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ABSTRACT

This research work has been carried out in order to develop electroconductive ink based
electroconductive textile sensors for weak bio-signal capturing. Among the broad range
of bio-signals, the cardiorespiratory signal was found as one of the most important
physiological signals to people’s health. Also, the increasing demand for the
development of wearable/portable cardiorespiratory monitoring system has drawn more
and more attention from the researchers. Much work has been carried out in order to
investigate the feasibility of capturing cardiorespiratory signals based on the inductance,
piezoelectricity or capacity of a sensor material. However, little work was found in the
literature that using piezo-resistive nonwoven materials as a cardiorespiratory sensor.
Therefore, there is a need for developing a nonwoven fabric based piezo-resistive sensor
for weak bio-signal (cardiorespiratory signal) monitoring.

The morphology of the silver deposition in the nonwoven materials was studied by
Scanning Electron Microscopy (SEM) and Energy-dispersive X-ray Spectroscopy
(EDX) analysis in order to evaluate the impregnation performance. The nanoscale silver
particle ink impregnated nonwovens were then fabricated into pressure sensors by
sandwiching between four layers of functional fabrics. The fabricated sensors were
studied by electromechanical characterisations under quasi-static and cyclic conditions.
The factors that may affect the piezo-resistivity of the sensor have been investigated in
this research. The hysteresis and resistance time drift phenomenon was studied through
experiments.

Additionally, the electroconductive nonwoven material based sensors were used to
acquire the cardiorespiratory signals in laboratory conditions. Effects of motion artefacts
and resistance drift have been studied. In order to improve the accuracy and reliability
of the nonwoven based cardiorespiratory sensors, a Matlab programme was developed
with the justifications for picking up cardiac and respiratory signals. The response time
and recovery time of the nonwoven based sensor were studied as well. It is concluded
that the piezo-resistive sensor based on the nonwoven fabric with dot pattern embossed
surface had the best performance in obtaining the cardiorespiratory signals, with an
accuracy of 87.25% and 95.13% for respiratory and cardiac signal, respectively. The
response time for the sensor to capture the cardiac signal was 12.65 seconds and 17.24
seconds for the respiratory signals. The recovery time for the sensor to recover from
motion artefacts was 10.37 seconds for cardiac signal and 25.83 seconds for the
respiratory signal.

In order to understand the engineering of piezo-resistive sensors and further understand
the capability of the sensor to function in different settings, a piezo-resistive sensor was
manually fabricated by laying silver coated electroconductive monofilaments/yarns at O-
degree and 90-degree angles. Thereafter the conductance, the piezo-resistive sensitivity,
and the resistivity of this sensor was empirically modelled over the investigating limits
of pressure varying from 0-100 g/cm? and for sensor size from1-16 cm?. In order to
verify the validity of these empirical models, the performance of the sensor was tested at
a new sensor size of 12.25 cm? and compared with the empirical models.
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Chapter One: Introduction

1.1 Background

Due to the faster pace of modern life where higher pressure from work is experienced
by humans, more and more people are found suffering issues related to mental/physical
strain. These issues could cause disorders during people’s work or life elsewhere, which
could manifest as various physical conditions such as cardiorespiratory diseases,
vascular system related deceases etc. Their time and place of occurrence are such that
these conditions appear unexpectedly. Taking the case of cardiorespiratory diseases,
reports show the cases that vehicle drivers were suffered from heart attacks while
driving.[1, 2]

To prevent further damage caused by mental strain, one method is to carry out long-
term cardiorespiratory monitoring on those who may have such conditions. Traditional
instruments like electrocardiography (ECG) and ballistocardiography (BCG) machinery
cannot meet the demands of portability and long-term usage. Most of the current
research on portable cardiorespiratory monitoring systems is mainly focused on hard
portable devices. The solid-state sensors that are used in these devices are then usually
integrated into a belt or into a garment to achieve a portable monitoring system.
However, these devices will lead to discomfort and possibly skin irritation to the wearer,
thus causing non-compliance on their wearing. Therefore this dilemma has resulted in
the birth of the research area, wearable electro/smart textiles, which primarily
investigate the creation of flexible, electroconductive ink based sensors for use on

electro-textile garments for weak bio-signal capturing applications.

Today there is an increasing demand for developing flexible and wearable sensing
materials that are convenient to be processed by textile manufacturing machinery and
processes. These flexible electro-textile materials provide the textile-based sensors with
flexibility and the possibility of easy integration into everyday clothing. Therefore, the
main focus of the current research is the creation and investigation of various electro-
textile structures, based on fibres, yarns and fabrics, integrated with electroconductive
ink or coatings, in order to engineer flexible electro-textile sensing materials with

reliable and repeatable performance.
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1.2 Problem definition

As the biggest threat to people’s lives, cardiorespiratory related diseases are still
increasing in the number of Kills at an alarmingly fast speed. According to the statistics
published by Heart UK, cardiovascular diseases (CVD) are responsible for 30% of
deaths in the world, increased from 25% in 2008.[3, 4] CVDs account for 17.3 million
deaths in a year, which value is expected to increase to 23.6 million by 2030.[5] Every
year in the UK, altogether 45,000 new cases of angina and heart failure are diagnosed,
not including those cases ignored by potential patients with minor symptoms. Other than
the quality of living (even lives lost), a large amount of money has been spent on
fighting against cardiorespiratory related diseases. The health expenditures and
productivity lose cost by CVDs in the US have been raised from 108.9 billion dollars in
2010 to 320 billion dollars and 316 billion dollars in 2015 and 2017, respectively.[4—6]
£19 billion has been spent on the direct health care, productivity losses and informal
care due to CVDs in the UK. Globally, the estimated cost due to CVDs is estimated to
increase from 863 billion dollars to 1044 billion dollars from 2010 to 2030.[5] All these
figures represent the imminent need for more attention to cardiorespiratory related

diseases.

Cardiorespiratory signal monitoring is one critical approach to help ease the threat of
cardiorespiratory related diseases. To medical practitioners, the information obtained
from cardiorespiratory signal monitoring not only can help the detection of early-stage
heart attacks but also the valuable supportive information for correct diagnosis.
Additionally, the cardiorespiratory signal is of the most importance in monitoring
patient’s health status after medical treatment. Current clinical and hospital
cardiorespiratory signal monitoring system is ECG; however, due to the fact that the
operation of ECG requires complex machinery and terminal connections, as well as the
difficulties in the interpretation the ECG result by normal people, the usage of ECG is
mostly limited to clinics and hospitals. Therefore, only the need for the clinical
cardiorespiratory monitoring can be fulfilled by ECG; whereas the demand for daily,
long-term and the ambulatory cardiorespiratory monitor is unmet. Electro-textile
material based weak bio-signal sensor is considered as the best candidate to create
applications that can be used for daily, long-term and ambulatory cardiorespiratory
monitoring. The feasibility of easy integration into a garment make electro-textile

material based sensor available for a large range of users. The flexibility of the electro-
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textile material causes little interferences to people’s normal life while capable of
carrying out the task of weak bio-signal acquisition, such as cardiorespiratory

monitoring.

Much attention and efforts have been put on the development of the electro-textile
material based bio-signal sensors. Vivometrics, Inc. developed LifeShirt™, a multi-
function system which was embedded in the garment, where several physiological
signals can be monitored, recorded and analysed simultaneously.[7] Recently, a non-
contact four-sensor array integrated into a shirt was developed in order to detect the
cardiorespiratory signal of the wearer according to the change in the magnetic
induction.[8] However, the directional requirement for the inductive sensors frequent
calibration work is needed. Fibre optic sensors have also been investigated for acquiring
respiratory signals, while their sensitivity requires improvement in order to detect
cardiac signals.[9] Using capacitive sensor is another approach for monitoring
cardiorespiratory signals.[10, 11] However, capacitive sensors were found more
vulnerable to noise and motion artefacts.[12] Therefore, it can be concluded that there is
a need for developing a piezo-resistive electro-textile sensor for the weak bio-signal

monitoring system.

1.3 Research aim and objectives

As discussed previously, there is an urgent need for developing a weak bio-signal
monitoring system, such as cardiorespiratory signals monitoring, which is designed for
daily, long-term and ambulatory condition. The main aim of this research is to develop a
non-invasive electro-textile material based piezo-resistive sensor suitable for garment

integration and physiological signal monitoring.
The objectives of the current research can be summarised as follows:

e the investigation of the piezo-resistivity of the electroconductive ink
impregnated nonwoven fabric materials;

e the design and engineering of the piezo-resistive nonwoven fabric based sensor;

e the investigation of the sensor performance for acquiring the weak bio-signals
(cardiorespiratory signals);

e the development of empirical models in order to characterise the function of the

sSensor.
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1.4 The scope of the research

Research of publications has revealed that there is a gap in the technology for creating a
weak bio-signal monitoring system that can be used in daily, long-term and ambulatory
conditions. Various electro-textile sensing materials have been investigated in order to
create flexible cardiorespiratory sensors. In this research, piezo-resistive materials are
selected to produce the sensor and the investigated in-depth. Due to the fact that
nonwoven materials have the advantages of good solution absorption and the contact
points that intensely respond to compression, they are chosen as the textile substrate to
create the electro-textile materials. The nonwoven materials are granted with piezo-
resistivity by dip-coating impregnation technology. The nanoscale silver particle ink
impregnated piezo-resistive nonwoven sensing materials are characterised under quasi-
static and dynamic situations in order to determine the performance of the materials.
The responsivity and accuracy of the nonwoven sensing material fabricated
cardiorespiratory sensor are also investigated. The empirical models of the conductance,
sensitivity and piezo-resistivity of the piezo-resistive nonwoven sensor fabricated by
laying directional monofilaments/yarns are calculated. The empirical models provide
characteristics and predictions of the performance of the sensor over variable sensor
areas and pressure levels, which are verified by an independent test setup.

1.5 The layout of this thesis

The first chapter focuses on introducing the background information of this thesis. The
motivations and aims of this research are discussed, together with the scope of this

research.

Chapter two focuses on the literature review, in which the detailed history and
information of the bio-signals, the cardiorespiratory signals and their importance is
introduced. Feasible monitoring methods are demonstrated. It also discusses the
different types of smart textile materials that can be used for creating cardiorespiratory
sensors. Additionally, existing portable/wearable cardiorespiratory sensor applications
are studied. In this chapter, electroconductive ink made from different electroconductive
materials are explained, together with the methods of integrating such inks into textile
materials and possible approaches to curing them.
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Chapter three explains the methodology of this research work. The operational principle
of the piezo-resistive textile material is explained in detail. Also, the materials and
methods used in order to create nanoscale silver particle based electroconductive ink,
the impregnation procedure of such ink and the design and fabrication steps of the ink
impregnated textile based sensor are described in this chapter. Additionally, the scope of
the tests that are to be carried out is introduced together with their test setups and

parameters.

The results and findings from microscopy analysis on the nanoscale silver particle ink
impregnated materials are illustrated and discussed in chapter four. The morphology of
the silver deposition and the effects of the properties of the silver particle based ink and
fibre distribution and orientation in the nonwoven on the impregnation performance are

discussed in detail.

The fifth chapter presents the experimental work carried out in order to characterise and
optimise the nanoscale silver particle-based piezo-resistive sensor. The effects of the
properties of the electroconductive textile materials on the piezo-resistive performance
and cardiorespiratory sensor performance are studied. The nonwoven sensors fabricated
with directional electroconductive monofilaments/yarns are developed in order to
simulate the piezo-resistivity of the nonwoven fabric based sensors. The conductance,
piezo-resistive sensitivity and resistivity of the directional monofilaments/yarns laid

nonwoven sensor are empirically modelled.

Chapter six concludes the current research. The findings from this research are

summarised and recommendations for future investigations are given in this chapter.
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Chapter Two: Literature Review

2.1 Introduction

Monitoring weak bio-signals is becoming more and more important and essential in
people’s life. Not only the patients in a hospital require such services as
cardiorespiratory signals monitoring, but also people who work under high stress or
people with cardiorespiratory disease history would benefit from full-time access to
such information.[13] In this chapter, the fundamental background of cardiorespiratory
and available methods of monitoring cardiorespiratory signals is introduced. Further,
existing knowledge of developing portable and wearable cardiorespiratory sensors is
investigated. Additionally, the electroconductive inks which can be used to create
cardiorespiratory sensors and methods used in the creation of electroconductive textile-
based materials are discussed in detail. At the end of this chapter, a summary is given,

demonstrating the discoveries and conclusions from the literature review.

2.2 Bio-signals and cardiorespiratory monitoring

A bio-signal is defined as a description of a physiological phenomenon.[14] Generally,
bio-signals cover an extreme broad range of aspects: as simple as a visual appraisal from
a physician, the action potential which is the electrical signals from the polarisation of a
cell in order to perform mechanical contraction;[15] electrical signals generated by
central nervous system which can be detected by electroneurogram (ENG); auditory
brainstem response (ABR) from brainstem in reaction to audio signals.[16, 17] These
examples are only a glance to the area of bio-signals. However, among numerous of bio-
signals that are being investigated by researchers, the cardiorespiratory signals are the
most studied.[18-22]

The cardiorespiratory system mainly consists of the heart and the circulatory system,
together with numerous blood vessels that deliver the oxygenated blood to all parts of
our body and pump away the de-oxygenated blood and metallic waste products.[23] An
adult’s heart circulates approximately 9,000 litres of blood over 100,000 beats each day.
The health of the cardiorespiratory system is most critical to people’s health.

Unfortunately, cardiovascular disease (CVD) is now the number one cause of death

globally with an estimated 7.4 million due to coronary heart disease and 6.7 million due
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to stroke.[13] In extreme conditions, people with such heart-related illnesses were found
unconscious without the ability to contact any medical emergency services.[24-26]
CVDs are not isolated to other body systems; as stated in literature, patients suffered
from rheumatoid arthritis have a higher risk in CVDs;[27, 28] cardiorespiratory fitness
was found related to type 2 diabetes, especially to those patients who were statin-
treated;[29] reports also showed that the development of depression among the middle
school students could be significantly prevented by improving cardiorespiratory
fitness;[30] mental stress is also considered as related to cardiorespiratory status.[31]
Therefore, cardiorespiratory monitoring is one important approach to reduce the risk
level on those individuals with such cardiorespiratory conditions and to provide

fundamental information which supports the medical diagnosis.
2.2.1 Methods of cardiorespiratory monitoring

The important signals generated by the cardiorespiratory system can be concluded as
heart rate (HR), number of heartbeats per minute; heart rate variability (HRV), the
variation of the interval between two heartbeats; respiratory rate (RR), number of
respirations per minute; and oxygen saturation, the concentration of oxygenated
hemoglobin.[23]

Cardiorespiratory monitoring

Invasive Non-invasive
Capnometry Oxygen Chest ECG
Tidalvolume saturation movement BCG
Respiratory signal Cardiac signal

Figure 2-1. Possible cardiorespiratory monitoring methods.

Methods for monitoring cardiorespiratory signals has been summarised in Figure 2-1
and can be classified into two categories: invasive and non-invasive methods.
Tidalvolume and capnometry tests measure the volume of air inhaled/exhaled and the

CO: exhaled with breathing. These tests require intubation which generates strong pain
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and irritation to the patients.[32] Oxygen saturation can be measured using invasive
methods with an arterial blood sample, and non-invasive methods if oxygen saturation is
above 70%.[33] Monitoring the chest movement is feasible for not only respiratory
signal but also for the cardiac signal. Additionally, ballistocardiography (BCG) and
electrocardiography (ECG) are the two well-developed and widely-used technology

nowadays.
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Figure 2-2. Differences and similarities in waveforms acquired from different BCG

systems.[34]

Heartbeat causes noticeable body movements which can be used to identify and record
the HR and HRV. This technology is called BCG. Since it was first seen and founded,
BCG has been well studied and developed over a century.[35, 36] Literature show cases
where different BCG systems were developed and compared, from which the
waveforms of BCG were found with noticeable similarities and yet differences (as
illustrated in Figure 2-2).[34]

Other than the ballistic force created by the heart movement, specific electrical signals
depolarise the heart and control the activity of the heart during each beat. These

electrical signals follow a specific order and can be detected non-invasively using ECG
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technology. As shown in Figure 2-3, a typical ECG pattern consists of P wave (atrial
depolarization), QRS wave complex (ventricular depolarization) and T wave
(ventricular repolarization).[37] To a trained clinician, the intensity of the waves and
intervals between the waves in an ECG pattern represents the healthiness of the
heart.[38] Studies also found that in a single heart cycle, the largest wave in ECG (R
wave) and BCG (J wave) have an interval of approximately 200 ms (as shown in Figure
2-4), which is due to the fact that there is a delay between the depolarisation signal
(ECG) and the mechanical contraction of the heart (BCG).[39, 40] Compared with
BCG, ECG has a specific pattern, which gives it advantages in the determination of HR
and HRV. However, in order to acquire all the polarisation electrical signals and
represent their intervals correctly, the standard ECG requires 10 cables to be connected
to the skin using electroconductive gel covered terminals. Such complex setup and

irritative connection limit the usage of ECG mostly to hospital and clinic.
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Figure 2-3. ECG of a heart in normal sinus rhythm.[41]
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Figure 2-4. BCG and ECG signals of a single heart-cycle.[40]

2.2.2 Smart textile materials for sensory applications

The different methods discussed above all require complex preparation and setup.
Intubation and blood sample acquiring are painful, and the results cannot be achieved
immediately. BCG and ECG need professional machinery and results may be difficult to
interpret for normal people. The phenomenon in clinic and hospital, as well as the
connection to complex medical instruments, will cause irritation to the patient
physically and mentally, which further influences the accuracy of the test results.[42]
Therefore, developing non-invasive and portable cardiorespiratory monitoring suitable
for daily, long-term and ambulatory conditions has gained more and more attention
from the researchers from all kinds of fields. Due to the fact that textile materials have
already been the most inseparable part in people’s lives for thousands of years, electro-
textile materials, further developed as smart textiles, are the best candidates to the non-
invasive and portable cardiorespiratory monitoring applications. Smart textiles are
products made from conventional textile materials. Such products can be the complete
devices that are designed for interacting with the users or the environment, or parts that
are used in such devices in order to grant such devices with the properties of textiles,
like flexibility and feasibility of being integrated into textile garments.[43]
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The textile materials used for creating smart textiles can vary from basic materials such
as fibres/filaments/yarns to advanced concepts like electroconductive material coated
thin films.[44—46] One of the approaches to creating the electroconductive yarns used in
electro-textiles is combining fine metal wires with textile yarns. Some evidence was
found in the literature: the copper cored electroconductive yarns with cotton sheath were
developed for electroconductive fabric applications;[47, 48] a stainless steel based
electroconductive yarn was used for electromagnetic shielding applications;[49]
electroconductive woven fabric could be produced from stainless steel wrapped by
polypropylene nonwoven ribbons as well.[50] Electroconductive yarns can also be
created by coating yarns with electroconductive materials, such as carbon nanotubes
(CNT) and polyaniline conductive polymer.[51, 52] In literatures, electroconductive
yarn based applications are mostly used as strain sensors, which are suitable for
detecting the mechanical signals generated by the respiratory cycle. However, due to the
fact the BCG signals are much weaker than the respiratory signal, electroconductive

yarn based strain sensors are found incapable of capturing such weak bio-signals.

