505237851 £ \ F 7o
$ 14 D 134.027761552284 S q1a = =
- 12 Dn 128541869124351 = =
2 8575812 10 On 123.362372253412 H ~ S &,
+2.85758e-12 +1.07685e- 8Dn 116.452356034274 £ am 5 =
4285798612 +107665-02 & Dn 107.273059813435 E e o S
4285798612 +1.07665-02 4 Dn 95 6850042861444 & — [
428579812 +1.07665-02 2 Dn 80, 2075351465706 238 &
428579812 +1.07665-02 0D 157055167212311
v v 5 e
Save Qlear Save Clear o I, 0 2 4 6 B8 10 12 14 16 18 20 22
ek Pt Pressure (kPe)
Bapsed Time phmmss)  00:02:19.85 0:02:19.8641475
Date and time Tuesday . May 18 2021.10:45:45

Figure 4.9. Hysteresis test settings and results.
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and LCR meter values are also read in this function, when the applied force is bigger than the
force set point, the loop will break, and force gauge will stop at this point. Then, in stage three,
the program calls function three to read and return raw data and the average LCR meter value.
The updating loop will experience a break when the specified time is over. Next, when the timer
stopped at stage three, the force gauge calls related function and moves down again and will stop
at next force set point. This process will be repeated for each step in the loop. When the force step
reaches the last set point, the applied force is decreased step by step. To have a symmetric graph,
the read function from first stage will be called again and then the stopwatch is paused. On
downward trend, related functions in stage four and one will be called in each cycle and the
average value on first stage will be used to calculate the capacitance change. The number of

functions on Fig. 4.10 shows the stages on this experiment.

4.3. Development of a Software Program to Control Multi-Channel Flow

Ratio/Pressure Controller Type 647C

To deliver the gas or air flow to the sensor, a gas system with controlled channels is essential.
In this section, the fabrication process of a reliable gas delivery system as well as the development

of a software for controlling the flow of gas in different channels are explained.

4.3.1. Fabrication of Gas Delivery System

The gas delivery system was designed in AutoCAD and assembled by using tubes, pipes,
valves, chamber, and gas flow controllers. Figure 4.11 shows the schematic and AutoCAD design
of the fabricated gas system. To control the flow of gas in this system, a customized C# program
was developed for characterizing sensors and performing hysteresis, durability, and repeatability

tests. To record the electrical responses of a sensor, a software was developed to control and
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record the data from the gas controller and LCR meter. In addition, the software can analyze data
simultaneously and show the sensitivity of the sensor in each cycle. The ambient air was used to
investigate the performance of the gas system in terms of leakage. In the designed software, the
accuracy of the gas flow controlling system was demonstrated by measuring, displaying, and
recording the flow of the four channels using textboxes and graphs. As shown in Figure 4.12,
stainless steel pipes and valves were used in the fabrication of this gas system to protect them
when exposed to different chemical gases. Three flow channels are reserved for an input gas, and
an isolated airtight chamber box is available with an access to the sensors and its wires so that the

sensors can be connected to the LCR meter externally.
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Figure 4.12. Fabricated gas system, (a) Instek LCR meter-6100, (b) gas delivery system, (c) Multi-Channel
Flow Ratio/Pressure Controller Type 647C.

4.3.2. Software for Multi-Channel Flow Ratio/Pressure Controller Type 647C

Figure 4.13 shows the flowchart of the software developed to control the three channel flows
and record their flows as well as LCR meter values. Initially, the program interface will be loaded
with the tabs labelled as “Main Settings” and “Customized Settings”. All the available COM ports
will be visible and the communication to a machine can be initiated by selecting the corresponding
COM port. The “Read Settings” function will acquire and read the settings of LCR meter. In
“Main Settings” of Fig 4.14, various settings such as gas range, correction factor, channel mode,

high/low limit, etc. can be varied.
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Figure 4.13. Main flowcharts.
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Figure 4.15. Customized settings page.
After connecting to the gas controller and verifying all the settings, the test can be started

(Fig. 4.15) for performing various types of experiments involving multiple cycles of
linear/exponential gas flow with different concentrations. Based on the gas availability, gas flow
chart can be activated or disactivated to show the desirable graph. In customize setting tab, LCR
meter connection panel is available and can be connected to the device by selecting the COM
port. When it is connected, settings includes frequency, function, level, range, and speed of
recording can be shown on text boxes. Accordingly, if sensor is available in the chamber, raw
data and percentage change of values recorded by LCR meter could be shown on textboxes and

charts. linear and cyclic hysteresis test example results are shown in Fig. 4.16(a,b), respectively.
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In this experiment, channel one was closed, channel two was used for carrying reference gas and

channel three was used to provide other gases subjected for testing.

—Flow2 —Flow3 —Flow4 —Flow2 —Flow3 —Flow4

0 2000 4000 6000 0 2000 4000 6000 8000
Data Points Data Points
(a) (b)

Figure 4.16. Test type(a) linear and (b) hysteresis results.

4.3.2.1. Linear Test

When the experiment type is selected as a linear test, the test will run by pressing the start
button as shown in Fig. 4.17. The timer and date help to find the exact sampling rate in each
experiment.