]

Double plain
knitted fabric

T

-
Pu—

Inlaid weft yarns
Inserted warp yarns
Figure 2-5. The diagram of co-woven-knitted fabric.[53]

Broadly, the electroconductive yarns were used together with weaving and knitting

technologies to produce different electroconductive fabric based applications.[54-58]
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Electroconductive yarn based woven or knitted structures are commonly used to
reinforce electroconductive composites. A polypropylene composite reinforced by co-
woven-knitted fabric was developed using copper, stainless steel and nylon hybrid
yarns.[53] The co-woven-knitted structure (as shown in Figure 2-5) improved both the
mechanical properties and the conductivity of the composite.[59, 60] The other
examples showed that conductive yarns can be sewn into a textile material as well.[61,
62] In the aspect of nonwoven fabric based smart textiles, the electroconductive
properties are granted in a more direct way. Spin coating technology can be used to
create nonwoven fabric based electrode.[63] Evidence was discovered in the literature,
where electroconductive CNTs were deposited on nonwoven fabrics by sonication in an
aqueous bath.[64, 65] A limited amount of literature was found related to the nonwoven
based piezo-resistive sensor. However, due to the wellness of the nonwoven materials
that can thoroughly absorb electroconductive materials and induce resistive signal
actively to pressure changing,[63] nonwoven fabrics were used throughout the current

research.

2.3 Portable/wearable cardiorespiratory sensors

As discussed, monitoring the chest movement is one non-invasive approach that can
acquire both cardiac and respiratory signals under the same principle, while keeping the
patients away from complex clinical leads and setups. Therefore, it is necessary to
develop portable/wearable respiratory sensors based on the chest movement and cardiac

sensors based on the ballistic signals generated by the heart contraction.

2.3.1 Inductive cardiorespiratory sensor

The principle of the inductive sensor is Faraday’s law of induction, which is that the
variation of the magnetic flux through a closed circuit will generate electric current.[66]
The working principle of a normal inductive sensor was illustrated in Bakhoum and
Cheng’s work.[67] They developed an inductive pressure sensor which had miniature
size and high sensitivity. The design of the sensor is based on the change in the
inductance between two coil materials, as shown in Figure 2-6. As under pressure, the
soft iron core in the middle of the sensor could be displaced, thus, causing a change in

the inductance between two parallel coil materials.
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Figure 2-6. Schematic diagram (a) and mechanical sketch (b) of the inductive

sensor.[67]

Literature shows numerous of applications based on inductive sensors: Pederson et al.
patented an inductive sensor for measuring relative or absolute pressure, which used the
resonant frequency and allowed the reading of the pressure/resonance frequency
remotely;[68] Cos et al. developed an inductive pressure sensor, with an innovative
circuit which minimised the hysteresis to a negligible level of 1.4% without sacrificing
the high linearity.[69]

In order for the inductive sensor to be suitable for wearable cardiorespiratory
monitoring, developing lightweight inductive sensors has been drawn more attention
from researchers. Due to the nature of electromagnetic induction, the coil is the most
important mechanism in inductive based sensors. The coil could either be simply
integrated into the textile garment or remotely controlled by a cantilever, as shown in
Figure 2-7.[70-72] A non-contact inductive cardiorespiratory sensor was developed and
integrated into a shirt, named as magnetic induction (MAIN) shirt.[8] A bendable and

wearable cardiorespiratory monitoring system was developed, based on two sensors, an
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inductive sensor for respiratory signal and a photoplethysmography sensor for the
cardiac signal.[73] The fabricated sensor was in the form of a circuit board, including a
coil and other electronics, which could be fitted into a shirt pocket. It can be seen in
Figure 2-8, that the complete system was established on a hard circuit board, and its
flexibility remains uncertain. In the report conducted by Zhang et al., they investigated
respiratory inductive plethysmography (RIP) module designed for processing multiple
inductive sensors for respiratory monitoring.[74] Another portable RIP application was
studied together with a position sensor for the calibration during daily activities.[71]

Y

magnet bore

counterweight pickup coil

magnet field centre  pivot lever

magnet
faceplate

Figure 2-7. The sketch of a cantilever type inductive cardiorespiratory sensor.[72]

(b)

wur 001

Figure 2-8. (a): Flexpock device. (b): Flexpock device fit into a shirt pocket.[73]

Through literature, it was found that inductive sensors have advantages of high linearity,
high sensitivity and low-temperature hysteresis.[67] However, the necessity of a coil

32



and the electric circuit has a potential risk of burns to the user; and due to the
importance of direction of magnetic flux and electric current, more work of calibration
Is inevitable.[72] Also, inductive sensor applications were not suitable for integration

into a garment for long-term daily usage as to their poor bendability.
2.3.2 Fibre optic cardiorespiratory sensors

The idea of fibre optics was first established in the 1840s, based on the guided refraction
of light, which was later developed into the theory of total internal reflection (TIR).[75—
78] The TIR of light is a phenomenon that light strikes a medium boundary at a certain
angle which results that the complete light is reflected without any being refracted
through the boundary (as shown in Figure 2-9).
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Figure 2-9. Refraction of light between two materials at different incident angles. Left:
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/

normal refraction of light. Middle: no refraction of light at a critical angle. Right: total

internal reflection.
According to Snell’s law:
n,; X sinf; = n, X sinf, Equation 2-1

where: n; and n> are the refractive indices of the two materials; 8; and 6, are the angles

of the incident ray and refracted ray, respectively.

Therefore, the critical angle 6. (when 62 = 90<and sin ¢2 = 1) can be calculated as:

0. = arcsin% Equation 2-2
1

From Equation 2-2, it is obvious that TIR can only occur when ny/n; is less than or

equal to 1.
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Figure 2-10. The cross-section of an optical fibre.

Optical fibres are made from extremely pure glass or plastic fibre and normally consist
of three parts: core, cladding and buffer coating, as demonstrated in Figure 2-10. The
core and the cladding material provides a medium boundary where TIR is possible,
resulting in the guidance of the optical signal through the core. The buffer coating
protects the fibre from outside.[79] The type of optical signal varies from ultraviolet,
visible to infrared radiation, based on the choice of the core.[75] Depending on the
number of the optical signals can be transmitted at the same time, the optical fibre can
be categorised as (a) monomode, which normally fabricated with a fine core allowing
the transmission of light with specific wavelength; (b) multimode, which allows
multiple light signals to be transmitted at the same time, however, with a sacrifice in the
core diameter (increased diameter for more optical signal feasibility), modal noise and
the constancy of far-field radiation pattern.[80] The optical fibre can be used in two
types of sensors: extrinsic sensors and intrinsic sensors. Extrinsic sensors use optical
fibre as a cable, which transfers optical signal from another optical sensor to an optical
transmitter. Intrinsic fibre optic sensor can be used to detect stress/strain by measuring
the change in the intensity, phase, wavelength, polarisation and the transit time of the

optical signal.[81, 82]

The optical fibre material is commonly used as an intrinsic sensor in cardiorespiratory
monitoring applications. As early as in 1998, Gagnadre et al. reported their application
for physiological signal using optical fibre materials.[83] Reports show that optical

fibres can be integrated with textiles for respiratory monitoring.[32, 33] A respiratory
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monitoring system was developed based on optical fibre material, named as the Fibre
Optic Respiratory Plethysmograph (FORP).[84] The FORP is a non-invasive method for
detecting cardiac and respiratory signal at the same time. Cardiac signal acquiring
systems based on fibre optic sensors have also been investigated; however, the intensity
and accuracy of the signals require improvement.[85, 86] The optical fibre has the
advantages of lightweight, simple connection and high sensitivity.[87] However, due to
the fact that optical fibre requires buffer coating to protect its core and cladding, its
bending property is much worse compared with other electro-textile materials.
Therefore, similar to the inductive sensor, it was found difficult to fully integrate fibre
optic sensor into the garment. Additionally, these two types of sensors were found lack

of capability in capturing cardiac signals due to the sensor sensitivity.
2.3.3 Capacitive/piezoelectric material based cardiorespiratory sensors

A capacitive sensor is another common type of pressure sensor. The simplest model of a
capacitive sensor consists of two non-contact electrodes, the capacitance of which is
determined by the size of the electrodes and the distance between them. Therefore,
capacitive sensors are widely seen in the applications of touch screens.[88] Capacitive
sensors have higher sensitivity and lower hysteresis than piezo-resistive sensors;
however, the problem of the non-linearity of the measured result needs to be
resolved.[67] The purity of the material (substrate or vacuum) between the two

electrodes of the capacitor is critical to the behaviour of the capacitive sensor.

Generally, capacitive sensors are fabricated by laying different functional layers. A
liquid crystal polymer (LCP) based capacitive sensor was designed by Palasagaram and
Ramadoss.[89] The top and bottom layers of the sensor were made of the LCP substrate,
the positions of which were patterned with metallised electrodes. These LCP substrate
layers sandwiched another LCP substrate layer with spaced holes at the corresponding
positions in the top and bottom layers. The fabrication of the sensor is shown in Figure
2-11. Radosavljevic et al. designed a resonant pressure sensor based on low-temperature
co-fired ceramic (LTCC) technology, which was made by stacking seven layers of
LTCC tapes with different dimensions and functions.[90] The evidence was reported in
the literature, where a respiratory sensor was functioned by changing the overlapping
area of the two electrode layers.[91] Vacuum seal technology was developed to create

pure capacitive sensors, in order to increase the stability and accuracy. A vacuum sealed
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capacitive pressure sensor which could be batch manufactured was developed by
Chavan and Wise.[92] The sensor had a responsivity of 39 fF/torr. Another vacuum
sealed capacitive sensor was created, achieving different gap thickness of 800 pm, 1000
um, 1200 pm, and 1500 pm and responsivities of 0.08 pF/kPa, 0.12 pF/kPa, 0.15 pF/kPa
and 0.2 pF/kPa, respectively.[93]
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Figure 2-11. (a) top LCP layer with metallised patterns; (b) middle LCP layer with

space holes;(c) bottom LCP layer with metallised patterns on the other side; (d) the

fabricated sensor.[89]

Evidence shows that capacitive sensors are also used in the applications of
cardiorespiratory monitoring. A flexible capacitive sensor was integrated into a mattress
in order to monitor the user’s sleep pattern.[94] Other capacitive-based sensors were
created in order to detect the wearer’s gait or cardiorespiratory signals during
exercise.[95, 96] Gonzdez-Sanchez et al. demonstrated in their research work report
that the breathing and heart signals were able to be captured non-invasively and

remotely on laboratory mice using capacitive-based sensors.[97]

The piezoelectric effect is that a crystalline material will generate electric charges while

being subjected to force, which has similarity to the operational principle of the
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capacitive sensors.[98] Figure 2-12 shows the piezoelectric effect of a quartz crystal.
Commonly known piezoelectric materials include piezoelectric ceramics (quartz,
barium titanate, lead zirconate), electro Mechanical Film (a thin polypropylene with
cellular structure) and polyvinylidenefluoride (PVDF).[98-100]

Figure 2-12. Piezoelectric effect in a quartz crystal.[98]

Due to the demand in the flexibility of the sensor materials used for portable/wearable
cardiorespiratory monitoring applications, much attention has been put on PVDF.
Pressing, stretching or bending the PVDF material will create noticeable voltage signal
which can be measured for physiological activities. Evidence is found in the literature
where PVDF based pressure sensors were widely investigated for in-sleep
cardiorespiratory sensor applications;[42, 101, 102] Jiang et al. developed a PVDF
based flexible sensor for cardiorespiratory sensing, which could be encapsulated in a
flexible substrate pocket in order to eliminate the bending artefacts (as shown in Figure
2-13).[103] A potentially wearable PVDF sensor was developed, in the form of a fibre-
type sensor with a metal core.[104] Other evidence shows that the cardiorespiratory
signals can be obtained using PVVDF material based on tensile stretching.[105] However,
due to the fact that both PVDF and capacitive sensors are vulnerable to noise and
motion artefacts, extra shielding processing or data filtering algorithm is essentially

required for such sensors.[12]

PVDF Electrode
A

-

PVDF Flexible substrate
snsm, Electrode
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Figure 2-13. PVDF based flexible sensor. (a): bending in-sensitive. (b): bending

sensitive.[103]
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2.3.4 Piezo-resistive material based cardiorespiratory sensors

Because that chest movement is a ballistic force, the piezo-resistive material is widely
studied and used in the application of cardiorespiratory sensing. The internal atom
positions and their properties determine the resistivity of a material. If external
force/strain changes the arrangement of the internal atoms, the electrical resistivity of
the material changes accordingly. Therefore, piezo-resistivity is a material property that
the electrical resistance of the material is dependent on strain.[106] The piezo-resistive
material is naturally suitable for the cardiorespiratory monitoring application. The
strong chest movement caused by respiration and even much smaller signals like pulses

can generate resistance signal strong enough for detection and analysis.
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Figure 2-14. Relationship curve of carbon black content and resistivity of conductive
rubber.[107] Zone A: Insulation zone. Zone B: Percolation zone. Zone C: Conductive

Zone.

Conductive rubber as a kind of piezo-resistive material has the advantages of easy
acquisition of the signal, small thickness, and simple circuit design compared to
capacitive and inductive sensors. Conductive rubber has been widely studied in the
application of force or tactile sensors. Generally, the conductive rubbers are made from
silicon rubber with an evenly distributed carbon black composition, which fulfils both
the requirements of elasticity and electrical conductivity. The relationship between the
content of carbon black composition and electrical resistivity of the conductive rubber
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can be demonstrated in Figure 2-14. In the insulation zone (Zone A), where the carbon
black particles are separated from each other, it is difficult to find a reliable electrical
path. The conductive rubber shows a high resistivity. In the percolation zone (Zone B),
with the increasing carbon black content, the conductivity of the conductive rubber
material increases sharply. In the case of the conductive zone (Zone C), as the congeries

links and electrical paths stabilise, the material maintains a high conductivity.[107]

125 mm

Figure 2-15. The fabricated sensor array.[108]

Zhang et al. developed a soft tactile sensor array based on silicon rubber.[108] The array
design, as in Figure 2-15, was achieved by sandwiching the conductive silicon rubber
with two layers of screen printed external layers, which reduced the complexity of the
manufacturing process. The adhered multi-layer structure reduced the hysteresis in the
sensing performance. Wettels et al. presented an individual electrode sensor based on
silicone rubber in their report.[109] The silicon conductive rubber sensor simulated the
function of human finger skin, which had a sensitive response to the force ranging from
0.1 to 30 N. A polyimide-based tactile sensor has been developed, of which the sensor
array consisted of up to 32 by 32 unit cells.[110] The continuous pressure was able to be
detected ranging from 0 to 1 N. Ohmukai et al. investigated several electrodes for
conductive rubber piezo-resistive sensor.[111] They discovered that the tightness of the
binding of the electrodes to the conductive rubber sheet determined the sensor
performance. They concluded that among four types of electrodes (Al film, vacuum
deposited Al rubber sheet, Cu film and silver pasted rubber sheet), the vacuum
deposited Al rubber sheet provided the best potential in the application of a force sensor,

due to the tightest binding. Huang et al. focused on the fitting of the sensor they
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developed based on silicone rubber, carbon and nano-SiO».[107] What they concluded
was that the piezo-resistive curve correlated better under a quadratic polynomial fitting.
A novel 3D force tactile sensor was developed based on silicone rubber film added with
carbon black, which can detect the size and direction of a 3D force.[112] Efforts have
been made in order to reduce the thickness of the conductive rubber materials and thus
improve their flexibility and drapability, such as developing an electrical-wire-stitched
method (as illustrated in Figure 2-16) and using one-mask photolithographic
process.[113, 114] As mentioned previously, conductive rubber has its advantages in
sensitivity and linearity, while the flexibility requires improvement, which is one of the
most critical parameters in portable and wearable cardiorespiratory applications. The
hysteresis problem of the conductive rubber materials also result in the poor sensor
reproducibility.[111] Therefore, the conductive rubber materials are more commonly

used in the applications of force detection and robotic tactile sensors.
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Figure 2-16. Electrical-wire-stitched technique.[113]

Piezo-resistive electro-textiles are natural electrodes with high structural flexibility,
which are much more suitable for wearable cardiorespiratory monitoring systems than
other non-flexible electrodes. They are widely used in the applications of monitoring
sleeping positions, postures and cardiorespiratory signals. Evidence was found in
literature where a piezo-resistive material based sensor was used to monitor respiration
in sleep monitoring application.[115] The respiration sensor provided more accurate

results while it was placed underneath the mattress than on top of it, which was due to
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the fact that the sensor placed on top of the mattress did not have a firm contact to the
subject at all time if the subject changed sleep position or posture. The weight of the
mattress increased the stability of the sensor as well. It was also found that the biasing
pressure was essential for the sensor to be functional. Another cardiorespiratory and
motion sensor for sleep monitoring was developed based on piezo-resistive material,
which was reported as 99% accurate in detecting sleep position.[116] The sensor was
pressed on the left chest of the subject by a belt instead of being underneath the mattress
so that the weak heart signal was able to be captured. Other than sleep monitoring,
piezo-resistive electro-textile material based sensors can also be used for wearable
monitoring applications. Evidence was found in literature where piezo-resistive fabric
sensors were created using knitting or printing technology, in order to be integrated into
the garment to capture the cardiorespiratory signals.[117] Another report showed that a
textile-based piezo-resistive sensor was developed in order to acquire respiratory signal
under clinical, exercise and gravitational conditions (as shown in Figure 2-17).[118,
119] Taylor and Chapin invented a flexible piezo-resistive and piezo-capacitive hybrid
force and pressure sensor, which potentially can be used in cardiorespiratory

applications.[120]
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Figure 2-17. Sensor setup for clinical, exercise and gravitational conditions.[119]

Melnykowycz et al. conducted a report that vital signals such as systole and diastole
blood pressures can be measured using the piezo-resistive material as well.[121] The
developed wrist sensor was able to detect the motion artefacts of the wrist and finger
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movements; however, the signal curves showed very similar in shape so that only the
movements could be detected but not the gestures. A clear heartbeat pattern can be
observed with a large amount of fluctuations which implied that noise filtering and data
smoothing was required for piezo-resistive type of cardiorespiratory sensor. Hamdani
and Fernando developed a piezo-resistive material based cardiorespiratory sensor used
in car seat belt application.[122] The piezo-resistive cardio-respiratory sensor was
pocketed in the car seat belt in order to ensure a firm and stable contact between the
sensor and the subject. Other than the fabric-based sensors, Huang et al. conducted a
yarn based piezo-resistive strain sensor, which showed superior linearity and sensitivity
(as shown in Figure 2-18).[123] However, due to the fact of the strain sensor, it was not
suitable for capturing BCG signal on the chest as the strain change of the BCG signal

was too small.

(b)

(a)

CCE

Core Yarn

Figure 2-18. Carbon-coated fibre twisted yarn. (a): Single wrapped; (b) Double
wrapped.[123]

2.4 Electroconductive inks

Electroconductive ink is an ink that consists of electroconductive particles which can be
used for smart textile applications. Depending on the impregnation methods,
electroconductive inks can be used to turn conventional textile materials to piezo-
resistive materials for strain sensing or capacitive materials as pressure sensors.[124—
126] The electroconductive ink used in electro-textile applications has three key
features: low viscosity of the ink, highly dispersed solution, and high electrical
conductivity.[127] The low viscosity of the ink allows the ink perform uniformly under
all circumferences; in the aspect of inkjet printing application, this can also prevent the
nozzle from the blockage.[128] The highly dispersed solution ensures the ink free from

unnecessary agglomerations which may negatively influence the quality of the ink, and
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further affect the performance of the applications based on such ink. The most
commonly known applications using electroconductive inks include printed circuit
boards, electrodes, electro-textile material based sensors, which require the high
electrical conductivity of the ink. The three key features have an influential on each
other; report shows that the viscosity of a silver particle ink with nanoscale particle size
slowly increased by 0.4% per 20 days over 4 months, eventually resulting in
agglomerates in the ink and poor performance of the sensor.[127] In order to obtain low
viscosity and highly dispersed ink, it is essential to reduce the particle size in the ink.

Additionally, due to the strong n-m and Van der Waals forces, nanoscale particles tend
to agglomerate to large particles.[129-131] Many efforts have been made to avoid
agglomerations during the manufacturing process and/or prevent the fabricated ink from
further agglomeration. Using stabiliser or protective coating during the manufacturing
process is the most commonly used technology in order to prevent agglomeration in the
fabrication of electroconductive inks.[132] Other technologies used in order to obtain
agglomeration-free electroconductive ink involve mechanical dispersion, using

surfactants and surface modification.[133-137]

2.4.1 Metallic electroconductive inks

The electroconductive inks mainly consist of different kinds of metallic-based inks, such
as silver, copper, gold, and aluminium.[132] As mentioned previously, nanoparticle-
based metallic conductive inks require an additional stabiliser, usually polymeric
material, to ensure the reproducibility of the ink. Compared with silver based conductive
inks, other metallic based inks either have the problem of rapid oxidisation (copper and
aluminium based inks) or higher cost (gold-based inks).[138, 139]
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Figure 2-19. Schematic diagram of silver coating on a copper nanoparticle.[140]

A technology of coating copper nanoparticles with silver was developed to resolve the

issue of oxidisation in copper-based nanoparticle inks.[140] With a silver coating of 2
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nm, the encapsulated copper nanoparticles stabilised from oxidisation after being inkjet

printed, as shown in Figure 2-19.
Gold nanoparticle ink can be synthesised using the following methods:

a) physical methods: photochemistry, radiolysis, sonochemistry;[141-143]

b) chemical methods: borohydride reduction and citrate reduction;[144-146]

c) biosynthesis methods;[147, 148]
d) seed growing methods.[141, 149]
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Figure 2-20. The concept of the separation of gold agglomerates.[150]

Physical methods generally synthesis gold nanoparticle in a short period of time which

require extra
process and
applications.

nanoparticles,

and precise control.[151] Chemistry methods provide mild reaction
aqueous results, which is more suitable for electroconductive ink
Biosynthesis methods use bacteria to reduce gold compound to

which have the advantages of the clean and nontoxic procedure. Seed

growing methods use external energy source (electron-beam lithography) to stimulate

the chemical

reaction of gold compounds and other chemicals on a substrate. The

agglomeration of gold nanoparticles can be prevented using nylon membranes or

sodium bis-(2-

ethylhexyl) sulfosuccinate based reverse micelles (as illustrated in Figure

2-20).[150, 152]
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Silver elemental is the other popular metallic particle used for electroconductive ink.
Silver has a very low electrical resistivity of approximately 15.87 nQ-m.[153]
Additionally silver also has a remarkable cost to performance ratio making it much
more preferable in industrial applications. The literature describes a research in which a
silver nanoparticle ink, synthesized for inkjet printing, with a particle size from 50 to
100 nm and 49% of the silver content.[154] Walker et al. described a synthesis method
using silver acetate to create silver nanoparticle ink with a very low ink viscosity
suitable for inkjet printing.[155] Polyvinylpyrrolidone (PVP) is commonly used as a
stabiliser in the silver particle ink in order to avoid silver agglomerations.[154, 156,
157] Acid can be used as a stabiliser for silver nanoparticle electroconductive ink as
well.[127] Literature also reported that acrylic resin was one candidate that can be used
to prevent silver agglomeration, however, with a loss of resistivity of the silver
ink.[158] A silver particle-based conductive ink was developed which was capable of
self-healing from scratch damage of a gap up to 25 pm wide.[159] Such silver ink
consists of encapsulated hexyl acetate solvent which was released due to scratching. If
the printed surface was damaged, the released hexyl acetate would re-dissolve the silver
particles near the scratching so that these silver particles could recover the printed

surface after the hexyl acetate being evaporated (as illustrated in Figure 2-21).
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Figure 2-21. The concept of self-healing silver ink. (a): before scratching; (b):

immediately after scratching; (c): after restoration.[159]
2.4.2 Carbon/graphene-based electroconductive ink

Carbon nanotube (CNT) and graphene materials are newly discovered as an excellent
candidate for electroconductive inks. The superior electrical conductivity and
mechanical properties make CNT and graphene the most popular material during the
recent years. Evidence was found in the literature that inkjet printed film sensors using
CNT were developed, which had high optical transmittance and excellent electrical
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conductivity.[160, 161] Graphene is a two-dimensional sheet made of hexagonal lattice
carbon atoms, which is the material with the lowest resistivity at room temperature.[162,
163] Currently, the reduction of graphene oxide (GO) is the most promising method to
create graphene.[164] The reduction process requires at least 24 hours in order to
achieve 90% weight percentage of carbon element. Reduced graphene oxide (RGO) is
the most often used graphene material for the electroconductive ink-based applications.
Similar to the CNT material, RGO is most preferred in the production of printed films
for different applications, such as gas sensors, pressure sensors and humidity
sensors.[165-167] Little work has been reported regarding the graphene ink
impregnated/coated textile materials. Supercapacitor electrodes were developed by
using controlled electrodeposition of MnO2 on graphene coated fabrics.[168] Other
reductive agents such as sodium dithionite, sodium hydrosulphite and hydrazine were
investigated in order to create graphene modified textile materials.[169-171] However, due
to the fact that if being deposited onto the randomly oriented substrates (fibre/fabric
surface), the electroconductivity of CNT/RGO is significantly affected due to the non-

uniform orientation.

2.4.3 Impregnation methods

As the core process in the ink based microelectronic technology, the impregnation
methods have been widely investigated and well developed over decades. Screen
printing and gravure printing are relatively old techniques, which have the advantages of
low cost and simple principles. However, products based on these two methods are less
precise than inkjet printed products, as the printing position of screen printing and
gravure printing are generally controlled manually. Now the inkjet printing technology
is highly researched worldwide. Also, some new approaches, such as omnidirectional
printing which is used in tissue engineering, have placed more focus on the applications
required for better bending capabilities. Additionally, dip-coating technology is the
other method that can be used for producing not only electroconductive material coated

thin film sensors but also electroconductive particle coated fabric materials.

2.4.3.1 Inkjet printing

Inkjet printing technology has been widely used in the area of printed circuits for

electronic construction. The electronic circuits could be of use as computer components,
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capacitors and transistors. As shown in Figure 2-22, inkjet printing technology

simplifies the process of creating high-precision devices.[172]

(a) 1. Clean substrate (b) 1. Prepare substrate
2. Deposit film 2. Print active ink
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Figure 2-22. A comparison of the processing steps involved in subtractive
microfabrication and additive direct write printing. (a): traditional microfabrication. (b):

inkjet printing technique.[172] (c): a theoretical model of an ink droplet deposits on a

solid substrate.

The factors that are critical to the quality of the ink used for inkjet printing are studied
thoroughly. In fluid dynamics, there are three controlling quantities, the Weber number
(We), the Ohnesorge number (Oh) and the Reynolds number (Re) which are used to
determine the deposition and solidification of a droplet. ‘We’ and ‘Oh’ can be presented

in the following equations:[173]

We = pt, = Equation 2-3
Re = pTva Equation 2-4
Oh = T = ‘/;7 Equation 2-5



where: p is the density of the liquid; a is the diameter of the drop before impact; V is the

impact velocity; o is the surface tension; u is the viscosity of the liquid.
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Figure 2-23. Ink suitability for printing using non-dimensional numbers.[173]

A droplet with a lower ‘We’ value holds its shape independently of its impact velocity
after deposition. ‘Oh’ value relates the viscous forces to inertial and surface
tension.[174] ‘Re’ is the ratio of inertial forces to the viscous forces, as illustrated in

Figure 2-23.[173] Schiaffino and Sonin classified the drop impact into four types:[174]

1) when ‘We’>>1 and ‘Oh '<<1, fluid behaves like an inviscid fluid,;

2) when ‘We'<<l and ‘Oh’<<1, the motion of the inviscid fluid depends on its
capillarity;

3) when ‘We’'<<1 and ‘Oh’>>1, the capillarity and viscosity of the fluid become
more important;

4) when ‘We™>>1 and ‘Oh’>>1, the kinetic energy and viscosity of the fluid

determine the deposition.

Through further investigations, the wettability of the solid substrate was another

important factor which determined the performance of the deposited droplets.[175] It
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was found out that compared with ‘We’ and ‘Oh’ values, the wettability of the solid
substrate was more important in the droplet deposition. Smith et al. [176] and Doggart
et al. [177] investigated the relationship between the width of the printed pattern, droplet
diameter and the space between adjacent droplets. The dimensions of the printed pattern
were found adjustable via changing the solvent composition or the viscosity of the ink

(as shown in Figure 2-24).
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Figure 2-24. Optical image and typical cross-section sketch for annealed silver

precursor lines printed at a dot-to-dot spacing of (a) 20 pm, (b) 40 pm, and (c) 80
Hm.[177]

O"Alund indicated in the thesis that the roughness of the substrate surface was the most
important feature in terms of inkjet printed conductive materials.[178] A higher surface
roughness would eventually result in a thicker coating, which would adversely affect the
electrical conductivity of the conductive layer. Therefore, a sufficiently small value of
surface roughness and porosity were beneficial for the printing and electrical
performance of the material. However, reducing the surface roughness of the substrate
would limit the range of electroconductive ink feasible, because the printing quality and
electroconductivity of the coating rely on the matching of the surface energy of the
substrate and surface tension of the electroconductive ink. In order to obtain a smooth
surface of the printed sensor, hexamethyldisilazane (HMDS) treatment was found useful
in reducing the surface energy of the substrate, thereby reducing the roughness of the
printed film.[179-181] Using HMDS treatment, silver nanoparticles were deposited
onto the cellulose film substrate in order to create an organic transistor.[182] Li
introduced a flexible capacitor on a polyester substrate fabricated by inkjet printing
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technology.[172] Another type of substrate, such as photo paper can also be used to
print memory cards for cost-efficient applications.[183] The feasibility of hydrophobic
substrate was studied.[184] They used ascorbic acid as a reducing agent and
investigated copper salts, including copper sulphate and nitrate, and silver salts, such as
silver nitrate, carbonate, acetate and chloride. Eventually, they found that among all
metallic salts, copper sulphate and silver nitrate had the best water solubility, which was
important in terms of inkjet useable ink. However, copper particles suffered from a

more severe oxidisation problem than silver.

The electrical properties of a capacitor produced by inkjet printing were also
investigated.[185] As demonstrated in the research reports, the relative permittivity and
loss tangent of the inkjet printed Metal-Insulator-Metal capacitors were approximately
70 and 0.011 at 1 MHz, respectively.[186, 187] Low electrical resistance gold printed
electrodes were able to be obtained using a cost-effective method of fabrication multi-

layer electric components based on inkjet printing technology.[188]

2.4.3.2 Omnidirectional printing

Omnidirectional printing technology is established in 3D printing in the area of tissue
engineering.[189] However, recently, it has been shown to offer a novel approach for
printing electronics. Ahn succeeded in developing a technology for printing 3D
microelectrodes using omnidirectional printing.[190, 191] The flexible and stretchable
microelectrodes could withstand repeated bending and extension to a high level. This

technology could be applied to a solar cell or light-emitting diode arrays.

2.4.3.3 Dip-coating

Dip-coating is a technology initially developed for mass production of coated fabrics;
now it is also widely used for creating conductive thin films, conductive nanowires and
conductive textiles, coated with different metallic or carbon-based colloid, which are
integrated into applications including high transparency display electrodes, sensors,
heating fabrics, solar cells and supercapacitors.[192-197] There is some evidence of
dip-coated electro-textile materials found in literature: a three-dimensional silver
nanowire sponge structure was created using dip-coating technology, which combined
the high electrical conductivity with the sustainable mechanical properties of
cotton;[194] other cotton based electroconductive fabrics were also developed using
dip-coating technology;[198, 199] wool fabrics were treated with electroconductive
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solvent as well in order to obtain electroconductivity.[200] Electro-textile based

interconnectors can also be produced by dip-coating.[201]
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Figure 2-25. A schematic of the continuous dip coating process.
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Figure 2-26. The relationship between dip coating thickness and speed.[202]

Figure 2-25 explains the procedure of dip coating process. The prepared material needs
to be immersed in the solvent/colloid bath thoroughly and withdrawn from it at a
specific speed in order to achieve required coating concentration and thickness.

Depending on the type of solvent and substrate, the curing process is necessary. The
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relationship between the coating thickness, curing condition and withdrawal speed has
been studied. Faustini et al. demonstrated the relationship between dip coating thickness
and speed in their work report.[202] It was shown in Figure 2-26 that at different scales
of speed, the thickness of the coating was depended on different factors. Generally
speaking, the thick coating can be achieved at either high speed or low speed; however,
higher speed will cause more fluctuation. In order to achieve ultrathin and uniform
coating, an intermediate and uniform speed must be used. The withdrawal speed was

also found critical to the interplanar spacing and pore size of the coating.[203]

2.4.3.4 Screen printing

Screen printing has been used for fabricating capacitive sensors since the middle of last
century.[204, 205] Screen printing has the advantages of low-cost, simple principles and
suitability for batch production.[205] Applications include capacitors, as a generator of

energy harvesting systems, and electrodes for detection sensors.[204—206]
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Figure 2-27. Printing sequence of a capacitive cantilever.[207]

A screen-printed capacitive motion sensor based on a novel cantilever has been
developed.[207] A certain screen printing order was developed for the different function
layers, including an innovative sacrificial layer (trimethylolethane TME) which was
later removed to create the cantilever structure, as shown in Figure 2-27. An interface

layer was used to reduce the fabric surface roughness and to achieve a smooth and flat
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layer for subsequent layer printing. The motion sensor was able to detect human

movement at low frequency.

2.4.3.5 Gravure printing

Gravure printing requires low temperature and less usage of resources while providing
good quality throughout.[208] An organic thin film transistor sensor was fabricated by
gravure printing.[209] The vapour polymerisation method was used to help form a thin
conductive film to create a conductive polymer thin-film-transistor (TFT). However,
this method is restricted to only a few materials, such as poly(3,4-
ethylenedioxythiophene) (PEDOT) and polypyrrole (PPy), and does not have a good

performance due to it not reproducing semiconductor capability.