Based on the flowchart shown in Fig. 4.18, after pressing the start button, the stopwatch

function will start, and the compiler run the first cycle from the flow set point. For each cycle, in
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Figure 4.17. Normal test settings and results.
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stage one, flow of channel three measured when the valve is closed by calling related function in
stage one that can write commands to the gas system and read its response. If LCR meter is
connected, this function can return the measured average capacitance value. The LCR meter raw
data and flow charts will be dynamically updated in real-time. The loop will break when the set
time gets completed . In stage two, the software sends the command to the gas system to close
valve of channel three at defined setpoint. Flow and LCR meter values will be recorded by using
function two and when the flow of channel three is higher than the setpoint, the loop will break,
and valve will open at this flow point. Next, it calls function three to read and return the average
LCR meter value. The loop will break when the set time is over. In stage four, channel three will
be closed and the data will be recorded by calling function four. During these four stages, charts
will be updated in real time. When the compiler goes back to the main linear function, capacitance
change will be calculated based on two values from stage one and three. This process will be

repeated for each cycle in loop.
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4.3.2.2. Cyclic Hysteresis Test

By selecting the cyclic hysteresis test and pressing the start button, the test can be performed
based on the settings on “Customizations” tab. The save button provides the capability to save
logged data to a text file for more data processing. The stopwatch can help to calculate the
sampling rate based on the number of samples divided by the elapsed time. Figure 4. 19 shows
the cyclic hysteresis test and its setting as well as the results. There are four checkboxes next to
the chart that the operator can select to achieve desirable flow graph.

Based on flowchart of Fig. 4.20, after pressing the start button, stopwatch will start, and the
compiler run the first cycle from the set force step . For each cycle, in stage one, flow of channel
three will be read when it is stopped by calling a function that can write commands to gas flow
controller. If LCR meter is connected, this function can return the average of measured values.
The LCR meter raw data, and flow charts will be updated continuously. The loop will break when
the set time is over. Next, the software sends the command to the gas flow controller to open the
valve. Flow and LCR meter values will be read in function two and when the flow of channel
three is higher than the flow set point, the loop will break, and flow controller will open the valve

with the same set point and calls the function three to read and return the average LCR meter
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value. The loop will break when the specified time is over. In stage four, flow controller will close
the valve of channel three and the related function in stage four, to read the values until the stop
function. When the compiler return to the main function, The changes in the measured values of
LCR meter will be calculated based on two values from step one and three. This process will be
repeated for each cycle in loop. When it reaches to the last step, it is time to follow step by step

reduction in the gas flow.
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Figure 4.20. Cyclic hysteresis , (a) stages, (b) flowchart.
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4.4, Summary

In this chapter, two software programs were successfully developed to perform reliable and
repeatable experiment setups for pressure sensing and gas sensing systems. The developed
software facilitates automatic control of the experiments which will reduce the human
interference during the experiments and data collection. This results in the reduction of human
errors which has remained unavoidable even when well trained technicians are employed. Various
experiments including dynamic and static tests, cyclic tests, hysteresis tests were designed and
their functionality was explained using the relevant flowcharts. An overview of the assembly of
the gas delivery system was introduced with their corresponding schematics and the AutoCAD
designs. Both pressure and gas flow controller software were developed in Visual Studio, C#
language. The developed software enables the capability of performing various experiments and
making big data sets which is envisioned to be very helpful for the machine learning purposes. In
the following chapter, the author concludes this thesis by providing a summary of the performed

projects along with some suggestions for the future work.
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CHAPTER V

CONCLUSION AND FUTURE WORK

5.1. Conclusion

In the first project, a novel highly sensitive cone structured porous polydimethylsiloxane
(PDMS) based pressure sensor capable of detecting very low-pressure ranges was developed for
wearable respiration monitoring applications. The pressure sensor was fabricated using a master
mold, a dielectric layer and fabric-based electrodes. The master mold with inverted cone
structures was created using a rapid and precise three-dimensional (3D) printing technique. The
dielectric layer with a porous and cone structures was prepared by annealing the mixture of
PDMS, nitric acid (HNO3) and sodium bicarbonate (NaHCO3) in a master mold with inverted
cone structures. The electrodes were developed by screen printing silver on fabric. A sensitivity
of =530 %kPa-1 was measured for the fabricated pressure sensor at ultra-low-pressure ranges
from O Pa to 10 Pa. The porous-cone structures provided an excellent deformation and thus
resulted in high sensitivity for detecting very low-pressure ranges below 100 Pa. As an application
demonstration, the pressure sensor was sewed inside a surgical mask and its capability to detect
different respiration rates (normal, fast, and deep breathes) was investigated. An airflow controller
system, custom-built software, and readout circuit was also developed for performing the
continuous sensor data acquisition and capacitance conversions while changing the airflow rate.

In the second project, two software programs were successfully developed for controlling a
pressure sensing and gas sensing system. The goal of this project was to help reducing the
measurements errors associated with human interferences when testing pressure sensors and gas
flow sensors. The developed software provided a reliable data collection pathway with controlled

experiment setup under the application of multiple cycles of the stimulus. The sensor lifetime can
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also be extracted by examining it under the application of continuous and uniform amounts of the
corresponding stimulus, which can be applied in practical applications such as health monitoring
devices. The related flowcharts, and processes of the main functions were also discussed.

5.2. Future Work

The author believes that the obtained results can be improved by addressing a few issues. Some
suggestions for the future work are discussed below.

Cone-Structured Porous Capacitive Pressure Sensor for Wearable Health Monitoring:

> Establishing a correlation among the respiration rate of human, airflow in the chamber
and capacitance measurements of the sensor.

> Investigation of the various pore sizes on the sensitivity of the cone-structured porous
pressure Sensors.

> Fatigue testing and analysis of micro-pyramid structures are required to know the
maximum mechanical bending, compression, and deformation of the micro-pyramid
structures.

> Investigation of various aspect ratio of cone structures to optimize the sensitives of the
pressure sensors for wide pressure ranges.

Software Development:

» Adding more features and types of analysis to the software such as Young’s Modulus, and
compressive Modulus measurements.

» Improving the graphical interface/visualization of the plotted graphs such as adding the
capability to change the color, size, or visibility of the graphs when the user interacts with

them.
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