Passive layer (PDMS) Top Electrode (Silver)

l PET
v

Bottom Electrode (Silver) Dielectric Layer (PDMS)

Figure 2-28. Schematic of the gravure and screen printed pressure sensor.[210]

Narakathu et al. developed a flexible gravure and screen printed capacitive pressure
sensor which was capable of detecting pressures from 800 kPa to 18 Mpa.[210] The
sensor was based on a polyethylene terephthalate substrate, on which firstly silver
electrode bars were gravure printed. Then a polydimethylsiloxane (PDMS) layer was
screen printed as a dielectric layer. With the combination of gravure and screen printing,
the fabricated sensor was highly flexible and had a thickness of 200 pm (as shown in
Figure 2-28).

Comparing with the different impregnation methods discussed above, it can be
concluded that inkjet printing, screen printing and gravure printing technologies are

more suitable for the applications either based on capacitance or for strain sensing if
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using the piezo-resistivity of the sensor. Omnidirectional printing is able to produce the
sensors directly from the electroconductive ink. However, the rigidity of the sensor
material and unique professional machinery make omnidirectional printing technology
difficult to be used in the current research. From literature, it was found that dip-coating
method is more suitable for creating fabric based flexible sensing materials with

uniform properties.

2.4.4 Sintering process

As mentioned previously, nanoscale particle ink requires the nanoparticle to be
encapsulated in a protective coating to reduce the viscosity of the ink. Therefore, after
being printed onto the film, it is necessary to remove the insulating protective coating to
increase the conductivity of the printing. This process is called sintering. Approaches to
sintering range from room temperature drying to using energy from a flashing
light.[211] Figure 2-29 visualises the typical thermal sintering process.
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Figure 2-29. Thermal sintering process.[212]

2.4.4.1 Thermal sintering

The common way of sintering silver nanoscale ink is heating. Falat et al. studied the
influence of sintering parameters on resistivity.[213] They found that at 250 <C sintering
for 1 hour showed promising results even for low silver content samples. Also, they
found that with lower silver content, the silver pattern might have a hairy fuzzy
appearance. Mancosu and his colleagues discovered that a sintering temperature below
100 T would cause the treatment to be incomplete therefore leading to a poor electrical
conductivity.[212]
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2.4.4.2 Laser and plasma sintering

Ma et al. carried out a study on argon (Ar) plasma sintering of silver nanoparticles.[214]
However, the conductivity of the Ar plasma sintering was lower than that of thermal
sintering. Tobj&k et al. used an IR lamp to sinter silver and gold particles.[215] They
found IR-sintering could be used for different substrates, including paper, plastic and
glass. The resistivity values of the samples were reduced to 10 pQ cm and 25 uQ cm,
for Ag and Au samples respectively. However, the sintering time and intensity required
extra consideration to avoid the coffee ring effect on the substrate.

UV light can also be used to sinter silver particles. Figure 2-30 shows the results of the
research on UV-sintering done by Polzinger.[216] It can be found that UV sintering

gives a resistance value close to the thermal sintering process.
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Figure 2-30. The resistance of UV-cured (1, 2, 4, 8 and 16 runs) and thermally sintered
silver tracks on three different substrate materials (Polyimide, Polycarbonate, Liquid
Crystal Polymer).[216]

Allen et al. discovered a sintering method based on temperature-sensitive photo
paper.[217] The developed method was applied to sinter the silver nanoparticle arrays,
the procedure of which was fast and required a lower temperature than the conventional
thermal heating method. This method had the potential for sintering other materials,

such as transparent indium tin oxide and semi-conductive materials.
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2.4.4.3 Microwave sintering
Microwave sintering is also a useful approach for the creation of a conductive silver

deposition on a polymer-based substrate. The absorbed power (P) per unit of the silver

deposition and the depth (dp) of the radiation can penetrate are calculated as below:[218]
Equation 2-6

P = 2nfe"E?
= uation 2-
d, J# Equation 2-7

where: f is the frequency of the microwave radiation; " is the dielectric loss factor; E is
the amplitude of the electromagnetic field; u is the permeability of the material

(substrate or silver layer); o is the conductance.
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Figure 2-31. Microwave sintering on a silver paste printed Polyimide substrate.[218]

It can be seen in Figure 2-31 that microwave sintering greatly reduces the treatment

time required compared with thermal heating treatment. However, microwave radiation

can just penetrate the conductive coating within a small depth.[219, 220]
2.4.4.4 Chemical sintering

The chemical soaking treatment had limited effect on silver particles. Magdassi et al.
developed a new approach for sintering silver nanoparticles at room temperature with
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the help of poly(diallydimethylammonium chloride) (PDAC).[221] This new approach

allowed the sintering of paper or plastic substrates.

2.5 Summary

In this chapter, the fundamental background of bio-signals and cardiorespiratory
monitoring has been introduced. Different types of portable and wearable
cardiorespiratory sensors and the manufacturing methods in order to create such sensors

were also discussed.

From the literature, it was learnt that BCG technology was found more suitable than
ECG technology in the aspect of wearable and portable monitoring applications. Other
than conventional electronics, electro-textiles based on knitted, woven and nonwoven
fabrics have been widely investigated as the core materials used to create
cardiorespiratory sensors, among which nonwoven fabrics have the advantages in the

absorption of electroconductive inks and the response to pressure changing.

Depending on the operational principles, existing applications of wearable
cardiorespiratory sensors can be classified into four categories: inductive sensor, fibre
optic sensor, piezoelectric/capacitive sensor and piezo-resistive sensor. In order to
acquire the cardiorespiratory signals under ambulatory conditions, piezo-resistive
pressure sensors were discovered as the best candidate due to its high sensitivity to the
weak BCG signals and better resistibility to noise and motion artefacts.

Electroconductive inks are the key to turning the normal textiles into electro-textile
materials. During the literature survey, it was found that silver, copper, gold and carbon
black particle based electroconductive inks were commonly used to create electro-textile
materials. In order to obtain the electroconductive ink that is suitable for
cardiorespiratory sensing, the electroconductive particles require coating to prevent the
ink from agglomerations and sintering to improve the electroconductivity after

impregnation.
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Chapter Three: Methodology

3.1 Introduction

Construction and characterisation of nanoscale silver particle-based ink impregnated
nonwoven piezo-resistive sensors have been selected as the focus of the current
research. The justification for this decision was discussed within the literature survey in

Chapter Two and summarised in section 2.5.

In this chapter, the working principle of a nonwoven fabric material as a piezo-resistive
pressure sensor and the methodology of constructing and testing the sensor are
described in detail, including the preparation of the nanoscale silver particle-based
electroconductive ink, ink impregnation procedure and sensor design and fabrication,
together with a summary of the samples that have been investigated in this research.

Additionally, this chapter introduces the test procedures that have been used in this
research for the characterisation of the piezo-resistive nonwoven sensor materials and

investigations of the sensor performance in capturing cardiorespiratory signals.

3.2 The operational principle of nonwoven fabric based piezo-resistive

pressure sensor

As mentioned in section 2.3.4 the electrical resistance of a piezo-resistive material is
manufactured in such a way that it responds to the change of external force. Therefore,
the operational principle of a fabric-based piezo-resistive pressure-sensitive material can

be illustrated in Figure 3-1.

1) In the beginning, the un-impregnated nonwoven fabric remains electrical
insulated.

2) By applying electroconductive particles, the nonwoven fabric becomes a piezo-
resistive material. The electroconductive particles are expected to be deposited
evenly throughout the fabric. At this stage, a limited amount of electrical paths
are created from the top surface to the bottom, resulting in a relatedly high
electrical resistance.

3) On the application of a mechanical pressure, the thickness of the fabric will
reduce and cause the electroconductive particles to become closer. Eventually,
more electrical paths connecting the top and bottom surfaces of the piezo-

58



resistive material are created. At this stage, the electrical resistance between top
and bottom surface decreases.
4) By investigating the level of the reduction in the electrical resistance, the level of

corresponding mechanical pressure can be measured.

Un-impregnated nonwoven fabric

l Applied with electroconductive particles

o o [ e o 4 © o ®
® ® ®e e
o ¢ o * ® e ® o° e
¢ ¢ ¢ ¢ Applying pressure
- - - - P

Figure 3-1. A schematic diagram of the operational principle of the nonwoven fabric

based piezo-resistive material.

In obtaining a uniform electrical-resistance signal over the whole area of the sensor
fabric, the nonwoven has an edge over other two types of textile materials (woven and
knitted fabrics). The randomly oriented fibres in the nonwoven material are prepared to
provide a uniform thickness over the sensing area. Due to the fineness of the fibres used
to create nonwoven fabrics, they react to much weaker mechanical signals, and therefore
more sensitive than yarns used to produce woven or knitted fabrics. The relatively loose
structure allows the electroconductive particles to be delivered more uniformly in a
deeper range. Due to these positive features, the cardiorespiratory sensors studied

throughout this research are based on nonwoven fabric materials.
3.3 Materials and sample preparation
3.3.1 List of the fabric materials

Table 3-1 lists the functional fabrics used in the fabrication of the piezo-resistive
nonwoven sensors. The silver knitted fabrics were used as electrodes that connected the
piezo-resistive nonwoven sensor to a circuit for the measurement of electrical resistance.

The silver knitted fabrics had a very low electrical resistance which could be considered
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as a conductor during testing. Compared with nonwoven fabrics, the fibres in the knitted
structure were more stable and closely connected so that the electrical resistance change
of the silver knitted fabrics during compressive testing could be neglected. Also, the
fluffy surface created extra connections between the silver knitted fabric and the
nonwoven fabric layer. These reasons made the silver knitted fabric an ideal electrode
material which provided reliable connection while affected little to the sensor
performance. The webbing fabrics acted as adhesives to improve the connections
between nonwoven fabrics and electrode fabrics. The webbing fabrics consisted of low
density polyethylene (LDPE) which melted under a temperature of 60 <C applied by a
hot iron. The function of the webbing fabrics was to firmly secure the position of the
nonwoven fabric and electrode fabrics so that relative movement between sensor layers
would be eliminated during testing, especially for cardiorespiratory signal acquisition as
motion artefacts might change the layer position significantly. The usage of the webbing
fabric also reduced the effect of the elasticity of the knitted fabric along the planar
directions as the sensor was designed as a pressure sensor. The test results of the
effectiveness of the webbing fabrics are to be discussed in Chapter Five.

Table 3-1. The functional fabrics.

Fabric Thickness . i
Function Properties

name (mm)

Silver Surface electrical resistance:

knitted 0.38 Electrode )

fabric <100 Ohms/m

i Melting temperature:

Webb_lng 0.13 Adhesive material : P

fabric 60 €

As the electroconductive ink impregnation process is to apply the electroconductive
particles onto the surface of the fibres rather than to let the fibres absorb the particles,
the type of the fibre in the nonwoven fabric does not affect the impregnation or the
sensor performance, as long as the selected fibres are chemically stable during and after
ink impregnation. Therefore, polyester fibres were selected as the main material of the
nonwoven fabrics, due to the fact that polyester fibres are widely used in nonwovens.

And the wellness in chemical stability makes the polyester fibres suitable for
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electroconductive ink impregnation. However, due to the limitations in sourcing

nonwoven materials, polypropylene (PP) and viscose blended fibres were also used.

In the aspect of the bonding technologies for the nonwoven materials, there are four
main bonding methods, hydro entanglement, mechanical bonding, chemical bonding
and thermal bonding. Apparently, the chemical bonding method is the least suitable for
the present research as the electroconductive impregnation process would either be
affected by the chemical adhesives in the nonwoven material or damage the chemical
bonding of the nonwovens; therefore the sensor performance may be affected by the
extra chemicals existing in the nonwovens. The hydro entanglement and mechanical
bonding technologies share a similar working principle that is to mechanically
entanglement the fibres in order to bond the fibres together. This process can be carried
out either by water jet (hydro entanglement) or mechanical needle punching
(mechanical bonding). Both of the two technologies will create fibres that are vertical to
the fabric plane which naturally connect the top and bottom surfaces of the fabric. These
connections will create electrical shorting during testing and therefore reduce the change
in resistance. Thermally bonded nonwoven fabrics are produced by heating the fibres to
their melting temperature by hot calendars. This method does not require extra chemical
adhesives and has a much smaller chance of creating vertical fibres in the nonwoven
material. Additionally, by adjusting the surface of the calendars, the surface structure of
the nonwoven fabric can be modified. Therefore, thermally bonded nonwoven fabrics
were mainly selected for the present research with different fabric thicknesses, area
densities and surface structures in order to investigate how these parameters would

affect the performance of the piezo-resistive sensors.

During the research, various types of nonwoven materials with different parameters
were sourced. As summarised in Table 3-2, altogether 7 nonwoven materials were
investigated, among which, fabrics 1 to 5 were purchased. The fabrics 6 and 7 were the
knitted and woven fabric materials used in order to compare their piezo-resistivity with
nonwoven materials. It is worth noting that fabric 4 was made of PP/viscose with a
surface structure embossed with a dot pattern. The relatively low melting temperature of
PP fibres made it feasible for creating the special embossed surface structure. Fabric 5
was the commercially available carbon-based electroconductive nonwoven piezo-
resistive material made by spunlace technology, which was used in its original form as a

core piezo-resistive layer.
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Table 3-2. The purchased fabric materials.

Average :
- fibre | Bonding | ,-2Pric | Area
Fabric | Fibre type . thickness | density Remarks
diameter method (mm) (g/m?)
(micron) g
1 | Polyester 19 Thermal | 17 N/A
bonding
2 | Polyester 14 Thermal -\ 1 60 N/A
bonding
3 Polyester 14 Thermal 0.65 80 N/A
bonding
PP/viscose
4 20 Thermal 0.61 60 Embossed dot
1:1 bonding surface
Electro-
5 Polyester 12 Spunlace 0.43 84 .
conductive
6 | Polyester ppr | Mnterlock g5 | /A
y knitted ' *: measurement
of a single fibre
7 | Polyester 18" Plain 036 | NIA In the yarn
weave

3.3.2 Thermally bonded nonwoven materials

In order to investigate the effect of thickness and the area density of the nonwoven
fabric on the piezo-resistive property on the fabricated sensors, nonwoven fabrics with
different thicknesses and area densities were sourced from industry. However, due to the
limit types of nonwoven materials obtained, the carding machine (Figure 3-2(a)) and
air-through thermal bonding machine (Figure 3-2(b)) available in the university were
used to produce more nonwoven materials with various thicknesses and area densities.
Because that the limited maximum bonding temperature (130 <C) achievable by the air-
through thermal bonding machine, using PET fibres alone was not feasible for thermal
bonding. PP fibres were blended with PET fibres in order to fulfil the bonding process.
PP/PET (1:1 blend ratio) staple fibres were selected. Thermal bonding time was set for
40 seconds for thorough and sufficient bonding of the PP/PET blended fibres. A flat
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surface mould (as illustrated in Figure 3-3) was designed and constructed in order to

produce flat thermally bonded nonwoven fabrics.
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Figure 3-2. The (a) carding machine and (b) thermal bonding machine.
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Figure 3-3. The flat surface mould used to create flat thermally bonded nonwoven

fabric.
The procedure of producing thermally bonded nonwoven fabrics is listed as follows:

1) in order to achieve different area densities, four different weights of PP/PET
staple fibres were measured, 15 g, 20 g, 25 g, and 30 g; the weighted PP/PET
fibre bundle was primarily opened by hand and laid evenly on a belt at the rear
of the carding machine; then, the belt was driven to feed the opened fibre
bundles into the carding machine;

2) upon carding, the staple fibres were sufficiently opened by the complex
mechanisms in the carding machine;[222] after carding, a fragile web about 600
mm in width and 1500 mm in length was created and sent to the front of the
carding machine;

3) the starting and ending parts of the web that came out the carding machine were
discarded due to non-uniformed web formation; an appropriate length
(approximately 200 mm to 250 mm) of web cut from the middle part was placed

carefully into the mould,;

64



4) the web was then thermally bonded with the mould in the thermal bonding
machine at 130 T for 40 seconds in order to achieve the best bonding
performance;

5) thereafter, the thermally bonded web was removed from the mould immediately
after thermal bonding. The middle area of the web was used as the thermally

bonded nonwoven fabric.

The thicknesses and the area densities of the thermally bonded nonwoven fabrics
produced from four different weights of raw materials are measured and listed in Table
3-3.

Table 3-3. Laboratory-made thermally bonded nonwoven fabrics with different

thickness and area densities.

Fabric Weight of PP/PET (g) | Thickness (mm) Area density (g/m?)
8 15 0.16 33
9 20 0.17 36
10 25 0.19 38
11 30 0.28 60

3.3.3 Preparation of the nanoscale silver particle-based electroconductive ink

As discussed in section 3.2, the uniform distribution of the electroconductive particles
throughout the nonwoven material is essential for the sensor to function well. The high
dispersion of the nanoscale particle based electroconductive ink ensures the uniform

absorption by the nonwoven material.

In this research, the nanoscale silver particle electroconductive ink was produced using
the method developed by Walker and Lewis, [155] combined with the approach
explained in the research report conducted by Zielinska and his colleagues.[223] This
nanoscale silver particle ink was synthesised by reducing silver acetate directly to
diamminesilver (I) complex by ammonia without the help of a silver oxide intermedia
which reduced the complexity of the synthetisation. Formic acid was added to neutralise

the excessed reducing agent. This method used silver acetate instead of commonly used
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silver nitrate, which created the silver particle ink that was more stable, non-explosive
and less harmful to the textile materials.[223, 224] The main reaction can be visualised

as the following equation:
NH,OH/H,0 + AgC,H;0, + CH,0, - [Ag(NH5]*[C,H;0,]” » Ag Equation 3-1

As discussed in section 2.4, it is necessary to add stabiliser to prevent the nanoscale
silver particles from agglomerations. Polyvinylpyrrolidone (PVP) was selected as the
stabiliser in the present research because of its low sintering temperature (120 <C),
which was suitable for sintering PP fibre based nonwoven fabrics.[154] PVP, as a
stabiliser, is not shown in Equation 3-1, as it only caps the silver particles for the
necessary separation to avoid silver agglomerations. The following chemicals, as listed

in Table 3-4, were used to produce the nanoscale silver particle-based ink.

Table 3-4. Chemicals used in the preparation of nanoscale silver particle ink.

Item Description Source
Silver acetate >99.0%, powder Sigma Aldrich
Ammonia 33%, liquid, ammonium hydroxide Sigma Aldrich
Formic Acid >98%, liquid Sigma Aldrich
Polyvinylpyrrolidone Average molecular weight 40,000 Sigma Aldrich

The following steps were carried out in order to obtain one portion (approximately 3 ml)
of nanoscale silver particle ink. Due to the strong smell of ammonia solution, the

synthesis was carried out in a ventilated condition, such as in a fume cupboard.

1) 10 g of PVP was added to 2.5 ml of ammonia; mild stirring was performed until
PVP powder was fully dissolved;

2) 1 g of silver acetate was added into PVP solution with the help of a magnetic
stirrer at an appropriate rotation speed;

3) after the silver acetate was thoroughly dissolved, the solution turned completely
transparent and clear;

4) in the next step, 0.2 ml of formic acid was dripped into the solution slowly; the

neutral reaction between ammonia and formic acid could be violent, where a
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white fog was formed above the liquid; meanwhile, the solution turned black, in
which black particles were observed as in Figure 3-4(a);

5) then the solution was removed from the magnetic stirrer, capped, moved to a
cool place and kept for 24 hours;

6) after 24 hours of standing, the black pre-matured silver agglomerations sank to
the bottom (as shown in Figure 3-4 (b)); the upper solution showed complete
transparent and clear; the upper solution was carefully transferred to a syringe
filter with 0.2 pm pore size without disturbing the bottom agglomerated silver
particles (as shown in Figure 3-4 (c));

7) the filtered solution (the nanoscale silver particle electroconductive ink) was

used to create the piezo-resistive nonwovens (as shown in Figure 3-4 (d)).

Figure 3-4. The photos of the preparation procedure of nanoscale silver particle ink; (a):
before 24-hour standing; (b): after 24-hours standing; (c): syringe filtering. (d): filtered

nanoscale silver particle ink.
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3.3.4 Dip-coating impregnation and thermal sintering

Dip-coating has been proven to be the most suitable impregnation method to create
electroconductive fabric based piezo-resistive sensor in section 2.4.3. Due to the fact
that PVP was used as a stabiliser, nanoscale silver particles were covered with PVP. The
removal of PVP was necessary for the high electrical conductivity of the impregnated
fabric and was achieved by thermal sintering at 120 <C.[154] Through the literature
survey, it was found that the time required for thermal sintering could be reduced by
increasing the sintering temperature.[212, 213] However, due to the PP fibre used to
produce the nonwoven fabrics, the maximum sintering temperature was limited to 130
<C. Therefore, the following sintering setup was decided: 120 < for 30 minutes, for

sufficient thermal sintering without damaging the PP fibre based nonwoven fabrics.

Figure 3-5. (a): the nonwoven fabric immersed in the nanoscale silver particle-based

ink; (b): Werner Mathis CH-8155 Pad Mangle.

Generally, for every 90 mm by 90 mm area of the fabric, four portions (approximately
12 ml) of nanoscale silver particle electroconductive ink were required for thorough and
uniform impregnation performance. However, in order to ensure that there was a
sufficient amount of ink for thorough impregnation and the uniform result, 15 ml of

nanoscale silver particle ink was used in the impregnation process for each piece of 90
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mm by 90 mm fabric. The following steps were carried out to create the piezo-resistive

nonwoven fabric material:

1) the nonwoven fabric was measured and cut into a 90 mm by 90 mm square;

2) the cut nonwoven fabric piece was fully immersed in the 15 ml of prepared
nanoscale silver particle-based ink for 5 minutes; mild shaking of the container,
the beaker in most of the cases, was performed from time to time, in order to
obtain the result of thorough and uniform impregnation (as illustrated in Figure
3-5(a));

3) then, the fully wet nonwoven fabric was transferred to a Werner Mathis CH-
8155 Pad Mangle in order to remove the excessed ink solution; the surface
rolling speed and the compressing pressure of the mangle was set at 1.5 m/min
and 1 bar, respectively (as illustrated in Figure 3-5(b));

4) the fabric was mangled once and immediately removed from the mangle, after
which the sintering process was carried out on a preheated hotplate for 30
minutes; the temperature of the hotplate was set at 120 <C;[154]

5) the thermal sintered 90 mm by 90 mm nonwoven fabric was then cut into four
45 mm by 45 mm pieces for later usage in creating piezo-resistive sensors; as
these four pieces were dip-coated in the same process, they were considered as

identical in the silver concentration.

During the sintering process, the change of the nonwoven fabric could be clearly
observed. Before sintering, the nonwoven fabric showed its natural white colour (as
shown in Figure 3-6(a)). It can be seen in Figure 3-6(b) that during the thermal
sintering process, the nonwoven fabric turned to black first, then, gradually turned to a
silver colour, which represented the completion of the thermal sintering process (as

shown in Figure 3-6(c)).

The amount of silver content that has been absorbed by the nonwoven material can be

quantified by the take-up percentage value, as shown in Equation 3-2:
Take-up = % % 100% Equation 3-2
0

where: Wo is the weight of nonwoven fabric before impregnation; Wi is the weight of
the nonwoven fabric after impregnation with silver ink and sintering. Generally, the
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nonwoven fabric with a higher silver take-up is expected to be with higher electrical

conductivity.

Figure 3-6. The nanoscale silver ink impregnated nonwoven fabric, (a) before thermal
sintering; (b): during thermal sintering; (c): thermal sintered and cut into a smaller size

designed for sensor fabrication.

3.3.5 Piezo-resistive sensor design and fabrication

The size of the cardiorespiratory sensor is an important factor of the sensor
performances, especially for those sensors based on textile materials, which potentially
will be integrated into garments. From the literature, it was found that most of the

electro-textile material based cardiorespiratory sensors were tested under the condition
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of being integrated into a pocket on a shirt, fabricated onto a belt type sensor which had
a width of approximately 40 to 50 mm, or directly sewn/embroidered into a garment
covering a square area of 40 to 50 mm.[8, 73, 225-227] The working area of the
cardiorespiratory sensors designed and investigated in the current research was 40 mm
by 40 mm, inspired by Hamdani and his colleagues.[228] The complete design and

fabrication of the piezo-resistive nonwoven material based cardiorespiratory sensor are

described in detail.
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Figure 3-7. (a) The dimensions of designed sensor layers; (b) and (c): the layer
schematic of the nonwoven piezo-resistive sensor.
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The piezo-resistive sensor consists of five layers, one core piezo-resistive nonwoven
fabric layer, two electrode layers made from silver coated nylon for the top and bottom
surfaces, and two adhesive webbing fabric layers. The adhesive webbing fabrics were
also dip-coated with the nanoscale silver particle-based ink using the method described
in section 3.3.3 and 3.3.4; however, due to the low melting temperature (60 <C) of the
webbing fabric, the sintering process was performed at 45 <C for 1 hour. The
dimensions and layer schematic of the five layers are shown in Figure 3-7. After
properly aligning the each of the layers, a steam iron was used to apply a heat level of
70 <C for 30 seconds, in order to melt the webbing fabric layer to provide adhesion. The
two electrode fabric layers were connected to form a Wheatstone half-bridge circuit in
order to acquire of the electrical resistance of the fabricated sensor along the thickness
direction. Therefore, as shown in Figure 3-7, the core piezo-resistive nonwoven fabric
layer was designed to be slightly bigger than the working area, as it can help to avoid

the electrical shorting between the top and bottom electrode fabric layers.

3.3.6 Piezo-resistive nonwoven fabric based sensors

All these 11 types of sensors (as listed in Table 3-5) were investigated via microscopy
analysis, electromechanical characterisations and the investigation of the performance of
these materials in cardiorespiratory sensing applications, the procedures and results are

presented in the later chapters.

Table 3-5. The piezo-resistive nonwoven fabric based sensors.

Sample Fabric | Sensor thickness Silver take-up Remarks
No. (mm) (%)
A 1 0.96 25.2 N/A
B 2 1.04 13.3 N/A
C 3 1.29 68.0 N/A
D 4 1.24 65.2 Embossed dot surface
E 5 1.16 60.0% carbon Electroconductive
F 8 1.13 98.1 15 g of PP/PET
G 9 1.14 82.3 20 g of PP/PET
H 10 1.16 111.2 25 g of PP/PET
I 11 1.23 78.6 30 g of PP/PET
J 2.19 49.0 Interlock knitted fabric
K 7 1.22 32.2 Plain woven fabric
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3.4 Test procedures

In this section, the methodology of the characterisation of nanoscale silver particle-
based piezo-resistive nonwoven materials and the evaluation methods of such nonwoven

materials used in a cardiorespiratory sensor are introduced.

3.4.1 Measurement of electrical resistance

The methods of measuring the electrical resistance commonly include two-wire
resistance measurement, four-wire resistance measurement and Wheatstone bridge
circuit.[229, 230] The two-wire resistance measurement (as illustrated in Figure 3-8)

has the simplest principle based on Ohm’s law:

_ Vvoltmeter

RSubject + 2 X Ryire = Equation 3-3

L pAmmeter

When the Ruire Value is negligible, Rsubject = Vvoltmeter/ | ammeter. HOWever, the Rsubject may
be far away from the Ammeter and the Voltmeter, in which case that the Rwire IS not
negligible. The actual Rsubject Value will be lower than the measurement (calculated from

VVoItmeter/ |Ammeter)-

Ammeter R..
f‘*\ WiLre
(A) VWA
— Gf Voltmeter % R supject
R*\%—'i e
VA

Figure 3-8. A schematic of two-wire resistance measurement.[229]

Therefore, a four-wire resistance measurement method (as shown in Figure 3-9) is used
in the case that Rwire has to be taken into account. Because the current on the voltmeter
is negligible, Vvoimeter=Vrsubject; therefore, Rsubject = Vvoitmeter/lammeter. Though the four-
wire measurement setup is able to overcome the issue raised by the extra electrical
resistance of the long connections, which is helpful in this research as there is a distance

between the tensile tester and the computer, it is still not good enough for capture the
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resistance change accurately for the nonwoven piezo-resistive sensors. This is due to the
fact that the measurement range and accuracy of the four-wire setup are limited by the

power supply.

Ammeter R,

*) AV

Voltmeter Ryire

| VWA
____ R,\ B g Rsubject

VWA

R‘\\-‘i e

VWA

Figure 3-9. A schematic of four-wire resistance measurement.[229]

Therefore, the Wheatstone bridge circuit was used in this research for electrical
resistance measurement. The circuit diagram of a Wheatstone bridge is shown in Figure
3-10.

Figure 3-10. The Wheatstone half bridge circuit diagram for the NI 9219. The dotted

lines are the circuit built into the data acquisition card.[231]

Generally, when the bridge is balanced, the voltage at HI and LO will be equal, which
means no current will flow through analogue-to-digital converter (ADC). According to

Ohm’s law:
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Ry

UHI = UEX X Ri+R, Equation 34
Uy = Ugx X R:‘R4 Equation 3-5
Therefore, when the bridge is balanced,
UHI = ULO Equation 3-6
Upy X —— = Upy X —2 Equation 3-7
EX ™ R,+R, " EX T Ry4R, quation
By simplifying,

= Equation 3-8
Ry+R;  R3+R,

The Wheatstone bridge circuit can be classified into full-bridge, half-bridge and quarter-
bridge circuit. As their names informed, the full bridge circuit involves four variable
resistors; half bridge circuit involves only two variable resistors (usually R: and R»),
while the other two stay constant and equal; the quarter bridge circuit has only one
variable resistor, while the rest three stay constant and equal. The full bridge circuit is
suitable for complex setups, in which multiple variable resistors exist and require
measurement. The half bridge circuit is for the application of accurately measuring the
electrical resistance that changes in a relatively big range. The quarter bridge circuit is

used in the resistance measurement of an unknown but constant resistor.

RS ENs0r

RR-bux

Figure 3-11. The Wheatstone half bridge circuit diagram used to measure the resistance

of the piezo-resistive sensor in this research.
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In this research, due to the fact that the piezo-resistivity of the sensor material was
investigated mainly by measuring the change in the electrical resistance, the half-bridge
circuit was used throughout all types of tests involving electrical resistance
measurement and recording. The piezo-resistive sensor and a resistance box (Rr-box) Was

connected to form the half-bridge circuit, as illustrated in Figure 3-11.

In the static conditions, the resistance box (Rr-nox) Was used in order to balance the half

bridge circuit; therefore,

Rsensor Ry 1

RsensortRR-box R3+Ry 2

Equation 3-9

By simplifying,
RSensor = RR—box Equation 3-10

In the dynamic conditions, while the electrical resistance of the sensor was continuously
changing because of the changing pressure applied on the sensor, the balance of the

bridge was broken; therefore, there was a voltage difference between node HI and LO.

Upr-Lo = Unyr — Upo Equation 3-11
Uni-ro = Ugx X —Rsensor Ugx X R Equation 3-12
RsensortRR-box R3+Ry
— Rsensor 1 .
Uni-ro = Upx X o—————— — Ugx X Equation 3-13
RsensortRRr-box 2
Uyg- R 1 .
TS = T - Equation 3-14
Uex RsensortRR-box 2
1-2xHI=L0
Rsensor = Rr—pox X Uhl-Lo Equation 3-15

1+2X—"—==

The NI-9219 data acquisition card (as shown in Figure 3-12) was able to measure and

Uhgr- . . . . .
record the % reading during the tests. In order to acquire a continuous resistance
EX

signal under dynamic conditions, the following method was conducted.

1) The bridge was balanced using the resistance box before starting the tests and

the reading of the resistance box was noted.
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2) The test was carried out while the % readings were recorded by NI-9219
EX

data acquisition card.
3) Equation 3-15 was applied in order to calculate the dynamic electrical

resistance of the sensor.

Figure 3-12. NI-9219 data acquisition card.

Two different timing options of the NI-9219 data acquisition card were used to record
the signal of the changing resistance: high resolution mode and high speed mode.[231]
The high resolution mode provided the best noise filtering of 50 Hz and 60 Hz, with an
expense of sampling rate. The maximum sampling rate under this mode was 1.95 Hz.
The high speed mode increased the sampling rate up to 100 Hz, however, with the

scarification of noise filtering.

According to Nyquist Theorem,[232, 233] the sampling rate needs to be at least twice as
the value of the signal frequency. Thus, the high resolution mode was sufficient for
acquiring signals up to 0.975 Hz. Therefore, the high resolution mode was mainly used
to record the electrical signal in the quasi-static compressive and cyclic tests for the
characterisation of the piezo-resistive nonwoven materials. The high resolution mode
was also used to obtain the respiratory signals, the frequency of which normally varied
from 0.1 to 0.5 Hz.[234] However, the frequency of the cardiac signal under normal

condition ranges from 1 to 1.67 Hz.[234] It is essential to use the high speed mode in
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order to properly sample the cardiac signals. Additionally, a bandpass filter was applied
to remove the noise and motion artefacts. The detailed setups of the tests are to be

described in later sections.

3.4.2 Characterisation of nanoscale silver particle-based piezo-resistive

nonwoven materials

Generally speaking, the characterisation of the nanoscale silver particle-based piezo-
resistive nonwoven materials is based on the investigation of the piezo-resistive
performance of the materials. Therefore, the electromechanical tests, including quasi-
static compression test, cyclic loading test and resistance time drift (RTD) analysis test
were carried out. Additionally, the selected sensors, which were found with excellent
piezo-resistivity and high sensitivity, were then used to capture the cardiorespiratory
signals. The performance of the selected sensors in the cardiorespiratory signal
capturing was evaluated by the comparison against a commercially available bio-signal

monitoring system (Plux bio-signal system).

3.4.2.1 Preliminary tests

e Textile conditioning

The test fabric materials were conditioned under the standard textile conditioning
environment a 21 C +2 <C and 65% £5% relative humidity for at least 24 hours based
on ISO 139:2005.

e Compressive strength tests

The compressive strength tests were carried out in order to determine the elastic regions
of the piezo-resistive sensors, based on which a suitable pressure region was calculated
and used in later tests. The compressive strength tests on the fabricated sensors were
performed using Zwick 050 tensile tester (as shown in Figure 3-13), under a
compressive area of 40 mm by 40 mm and a deformation speed at 1 mm/min, up to 100
N. Five tests were carried out for each type of sample.
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Figure 3-13. Zwick 050 tensile tester under compression test settings.
e Effect of the webbing fabric

Effect of the webbing fabric was investigated by comparing piezo-resistive properties of
the piezo-resistive nonwoven sensor fabricated with and without webbing fabrics.
Quasi-static electromechanical compressive tests were carried out on these samples. The

testing parameters are introduced in detail in section 3.4.2.2.
e Effect of silver take-up percentage on the piezo-resistive property

The amount of silver content that has been deposited on the nonwoven fabric had a
significant effect on the resistance, the piezo-resistivity and the sensitivity of the
nonwoven material. In order to achieve different levels of silver take up percentage, the
nonwoven materials were mangled once, twice and three times, at a pressure of 2 bars.
Then, electromechanical quasi-static compressive tests were performed on the sensors
fabricated by these nonwoven fabrics. The testing parameters are introduced in detail in
section 3.4.2.2.

3.4.2.2 Electromechanical characterisation

e Quasi-static electromechanical compressive test

Quasi-static electromechanical compressive tests were performed, in order to investigate

the piezo-resistivity of the fabricated sensor under pressure sensing conditions. The tests
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were performed using Zwick 050 tensile tester, under a compressive area of 40 mm by
40 mm and deformation speed at 0.1 mm/min, up to 100 g/cm?. A preload of 0.1 N was
applied in order to achieve firm connections between the electrode fabrics and the
piezo-resistive nonwoven layer. In the meantime, the electrical resistance signals of the
piezo-resistive nonwoven sensors were recorded and calculated by the NI-9219 data
acquisition card using the high resolution mode (sampling rate: 1.95 Hz) and visualised

in SignalExpress 2012 software. Five tests were carried out for each type of sample.
e Cyclic compressive loading

The reproducibility of the piezo-resistive nonwoven sensor was investigated by carrying
out cyclic compressive load tests. With the help of Zwick 050 tensile tester, the piezo-
resistive nonwoven sensor samples were compressed from 0 to 100 g/cm? for 20 cycles,
at a deformation speed of 0.5 mm/min for both loading and unloading cyclic. The
electrical resistance was recorded simultaneously using the same settings as the quasi-

static electromechanical compressive test.
e Resistance time drift (RTD) analysis

RTD is a phenomenon that can be commonly observed in semiconductors, which is that
the electrical resistance of the materials will change as time elapses under low mobility
states.[235-238] In the tests for the investigation of RTD on the piezo-resistive
nonwoven sensors under compressive application, the sensor samples were compressed
at a deformation speed of 0.5 mm/min, to different pressure levels of every 10 g/cm?
interval, from 10 g/cm? to 90 g/cm?. The pressure levels were maintained for 60 seconds
and the electrical resistance drifts were recorded under the high resolution mode of the

NI1-9219 data acquisition card at a sampling rate of 1.95 Hz.

3.4.3 Cardiorespiratory signal capturing

In order to acquire the best signal acquisition performance, the fabricated sensor
samples were placed on the left chest of the user, under a biasing pressure level of 25
g/cm?.[239] A thin flat block was used to ensure the biasing pressure was evenly applied
over a 40 mm by 40 mm area on the nonwoven piezo-resistive sensor. During the tests,
other than recording the electrical resistance signals from the piezo-resistive nonwoven

sensors, validation cardiorespiratory signals were also recorded at the same time, with

80



the help of a commercially available bio-signal monitoring system from Plux Wireless
Bio-signals S.A.. The respiratory signals were captured using a belt-type strain sensor
and the cardiac signals were detected using a finger pulse oximeter both provided from
the Plux. The full setup for capturing cardiorespiratory signals is illustrated in Figure
3-14, Figure 3-15 and Figure 3-16.

_-l Nonwoven piezo-resistive sensor

Belt type

under a 40 mm by 40 mm flat block

Finger pulse
s | ommeter (Plux)
\ \ N
\ SN NI-9219

respiratory

sensor
(Plux)

Figure 3-15. On-body setup of the nonwoven sensor.
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Figure 3-16. The 40 mm by 40 mm thin flat block.

3.4.3.1 Respiratory signal capturing

The test procedure used for acquiring the respiratory signal consisted of four repeats of
normal breathing followed by holding the breath (each repeat has 30 seconds of normal
breathing followed by 30 seconds of holding the breath). These 4 repeats were followed
by rapid breathing for 60 seconds and normal breathing for 30 seconds. In order to
observe the capacity of the sensor to capture the respiratory signal during body
movement, further testing was carried out while the test subject was lifting and lowering
the right arm three times, and the left arm three times. The electrical resistance signal
from NI-9219 data acquisition card (high resolution mode of sampling rate at 1.95 Hz)

and the respiratory signal from the Plux belt sensor were recorded simultaneously.

3.4.3.2 Cardiac signal capturing

The cardiac signal was acquired while the subject held his breath for 90 seconds. During
this period, as the breathing was suppressed, a much weaker heartbeat signal was
expected to be captured. As discussed in section 3.4.1, the frequency of the cardiac
signal could be up to 1.67 Hz under the normal condition, thus resulting in that the
sampling rate of the NI1-9219 data acquisition card has to be at least 3.34 Hz. Therefore,
during the tests for obtaining the cardiac signal, the timing option in the NI-9219 data

acquisition card was selected to the high speed mode with a sample rate of 3.5 Hz.
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3.4.4 Investigation of the reliability and accuracy of the nonwoven piezo-resistive

sensor

The reliability and accuracy of the nonwoven piezo-resistive sensor were investigated
by matching the location and number of the peaks, which represented as
cardiorespiratory signals, with the peaks in the curve generated by the Plux wireless bio-
signal system. The identification of the peaks and their locations were carried out by a
Matlab program under the criteria that the minimum distance between every two
adjacent peaks needs to be at least 0.35 second and 3 seconds interval for heartbeat

signals and breathing signals, respectively.

3.4.5 Response and recovery time of the piezo-resistive nonwoven sensor

The response and recovery time of the piezo-resistive nonwoven sensor was measured
during the cardiorespiratory signal acquiring. The time that the piezo-resistive
nonwoven sensor required to respond functionally was noted and averaged in order to
calculate the sensor response time. The recovery time of the sensor was calculated by

noting the time required by the sensor to fully recover from motion artefacts.

3.5 Summary

In this chapter, the operational principle of the nonwoven fabric material based piezo-
resistive pressure sensor was demonstrated and discussed. The methodology of
constructing the nanoscale silver particle electroconductive ink impregnated nonwoven
piezo-resistive sensor, including ink preparation, fabric impregnation process and sensor
fabrication, was explained in detail. Also, the method used to create thermally bonded
nonwoven materials with different parameters was introduced as well. Additionally, the
key parameters that will have an effect on the piezo-resistivity of the sensor material
have been listed together with the introduction of the fabric materials used throughout
this research. The test procedures that carried out in this research in order to characterise

and evaluate the fabricated sensors were explained in detail.
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Chapter Four: Microscopy analysis of the
nanoscale silver particle-based piezo-

resistive nonwoven materials

4.1 Introduction

The impregnation performance of the nanoscale silver particle-based ink on the
nonwoven materials was investigated using Scanning Electron Microscopy (SEM)
together with Energy-dispersive X-ray Spectroscopy (EDX) technology. SEM analysis
allowed a clear and high-resolution observation of the surface morphology of the
nonwoven materials. The backscattered electrons (BSE) detected in SEM showed a
different colour for different elements; the atom nuclei with a larger size (higher atomic
number) were detected with more BSEs, therefore resulting in a stronger signal and
brighter image. By detecting the BSEs from the sample, a preliminary idea of the
distribution of the silver particles could be obtained. However, due to the fact of the tiny
size of the nanoscale silver particles, EDX spectrum imaging technology was used for
the in-depth investigation of the distribution and elemental amount of the nanoscale

silver particles in the impregnated nonwoven samples.

4.2 Nonwoven materials with a smooth surface structure

The nonwoven materials with a smooth surface structure used in this research consist of
sample A, B, C, E, F, G, Hand I, as concluded in Table 3-5.

4.2.1 Thin nonwoven materials (sample A and B)

Among all samples, sample A and B are with relatively small thicknesses which are
0.07 mm and 0.1 mm, respectively. The images of sample A and B, captured from SEM
test are shown in Figure 4-1 and Figure 4-2. As mentioned previously, the silver
element which has a higher atomic number will show bright in the BSE SEM image,

whereas the fibres which mainly consist of carbon will show in a darker colour.
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Figure 4-1. (a) and (b): The SEM images of sample A with different magnifications; (c)
and (d): the EDX elemental mapping of (a); (e): the EDX elemental spectrum.
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Figure 4-2. (a) and (b): The SEM images of sample B with different magnifications; (c)
and (d): the EDX elemental mapping of (a); (e): the EDX elemental spectrum.

Clearly, it can be seen in Figure 4-1(a) and (b) that the silver particles are gathered in
the spaces in between the fibres, whereas much fewer bright spots can be identified on
the surface of the fibres, only under higher magnification. However, from the EDX
mapping and spectrum results Figure 4-1(c), (d) and (e), the silver particles (shown in
green colour) are evenly distributed over the whole area, proving the uniform dip-
coating result. Regarding sample B, similar conclusions can be made from the SEM
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images, other than more silver contents can be observed. While the EDX analysis results
show a much clearer orientation of the fibres, in both carbon and silver elemental
mappings. However, in the silver elemental mapping, most of the silver elements are
detected only in the pore area of the nonwoven material, which is considered as a less
uniform distribution than sample A. Comparing the microscopy results of sample A and
B, it is found that sample A is a more 2D structure. This is because that in order to
create a thin thermally bonded nonwoven, during the thermal bonding process, a high
pressure is applied and due to reaching the melting point, the fibres are pressed flat.
Therefore, there is a higher chance of the disposition of the nanoscale silver particles on
the more flat material (sample A), resulting in a more uniform performance. And as a
result of high area density, the fibres on the surface of sample B become even closer due
to the high level of pressure, which further prevents the silver particles from going into
the fabric.

Table 4-1. The weight percentages of carbon, hydrogen, oxygen and silver elements in

the piezo-resistive nonwoven fabric A and B.

Nominal weight percentage (%)
Element
Sample A Sample B
C/H/O 86.29 79.62
Ag 13.71 20.38

4.2.2 Thick nonwoven materials (sample C and E)

Sample C and E are the purchased samples which are thicker than sample A and B. The
SEM images and results of EDX analysis of sample C are shown in Table 4-2, Figure
4-3, Figure 4-4 and Figure 4-5. It is obvious that sample C shows a multi-layer
structure, compared with sample A and B. The inner layer of the nonwoven fabric
structure is observed by capturing SEM images through a pore on the surface under a
higher magnification. As shown in Table 4-2, more silver element appears inside the
nonwoven fabric. It is believed that the nanoscale silver particles can be trapped more

easily in the pores within the fabric structure, rather than within the pores on the surface
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(areas for agglomeration is higher within a volume than on a surface). This can be

observed in the cross-section image as well, as shown in Figure 4-3(c).

Table 4-2. The weight percentages of carbon, hydrogen, oxygen and silver elements in

the piezo-resistive nonwoven fabric C, on the surface and inner layer.

Nominal weight percentage (%)
Element
Surface Inner layer
C/H/O 75.93 62.05
Ag 24.07 37.95

Figure 4-3. The SEM images of sample C with different magnifications. (a): surface
SEM image; (b): inner layer SEM image; (c): cross-section SEM image.
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Figure 4-4. (a) and (b): the EDX elemental mapping of the surface on sample C; (c): the

EDX elemental spectrum.

The EDX element mappings for both the surface and inner layer of the nonwoven
material can be found in Figure 4-4 and Figure 4-5. The fibre orientation for both these
areas can be clearly seen through the carbon element mapping. However, in the silver
element mapping, the silver particles are less evenly distributed than sample A and B;
the silver particles either fill some pores completely or do not appear at some pores at all.
From the spectrum analysis carried out for the internal structure, a higher intensity of
silver element is visible due to the large area of the silver covering in the upper part of
the image seen in Figure 4-5(b). Other than that large agglomerate of silver, the rest of

the area has less silver element.
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Figure 4-5. (a) and (b): the EDX elemental mapping of the inner layer of sample C; (c):

the EDX elemental spectrum.

WD13.4mm 20.0kV x45

Figure 4-6. The SEM images of sample E under different magnifications.

Sample E is produced via spunlace bonding technology, which as expected will show a
difference in the appearance of the nonwoven fabric. This can be clearly observed from
the SEM images (Figure 4-6). The carbon particles have a coarse appearance on the

nonwoven fabric, covering the pore area, where only very little can be found on the
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fibres. Instead of being deposited onto the fibres, the carbon particles are acting more

like an adhesion that turning many fine fibres into heavier fibre bundles.

A noticeable difference between the nonwoven materials with small and big thickness is
that the porous structures in the thicker nonwoven are found free from clogging. Even in
the example of sample E where carbon particles practically glue the single fibres into
fibre bundles, still, most of the pores are not clogged. However, in the event of the
thinner nonwoven materials, the troughs between fibres are found full of silver
agglomerates. This further enhances the thinner nonwoven materials as single layer
structure, which means in the piezo-resistive based application, the change in resistance
mostly can be obtained from the deformation, whereas the thicker nonwoven materials
may show better piezo-resistivity due to the creation of extra contact points between

layers apart from between fibres.

4.2.3 Laboratory-made thermally bonded nonwoven fabrics (sample F to 1)

The nonwoven fabrics produced from university available facilities were examined
under SEM and EDX as well. From the SEM images shown in Figure 4-7, Figure 4-8,
Figure 4-9 and Figure 4-10, it can be discovered that the silver morphology and
distribution in these samples are very similar to each other. Due to the fact that during
the dip-coating process, the aqueous ink will create thin membranes at the pore areas
based on its surface tension; the smaller the pore size, the easier for the thin membranes
to form. While being thermal sintered, the aqueous solution is being evaporated quickly,
leaving the silver agglomerations along the pore area. Therefore, the following

deposition situations can be concluded.

1) Deposition on the surface of the fibres: this is observed from Figure 4-9(b) that
silver particles evenly covered the whole fibre structure showing a white shiny
appearance.

2) Complete coverage over the pore: this happens when the membrane is thick
enough to maintain its form throughout the thermal sintering process, where the
maximum amount of silver is left as shown in Figure 4-8(a) and Figure 4-10(b).

3) Partial coverage over the pore: during the thermal sintering process, the
membrane breaks due to heat or surface tension of the ink; however, a lot of
silver particles remain at the pore, as can be seen in Figure 4-9(a) and Figure
4-10(b).
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4) Deposition along the pore: as illustrated in Figure 4-7(a), silver particles are
deposited on the inner ring of a pore (marked in a red circle).

»'20. 0KV x140  300um
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Figure 4-7. The SEM images of sample F; (a) and (b): under 140x and 1600x

magnification.
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Figure 4-8. The SEM images of the sample G; (a) and (b): under 200x and 1000x
magnification.
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Figure 4-9. The SEM images of the sample H; (a) and (b): under 200x and 650x
magnifications.
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Figure 4-10. The SEM images of sample I; (a) and (b): under 140x and 550x

magnifications.

Figure 4-11. The EDX elemental mappings of (a): sample F, (b): sample G, (¢): sample
H and (d): sample I.

Figure 4-11 and Table 4-3 show the results of EDX analysis on these samples. Uniform
silver particle distribution can be observed from the elemental mappings of sample G
and H; other than some pores covered completely by silver particles, other areas were

distributed with silver particles evenly. However, in the aspect of sample F and I, the
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silver particles gathered mostly at some pore areas. This corresponds to the relatively

low silver weight percentages of sample F and I.

Table 4-3. Silver element weight% of sample F, G, H and 1.

Sample Silver element weight percentage (%)
F 13.68
G 22.64
H 25.10
I 19.52

It can be concluded that the evenness of the nanoscale silver particle distribution relies

on following two conditions:

(1) whether or not the silver particles can be deposited on the surface of the fibre
instead of just forming membranes between fibres;

(2) whether or not the silver particles can enter the inner structure of the fabric.

One approach to achieving these two conditions is to reduce the thickness of the
nonwoven fabric which turns the fabric to a planar structure. However, this limits the
area density of the nonwoven fabric, as increasing the area density will decrease the
distance between fibres, which eventually causes the formation of silver membranes and
clog the porous area. Also, the thinner nonwoven fabrics were found less capable of
taking-up silver contents (as shown in Table 3-5), which would increase the electrical

resistance of the sensor and affect the sensor performance.

The other method is to reduce the diameter of the silver particles. With finer silver
particles, it will be more difficult for the silver particles to form strong membranes
between fibres; therefore, most of the silver particles will be deposited on the surface of
the fibres. This method is also helpful for the silver particle distribution in the inner

fabric structure.

4.3 Nonwoven material with an embossed dot pattern (sample D)

The dot pattern embossed nonwoven fabric can be produced using thermal point

bonding by passing the batt web through a pair of engraved hot calendars. The batt web
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will only be bonded at the engraved points. Therefore, there are two different surface

structures in the dot pattern embossed nonwoven fabrics.

() {#a <3 (b)

(©)

y 7 =1

Surface Embossed area

Figure 4-12. Photos of (a) dot embossed nonwoven fabric and (b) smooth surface

nonwoven. (c): a schematic of dot embossed nonwoven fabric.

The differences between the dot pattern embossed nonwoven fabric and the smooth
surface nonwoven fabric are illustrated in Figure 4-12. The nanoscale silver particle ink

impregnation performance on both the surface and the embossed area is analysed.

It can be seen in Figure 4-13 that the surface SEM picture clearly shows the fibre
orientation and the larger number of silver particles. In the SEM image taken inside the
surface depression created due to embossing, there is a lower amount of silver ink
visible which is to be expected due to the depth of vision inside the embossing. As
illustrated in Figure 4-13(a), it is apparent that the silver particle ink is more or less
evenly distributed onto almost every fibre on the surface, while not covering them
completely. Additionally, as the figure shows, the ink particles do not clog the pores in
the nonwoven structure, which was not observed in any other nonwoven materials. This
Is because that the fibres in the surface structure were not thermally bonded, which
resulted that the porous structure was not fixed as thermally bonded structures. Due to

the pressure applied during mangle process, the thin silver ink membrane existed in the
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porous structure was broken, which provided the results of silver disposition on the fibre

surface or along the inner ring of the pore structures as discussed in section 4.2.3.

WD22.4mm 20.0kV x180 200um

Figure 4-13. SEM images of the dotted pattern nonwoven (sample D); (a): surface SEM

image; (b): embossed area SEM image.

In the EDX spectrum analysis, the weight percentage and atomic percentage of the
silver element on the surface of the fabric and inside of the fabric are close (as shown in
Table 4-4). This can be considered as evidence that the nanoscale silver particles are
evenly distributed in the electroconductive nonwoven fabric both on the surface

structure and embossed area.

Table 4-4. Silver element weight% of sample D.

Nominal weight percentage (%)
Element
Surface Embossed area
C/H/O 88.71 87.1
Ag 11.29 12.9

Figure 4-14 clearly illustrates the fibre orientation and the distribution of the carbon and
silver elements on the surface structure of the dot pattern embossed nonwoven fabric,
which shows the uniform distribution of nanoscale silver particles.
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Figure 4-14. (a) and (b): the EDX elemental mapping of the surface structure of sample

D; (c): the EDX elemental spectrum.
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Figure 4-15. (a) and (b): the EDX elemental mapping of the embossed area of sample
D; (c): the EDX elemental spectrum.

Figure 4-15 shows the EDX analysis on the embossed area of the dot pattern embossed
nonwoven fabric. In the spectrum analysis, the intensity of the silver peak is similar to
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that in the surface spectrum, which is identical to the findings from Table 4-4. As seen
in Figure 4-15(a), due to the larger density of the fibres produced by the point bonding
during the embossing, the image shows a larger amount of carbon elements, where the
orientation of the fibres cannot be clearly identified. However, from the silver element
mapping (illustrated in Figure 4-15(b)), nanoscale silver particles are still visible as

evenly distributed.

Comparing with the SEM and EDX results from the nonwoven fabrics with a smooth
surface and the nonwoven fabrics with a dot embossed pattern, it can be concluded that
the dot pattern embossed nonwovens gains a more uniform impregnation performance.
One reason for this is that the partially bonded surface makes the silver particle enter the
inner fabric structure more easily, which has been discussed above. The other reason for
the better impregnation performance can be that the embossed area allows the silver
particle ink be impregnated through not only the surface but also the wall of the

embossed area.

4.4 Knitted fabric and woven fabric

The impregnation performance of the nanoscale silver particle-based ink on the knitted
fabric and the woven fabric was investigated by SEM and EDX as well, in order to

provide comparisons against nonwoven materials.

The knitted fabric sample was an interlock structure fabric, which was created with 10
gauge Shima Seiki electronic flatbed knitting machine, using two ends of 167/34
polyester yarns. The woven fabric was a plain weave. The closely twisted polyester
filaments and the tight fabric structure provided a very dense performance, which can be
clearly seen in the SEM images in Figure 4-16. Different from the nonwoven fabric
samples, it is difficult to observe silver particles on the surface of the yarns, whereas the
yarns capture a lot of silver particles within them. This is under expectation as the
microstructures of fibres were able to absorb the nanoscale particle-based ink better than
the yarn structure. From the results of EDX analysis (as shown in Figure 4-17), the

silver particles are found evenly distributed within the yarns.
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Figure 4-16. The SEM images of knitted fabric sample J and woven fabric sample K,
under different magnifications: (a) 45x; (b) 140x; (c): 45x; (d): 700x.

(a) Knitted fabric: Carbon (b) Knitted fabric; Silver

(c) Woven fabric: Carbon (d) Woven fabric: Silver

Figure 4-17. The EDX elemental mapping of knitted fabric sample J and woven fabric
sample K.
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4.5 Summary

In this chapter, SEM and EDX analysis were carried out on the nanoscale silver particle-
based electroconductive ink impregnated nonwoven fabrics, together with a knitted
fabric sample and a woven fabric sample, in order to understand the morphology of the
silver particle distribution and the impregnation performance. It was found that the
morphology of the silver particle distributions can be classified into four types,
depending on whether or not the silver particles were deposited on the fibre surface and

the coverage over the pore area.

The thinner nonwoven fabric samples (sample A and B) were found in a 2D planar form,
due to the high pressure applied by the calendars during the thermal bonding process.
The fibres were compressed close to each other, especially for sample B which had a
higher area density. With a close fibre distance, the silver particles might clog the areas
between fibres, which further prevented the silver particles from being deposited into
the fabric. Therefore, the thinner nonwoven fabric samples had a higher chance of
uneven particle distribution on the surface and the inside of the fabric than the thicker
nonwoven fabric samples (sample C and E).

It was also found that the dot pattern embossed nonwoven fabric (sample D) achieved a
better impregnation result than smooth surface nonwoven fabrics (sample A, B and C),
thanks to the unique embossed surface structure that provided more surface area for the
nanoscale silver particles to enter the inner fabric. The partially bonded surface structure
also contributed to the even particle distribution.

Additionally, from the SEM and EDX analysis results of the knitted fabric (sample J)
and woven fabric (sample K), it was discovered that upon impregnation, the nanoscale
silver particles were absorbed by the yarns, instead of staying on the surface of the yarns.
This gave the knitted and woven fabric samples a uniform nanoscale silver distribution

under EDX analysis.
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Chapter Five: Characterisation and
optimisation of the nanoscale silver

particle-based piezo-resistive sensor

5.1 Introduction

In this chapter, the experiments and results of the characterisation of the nanoscale silver
particle-based ink impregnated nonwoven piezo-resistive sensor were reported. Also,
the cardiorespiratory signals were captured using the designed sensor and their
evaluations were carried out by comparison against a commercially available bio-signal
monitoring system (Plux bio-signal system). Additionally, the empirical models of the
conductance, piezo-resistive sensitivity and resistivity of a nonwoven sensor fabricated

with directional silver coated polyester yarns were calculated.

5.2 Characterisation of nanoscale silver particle-based piezo-resistive

nonwoven materials

Generally, the characterisation of the nanoscale silver particle-based piezo-resistive
nonwoven materials is based on the investigation of the piezo-resistive performance of
the materials. Therefore, the electromechanical tests, including quasi-static compression
tests, cyclic loading tests and resistance time drift (RTD) analysis tests were carried out.
The piezo-resistive sensors investigated are summarised in Table 5-1.

Table 5-1. The piezo-resistive nonwoven fabric based sensors.

Sensor thickness Silver take-up
Sensor Remarks
(mm) (%)
A 0.96 25.2 N/A
B 1.04 13.3 N/A
C 1.29 68.0 N/A
D 1.24 65.2 Embossed dot surface
E 1.16 60.0% carbon Electroconductive
F 1.13 98.1 15 g of PP/PET
G 1.14 82.3 20 g of PP/PET
H 1.16 111.2 25 g of PP/PET
I 1.23 78.6 30 g of PP/PET
J 2.19 49.0 Interlock knitted fabric
K 1.22 32.2 Plain woven fabric
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5.2.1 Preliminary tests

The preliminary tests include the compression tests on the piezo-resistive nonwoven
fabric based sensors fabricated using the method introduced in Chapter Three in order to
determine the elastic regions of the fabric sensors. Also, the effectiveness of the
webbing fabrics was investigated. In addition, the effect of the silver take-up percentage

on the nonwoven fabrics was studied.

5.2.1.1 Compressive strength tests

Figure 5-1 shows the results of compressive strength tests on all 11 samples, from
which it can be found that the nonwoven fabric-based sensor samples behaved similarly.
Considering the application of the investigated sensors was aimed at weak bio-signals,
such as cardiorespiratory signals, the compressive range used in further testing was
selected as 0 to 100 g/cm? (up to 0.981 N/cm?), which was within the elastic region of

all samples.
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Figure 5-1. Compressive strength test results.

102



5.2.1.2 Effect of the webbing fabric

In order to find out the effect of the webbing fabric as adhesive to improve the
connection, sample C and D were selected as they had similar area density and
thickness, while with distinct surface structures. The effectiveness of the webbing fabric
was evaluated by comparing the standard error of the resistance change according to
pressure and the sensitivity of the sensor, which can be calculated using the following

equation:
. . s s AR .
Piezoresistance sensitivity = s Equation 5-1

where: AR and AP are the change in electrical resistance and pressure, respectively.

55 T T T T T T
—C: without adhesive webbing fabric
- 2 —(C: with adhesive webbing fabric

o
U
T

|

Resistance (£2)
=

W
h
T
|

25 | | | 1 | |
0 20 40 60 80 100

Pressure (g/cmz)
Figure 5-2. The quasi-static resistance-pressure curves of Sample C with a smooth

surface structure.

It can be clearly observed in Figure 5-2 that without the adhesive webbing fabric,
sample C starts with large error bars at lower pressures, which is due to the insufficient

pressure on the sensor. At a very low compressive force on the sensor (near-zero
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pressure in this case), the fibre arrangement tends to have a large variation in the fibre to
fibre distance in each test, which eventually causes resultant large variation in the initial
resistance. As the pressure increased, the error bars (standard error) immediately
decreased considerably. The adhesive webbing fabric layers were used to bind the
knitted electrode and electroconductive nonwoven layers in the sensor to stabilize the
sensor performance. As the experiments showed, this had an immediate result in
reducing the error bars in the characteristic curve. By adding the additional webbing

fabric layers, the overall resistance of the sensor was decreased.
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Figure 5-3. The quasi-static resistance-pressure curves of Sample D with a dot

embossed surface structure.

While in Figure 5-3, the effect of the adhesive webbing in sample D is not as significant
as in sample C. The error bars of sample D are considerable small without adhesive
webbing fabrics, which means that sample D is already a more stable material than
sample C in the aspect of the piezo-resistive sensor. By using adhesive webbing fabric,

the fluctuations between 40 g/cm? to 70 g/cm? are eliminated.

In the aspect of the piezo-resistive sensitivity of the sensors, the webbing fabrics did not
improve the sensitivity of the piezo-resistive sensor significantly as shown in Figure
104



5-4 and Figure 5-5, where the sensitivity of the piezo-resistive nonwoven sensor is seen
to reduce as the pressure increases. As the nonwoven material gets closer to the fully
compressed state, it has a reduced chance of creating additional electrical paths within
the silver impregnated nonwoven material. The highest sensitivity points for both types
of the nonwoven sensors are seen at 1 g/cm? (not shown in Figure 5-4) for sample C
without webbing fabric, as the relatively large change in resistance causes a sensitivity
value of 14.11 Q/(g/cm?), which is not shown in the graph). However, considering the
inaccuracy caused by the large error bars, it is not suitable to use the sensor at such low-
pressure levels. Generally, the piezo-resistive sensitivity of the samples without
adhesive webbing fabrics is higher than those with webbing fabrics. This is due to the
fact that the samples without adhesive webbing have a bigger change in the resistance
overall. However, this may be caused by the large variation. Therefore, in order to
obtain the accuracy and reliable resistance signal, it is necessary to construct sensors

with the help of the adhesive webbing fabrics.
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Figure 5-4. The piezo-resistive sensitivity of Sample C with a smooth surface structure.
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Figure 5-5. The piezo-resistive sensitivity of Sample D with a dot embossed surface

structure.

Both types of the nonwoven sensor’s sensitivity show a relatively flat curve after
exceeding 20 g/cm?. However, within the pressure range between 10 and 20 g/cm?, the
nonwoven sensors show a good piezo-resistive sensitivity (an average sensitivity of
0.0415 Q/(g/cm?) and 0.170 Q/(g/cm?) for the sample C and D, respectively). The
sensor constructed with the dot pattern embossed nonwoven (sample C) layer showed a
higher piezo-resistive sensitivity than the sensor constructed with a smooth surface

nonwoven (sample D).

Therefore, it can be concluded that the adhesive webbing fabric can greatly improve the
stability and reliability of the piezo-resistive nonwoven sensors, especially to the sensor
materials with higher variation in resistance. The adhesive webbing fabric also has
effect in stabilising the relative movements between the material layers in the nonwoven
piezo-resistive sensor, while maintaining an overall low sensor electrical resistance, and
high piezo-resistive sensitivity. In addition, usage of the adhesive webbing fabrics can

reduce the level of biasing pressure required for the sensor to function properly and
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reliably, thereby achieving a broader range of working pressure. The rest of the samples

are all fabricated and tested with adhesive webbing fabric layers.

5.2.1.3 Effect of silver take-up percentage on the piezo-resistive property

Table 5-2. The times of sensor C being mangled and the corresponding silver take-

up %.

Number of times of
mangling process at 2 bar

Silver take-up (%) 32 |14 |12 | 9 |7

Nonwoven fabric C was selected to investigate the effect of the silver take-up
percentage on the piezo-resistive property of the sensor. Table 5-2 summarises the
different silver take-up percentage achieved on sensor C. As expected, the more times
the fabric had been mangled, the less silver would be left within the fabric as was
expected. However, it was difficult to control the exact amount of silver content in the
nonwoven materials. The quasi-static electromechanical characterisation results are
illustrated in Figure 5-6 and Figure 5-7, from which it can be clearly observed that with
the increase in the silver take-up percentage, the overall electrical resistance of the
nonwoven fabric based piezo-resistive sensor reduces. The sensor samples with similar
silver take-up percentage behaved in a very similar way. The nonwoven fabric samples
with low silver take-up percentage (7% and 9%) started with a high resistance which
dropped sharply with little increase in the pressure. Though the sharp decrease in the
resistance at low-pressure region provides the sensors with a high sensitivity, the
variation in the resistance also increases. With the increasing pressure on the nonwoven
fabric based sensor, the resistance curves gradually flatten. Eventually, it can be seen
that all the sensors end with a resistance value and piezo-resistive sensitivity very close
to each other at a pressure of 100 g/cm?, disregarding the sensitivity and the piezo-
resistive performance at the beginning. Therefore, it can be concluded that the silver
take-up percentage has a significant effect on the absolute electrical resistance of the
piezo-resistive nonwoven materials. The high silver take-up results in low electrical
resistance. The low silver take-up also can cause the resistance of the sensor reduces in a
more rapid way with pressure increasing, which results in a high sensitivity at the low-
pressure region. However, this will also increase the variation in the sensor, which leads

to unstable and unreliable readings. More importantly, it is not worth increasing the
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sensitivity by this approach, as the ‘improved’ sensitivity will very soon drop down to

normal level when the pressure reaches 20 g/cm? to 30 g/cm?.
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Figure 5-6. Sensor C with different silver take-up percentages.
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Figure 5-7. Sensitivity of sensor C with different silver take-up percentages.
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5.2.2 Electromechanical characterisations

From the preliminary tests, it was found that the adhesive webbing fabrics are critical in
the production of reliable piezo-resistive nonwoven fabric based pressure sensors. And
in the aspect of silver take-up percentage, it can be engineered to control the electrical
resistance of the sensor; however, a low silver take-up percentage will cause unstable
performance of the sensor. Therefore, for the electromechanical characterisations and
cardiorespiratory signal investigation, the sensors were all fabricated with the adhesive
webbing fabrics; the mangling process was altered from the one used in section 5.2.1.3;
during the impregnation process, all samples were mangled only once at a low pressure
of 1 bar, in order to obtain a high silver take-up percentage for reliable sensor
performance. The materials used in the creation of piezo-resistive pressure sensors were
impregnated with silver particles to appropriate levels so that they had a similar
electrical resistance range. In this way, the differences in the piezo-resistivity of the
nonwoven fabric based pressure sensors are considered the only dependant to the fabric

structures and impregnation performance.

5.2.2.1 Quasi-static electromechanical compressive test

The quasi-static electromechanical compressive test curves of the small thickness
sample A and B are shown in Figure 5-8. Clearly, it can be observed that sample A
produces a more promising and reliable curve; its resistance drops from 34 ohms to 29
ohms in a smooth trend. While the resistance change of sample B is much smaller and
more fluctuations occur. This is due to the fact that there is less silver take-up
percentage in sample B (13.3%) than sample A (25.2%). Considering the area density of
sample B (60 g/m?) and sample A (17 g/m?), sample B is supposed to be capable of
absorbing more silver content. Such low silver take-up percentage is due to the fact that
in order to achieve the small thickness during the thermal bonding process, a high
pressure was applied on the web. While sample B had a higher area density, the fibres
became much closer to each other due to the high pressure, causing the distance
between the fibres on the surface to be very small. Thus, during the dip-coating process,
the thin ink membranes were formed on the surface more easily, preventing from
thorough and even impregnation. The more uniform silver particle distribution in

sample A also results in a better piezo-resistive property.
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Figure 5-8. Resistance vs. pressure of sample A and B.
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Figure 5-9. Resistance vs. pressure of sensor samples with different thicknesses.
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Figure 5-10. Sensitivity of smooth surface nonwoven material fabricated sensors.

Comparing the quasi-static electromechanical characterisation curves of sample A and
with other sensors made from smooth surface nonwoven fabrics with a big thickness
(sample C, F, G, H and 1), it can be found that sensors with a bigger thickness have a
better performance. The slopes of these samples are very similar, where fewer
fluctuations and small error bars are found in samples with bigger thicknesses (as shown
in Figure 5-9). Among them, sample G shows the best piezo-resistivity, which has a
high piezo-resistive sensitivity up to 45 g/cm? (as illustrated in Figure 5-10). By
comparing the sensitivity of these sensors, sample G is found with the least fluctuations
generally. In the aspect of nanoscale silver particle-based electroconductive ink
impregnated piezo-resistive nonwoven sensor that was fabricated from smooth surface

nonwoven materials, sample G is considered with the best piezo-resistive property.

Comparing the piezo-resistive sensors made from a smooth surface nonwoven material,
dot pattern embossed nonwoven material, knitted fabric material and woven fabric
material, it can be found in Figure 5-11 and Figure 5-12 that other than the
commercially available material (sample E), the rest four sensors behaved in a very
similar way that the resistance curves have the same trend. They all have a high
sensitivity near zero pressure, while the sensitivity reduces at 5 to 10 g/cm?, and keeps
on reducing gradually. Some fluctuations in sensitivity are observed at high-pressure
region (above 50 g/cm?), which indicates that the chance of creating a new electrical
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path within the sensor structure has become minimal. The commercially available
electroconductive nonwoven material (sample E) has the biggest resistance change upon
compressing, which results in a relatively but not significantly high sensitivity among
these five samples across the complete pressure range. However, it has much lower
sensitivity at the low-pressure levels, which is a critical disadvantage to capture the

weak bio-signals.
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Figure 5-11. Resistance vs. pressure curves of sample D, E, G, J and K.
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Figure 5-12. Sensitivity of sample D, E, G, J and K.
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Throughout the quasi-static electromechanical compressive tests, the piezo-resistivity of
the electroconductive ink impregnated nonwoven material based pressure sensor was
studied. By characterising the piezo-resistive sensors with different parameters, the

following findings can be summarised:

1) the nonwoven materials impregnated with a higher silver take-up percentage
performs better; due to the random fibre orientation and distribution of the
nonwoven materials, the contact points of the fibre within the nonwoven fabric
can change significantly with pressure applying; therefore, with a high amount
of silver particles, either coated on the fibre surface or gathered at the pore areas
which are made from joints, the chance of creating new electrical paths through
the two surfaces of the nonwoven fabric is improved,

2) nonwoven material based pressure sensors with a bigger thickness show better
piezo-resistivity and sensitivity, as well as stability and reliability; basically this
is due to the fact that the big thickness allows multiple layers exist within the
nonwoven fabric, compared with thin nonwoven fabrics; therefore, providing the
multi-layered structure has been sufficiently nanoscale silver particle
impregnated, upon pressure, not only the joints of fibres will create new
electrical paths, but also the contact between inner layers may show piezo-

resistivity as well.

5.2.2.2 Cyclic compressive loading

Cyclic compressive load tests were carried out in order to investigate the repeatability of
the sensor. Sample D, E, G, J and K were selected to be discussed in detail as they were
proven to show reliable and good piezo-resistivity from the previous results; the cyclic
loading results of the rest of samples are available in Appendix A. The results of the
cyclic compressive loading tests were shown in Figure 5-13 to Figure 5-17. It can be
seen that generally all five samples induce a hysteresis in the resistance-pressure curves
and show satisfactory repeatability after 20 cycles of continuous loading and relaxing. It
takes nonwoven material based sensors (sample D, E and G) two or three cycles to show
a repeatable resistance curve; however, the knitted fabric based piezo-resistive sensor
(sample J) requires 8 cycles. Though the woven structure based sensor (sample K) was
able to perform excellent repeatability since the sixth cycle, the hysteresis effect of the

first loading cycle and the loading cycles thereafter was so big that the sensitivity and
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piezo-resistivity of the sensor would be compromised. It is noticeable that at the bottom
right part of Figure 5-16 that the knitted fabric based sensor performs differently in the
last four cycles. During the compressive loading procedure, the electrical resistance
values of the last four cycles dropped to an extra low value of 34.1 Q at the pressure
around 90 g/cm?, which is believed due to the fact the at this point, some extra electrical
paths were established, resulting in the extra reduction in the resistance. While during
the unloading procedure, the newly established electrical paths disappeared as the
pressure decreased to a certain level and the resistance value returned to normal. This
certain pressure level gradually reduced from 90 g/cm? to 60 g/cm?. This is due to the
fact that upon cyclic compression, the newly established electrical paths over 90 g/cm?
became stronger and stronger, which were able to persist under a lower pressure. It is
believed that after 16 cycles, the knitted structure turned relatively unstable under the
high biasing pressure (90 g/cm?) during unloading procedure, which affected the piezo-

resistive property of the sensor.
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Figure 5-13. Cyclic compressive load resistance vs. pressure curve of sample D.
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Figure 5-17. Cyclic compressive load resistance vs. pressure curve of sample K.
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Figure 5-18. Diagram of a typical cyclic force-extension curve of a textile material.

In the tensile cyclic test for textile materials, the hysteresis can be measured by
calculating the dissipated energy (Ws) and the percentage of energy dissipation (A)
between the loading and unloading cycle of the material.[240-242] As illustrated in
Figure 5-18, during one cycle of loading and unloading, a certain amount of energy will
be dissipated due to the internal friction of the material. The dissipated energy (W) and

the percentage of energy dissipation (4) can be calculated as:
Wy =W, —Wy Equation 5-2
A==2x100% Equation 5-3
L

where: W is the work of loading or the energy stored due to extension; Wy is the
working of unloading or the energy released due to relaxing the material.

In order to evaluate the hysteresis effect of the electrical resistance of the nonwoven-
based pressure sensor, the resistance hysteresis loss (RuL) and the percentage of the
resistance hysteresis loss were calculated based on the principle of Equation 5-2 and

Equation 5-3.

Resistance hysteresis loss (Ry,) = RP, — RPy Equation 5-4

Resistance loss percentage = % X 100% Equation 5-5
L
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where: RP_ and RPy are the designated area surround by pressure axis and the resistance

curves during loading and unloading procedure, respectively.
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Figure 5-19. The resistance hysteresis loss of sample D, E, G, J and K of each cycle of

the cyclic compressive loading test.
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the cyclic compressive loading test.
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The results of the resistance hysteresis loss analysis are shown in Figure 5-19 and
Figure 5-20. The data points of the hysteresis loss can be found in Appendix B. It can
be clearly observed that the woven fabric based piezo-resistive sensor has the biggest
difference in the resistance hysteresis loss between the first cycle and the cycles
thereafter, as was seen in Figure 5-17. This is due to the fact of the poor recoverability
of the woven structure from compression. The rest of the four samples show quite stable
hysteresis effect, among which the knitted fabric based sensor (sample J) has the
smallest hysteresis effect in both the hysteresis loss value and hysteresis loss percentage,
which is as expected due to the fact the interlooped structure of the knitted fabric
provides the sensor with the best compressibility and elasticity. The two thermally
bonded nonwoven fabric sensors (sample D and G) perform very similarly in the
hysteresis effect; they both have stable hysteresis loss percentages of 2.10% and 2.15%
in average, for sample D and G respectively (see Appendix B). The difference in the
hysteresis loss value is due to the difference in the sensor resistance which is an
inevitable result from the different silver take-up percentage due to different fabric
properties. However, in the aspect of sample E, which was produced by the spunlace
bonding technology, it is believed that the vertically entangled fibres within the
structure and the highly adhered fibre bundles (as discussed in section 4.2.2) cause the
sensor behaves poorly in the recovery from the compression. Disregarding the first
cycle of the woven fabric based sensor, sample E shows the worst overall hysteresis
effect over the cyclic compressive loading test, providing the average hysteresis loss
percentage of 4.45%. Therefore, it can be summarised at this stage that the resistance
hysteresis effect of the fabric based piezo-resistive pressure sensor relies on the
recoverability of the fabric from the compressive force. A relatively loose structure,
such as thermally bonded nonwovens and knitted structure, can be helpful for the sensor

to show less hysteresis over cyclic loading tests.

Other than the hysteresis phenomenon, the resistance of the sensor gradually reduces as
the cyclic compressive test carrying on. This phenomenon is studied by normalising the
resistance at the peak (Rpeak) and the trough (Rirough) in €ach compressive loading cycle
to the resistance at the first peak (Rpeako) and trough (Rtrougho) (s shown in Figure 5-21
and Figure 5-22). It can be observed that with the increase in the number of cycles, the
peak resistance in each cycle reduces by 8.5% in average for nonwoven fabric based

sensors and 14% for knitted fabric based piezo-resistive sensor; whereas to the woven
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structure based sensor, there is a significant resistance reduction since the first cycle.
Again, this is mainly due to the poor recoverability of the woven structure. Sample D
shows the best adaptability to the cyclic compressive load that it is able to provide
reliable and repeatable reading since the third cycle, which is a result of the partially
bonded structure. The dot pattern embossed surface structure allows the nonwoven
fabric absorb more energy from pressure without deforming significantly. Once the
pressure is removed, the surface structure which is not thermally bonded is able to
recover sooner than other thermally bonded nonwoven fabrics. This also applies to the
knitted fabric based sensor. Though the knitted structure is much denser than nonwoven
fabric, the large thickness and curved stitches allow fast recovery compared with the
woven structure which is made from fully straightened yarns under a much higher yarn
tension. In the aspect of the change in the trough resistance, sample D and E show the
most stable performance in the loading cycles. The drop percentages of the resistance of

the five samples are all within an acceptable range.
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Figure 5-21. The change of peak resistance in each cycle.
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Figure 5-22. The change of trough resistance in each cycle.

From the cyclic compressive loading tests, it was discovered that nonwoven fabric
based piezo-resistive sensors behaved better than knitted and woven fabric based sensor
in the application where repeatable dynamic pressure signals were applied and reliable
readings were needed. It was also found that the recoverability of the sensor from
compression was critical to the reproducible piezo-resistive perform. Therefore, the
nonwoven materials themselves already have an edge over other textile materials, where
improvements can be made in respect of partial bonding in order to obtain better

compressive recoverability.

5.2.2.3 Resistance time drift (RTD) analysis

Figure 5-23 illustrates the results of RTD analysis tests for sample D, E, G, J and K. It
can be seen that at every 10 g/cm? interval, there is an obvious resistance drift
(reduction) over 60 seconds. As expected, due to the poor compressive property of the
woven structure based piezo-resistive sensor, sample K shows the strongest RTD effect
among five samples; whereas minute resistance drifts were observed in sample D and J.

It is also found that generally the piezo-resistive sensors suffered from more resistance
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drift under the condition of the high-pressure level. With the increasing biasing pressure,
the RTD effect weakens. This could be due to the sensor sample becomes less variable
after being more compressed. RTD also reveals the fact that the piezo-resistive sensors
are not suitable to measure the absolute pressure reading, while can be used in the
detection of continuously pulsed BCG signals. The test results of rest of the sensor

samples are in Appendix C, from which the same conclusion can be deduced.
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Figure 5-23. RTD of sample D, E, G, J and K.

5.3 Cardiorespiratory signals capturing

The selected sensors (sample D, E, G and J), which were found with excellent piezo-
resistivity and high sensitivity, were then used to capture the cardiorespiratory signals.
The performance of the selected sensors in the cardiorespiratory signal capturing was
evaluated by the comparison against a commercially available bio-signal monitoring
system. The cardiorespiratory signals captured by other sensor samples are shown in
Appendix D and E.

5.3.1 Respiratory signal capturing

It can be seen clearly in Figure 5-24 to Figure 5-27 that the peaks in the signal of the

piezo-resistive nonwoven sensor made from dot pattern embossed nonwoven fabric
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sample D match well with those of the commercially available breathing belt-sensor.
During the time the subject held his breath, the piezo-resistive nonwoven sensor was

seen to capture less noise than the commercially available sensor.
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Figure 5-24. Breathing signal curve from the commercially available breathing belt

sensor and the piezo-resistive nonwoven sensor D (dot pattern embossed nonwoven
fabric based).
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Figure 5-25. Arm movements during respiratory signal capturing (sample D). Red
circles: the breathing signals captured by the piezo-resistive nonwoven sensor but
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missed by the Plux sensor.
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Figure 5-26. Scaled peaks during normal breathing (sample D).
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Figure 5-27. Rapid breathing signal capturing (sample D).
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As described in section 3.4.3.1, the subject performed four repeats of normal breathing
and breathe holding, followed by a period of rapid breathing; then he moved his right
arm for three times and his left arm for three times. In Figure 5-25, it can be seen that
the left arm movements affect the signal more than the right arm movements, as there is
a noticeable reduction in sensor resistance and much bigger spikes due to arm
movements. This is because that the sensor patch was attached on the left side of the
subject’s chest. It can also be observed that after the arm movements, the piezo-resistive
nonwoven sensor captured the breathing signals almost immediately while the
commercially available sensor failed to do so. The close agreement of peaks between
the nonwoven sensor and the commercially available sensor verifies the accuracy of the
nonwoven sensor. As marked in the red circle in Figure 5-25, every time when the left
arm was lowered, the commercially available sensor missed a breathing peak; however,
the nonwoven sensor was able to capture the complete breathing signal. This shows the
nonwoven sensor has better reliability than the commercially available sensor in this
situation. This may be due to the fact that the commercially available belt sensor was a
tensile sensor which works on the principle of extension in length due to the increase in
the girth of the chest while breathing. In the case of strong body movements, for
example, the arm lifting in this case, the girth could keep unchanged, resulting in the
missing peaks of the commercially available breathing sensor. In the case of the piezo-
resistive nonwoven sensor, the arm lifting had less interference to the sensor

functionality.

As observed in Figure 5-26 while capturing the normal breathing signals, both of the
nonwoven sensor and the commercially available sensor performed equally well. Since
the commercially available sensor is based on a stretchable belt, and the nonwoven
sensor is a multi-layer fabric pressed against the chest, the signals acquired from each
tends to be in the opposite sense. In spite of the difference in the sensor technology
between the commercially available sensor and the piezo-resistive nonwoven sensor, the
results still show that the piezo-resistive nonwoven sensor has the full capability of
acquiring the correct breathing signals. Similarly to the normal breathing signals, the
sensor was capable of capturing the rapid breathing signals accurately, as may be seen

in Figure 5-27.

Similar results were observed when using the smooth surface piezo-resistive nonwoven

sensor (sample G) where each test period corresponding to the movements of the subject
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can be clearly identified from the breathing signals (as shown in Figure 5-28 to Figure

5-31). Figure 5-29 illustrates that although the arm lifting movements were successfully

captured, both the piezo-resistive nonwoven sensor G and the Plux sensor respond

poorly in capturing the breathing signals following strong arm movement. The rapid

breathing result in Figure 5-28 shows that the piezo-resistive nonwoven sensor G failed

to perform reliably during the rapid breathing period. The signals recorded consist of a

large amount of fluctuation and a limited amount of peaks that could be matched with

the control signal. The reason for such could be the strong chest movement during the

rapid breathing, causing a higher pressure to be applied on the sensor fabric. As the

pressure increased, the sensitivity and the change in resistance of the sensor decreased;

resulting in a poor quality in the captured breathing signal.
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Figure 5-28. Breathing signal curve from the commercially available breathing belt

sensor and the piezo-resistive nonwoven sensor G (smooth surface nonwoven fabric

based).
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Figure 5-29. Arm movements during respiratory signal capturing (sample G).
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Figure 5-30. Scaled peaks during normal breathing (sample G).
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Figure 5-31. Rapid breathing signal capturing (sample G). The signal from the piezo-
resistive nonwoven sensor is full of fluctuations.

4000 T T T T T T . T 41
—Plux sensor
— Piezo-resistive nonwoven sensor E
3000 - 40
B g
3 g
@2000 139 §
£ &
1000 | 138
0 | | I 1 | | 1 37
0 50 100 150 200 250 300 350 400

Time (s)

Figure 5-32. Breathing signal curve from the commercially available breathing belt

sensor and the piezo-resistive nonwoven sensor E (commercial conductive nonwoven
fabric based).
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Figure 5-33. Arm movements during respiratory signal capturing (sample E).

Though the commercially available electroconductive nonwoven fabric sensor (sample
E) showed excellent piezo-resistivity and reliability in the previous study, in the aspect
of respiratory signal capturing, improvements are needed. The nonwoven sensor
fabricated from sample E was able to capture the respiratory signal during normal and
rapid breathing; however, it only responded the arm movements with large spikes,
where no breathing signals could be identified (as shown in Figure 5-32 and Figure
5-33).

The results of the respiratory signal captured by knitted fabric based piezo-resistive
sensor (sensor J) are illustrated in Figure 5-34 and Figure 5-35. Generally, the knitted
fabric based sensor shows a lot of fluctuations, even in the period where the breathing
was suppressed. Sensor J also performed poorly on capturing the respiratory signals
under motion artefacts. The peaks caused by the arm lifting are much smaller and more
difficult to identify than other piezo-resistive sensors. However, the knitted fabric based
sensor still has the capability of capturing the respiratory signals. During the rapid
breathing period, properly scale the graphs, it is found that the small peaks on the signal
curve of sensor J correspond with the breathing signal captured by the commercially
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available device (as shown in Figure 5-35). Therefore, it can be summarised that the
knitted fabric based sensor has the potential to be in use of cardiorespiratory signal

acquiring; however, proper improvements in reducing the noise level and increasing the
stability are necessary and essential.
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Figure 5-34. Breathing signal curve from the commercially available breathing belt

sensor and the piezo-resistive sensor J (knitted fabric based).
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Figure 5-35. Rapid breathing signal capturing (sample J).
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Figure 5-36. Breathing signal curve from the commercially available breathing belt

sensor and the piezo-resistive sensor K (woven fabric based).

Figure 5-36 shows the results from woven fabric based sensor, which, as expected,
performed poorly. Strong fluctuations appear throughout the test, especially during rapid
breathing and arm lift periods. The huge spikes (marked by the red arrows) also indicate
that the woven fabric based piezo-resistive sensor failed to perform functionally during
the period that the subject held his breath. Due to the poor response to the rapid pressure
signal, it is believed impossible to use woven fabric based piezo-resistive sensor in the

application of acquiring weak bio-signals.

Comparing the piezo-resistive fabric based sensors fabricated from dot pattern
embossed nonwoven (sample D), smooth surface nonwoven (sample G), commercially
available electroconductive nonwoven (sample E) and knitted and woven fabrics, it is
evident that in capturing the breathing signal, sample D based sensor performed better.
Such sensor was able to respond correctly and accurately to the rapid breathing signal
and successfully bypassed the interferences caused by the arm movements.
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5.3.2 Cardiac signal capturing

In Figure 5-37 and Figure 5-38, the results of the piezo-resistive nonwoven sensor
show significant fluctuations in the general trend of the signal, yet heartbeats are still
captured by the nonwoven sensor D. It can be observed that in the ‘Drift Period’ the
resistance of the sensor reduces, which is due to the subject having to hold his chest
non-moving to accommodate the long duration of breath holding. The green arrow
shows the starting point when the subject was forced to move because of the breath
holding; therefore, compared to the rest of this signal curve, ‘Drift Period’ provides a
better clarity of the heartbeat signal. The tall peaks observed in the ‘Drift Period” were
caused by the body of the subject trying to avoid inhaling air. Figure 5-38 illustrates the
correct and accurate heart signal captured by the piezo-resistive nonwoven sensor. The
signal has less amplitude, but the peaks are clear enough to identify the cardiac signal.
Piezo-resistive nonwoven sensor D achieved an accuracy of 90.0% in acquiring the

cardiac signal (18 heartbeats picked by sensor D compared with 20 picks from the Plux

sensor).
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Figure 5-37. Heartbeat signal curve from the commercially available BCG sensor and

the piezo-resistive nonwoven sensor D (dot pattern embossed surface).
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Figure 5-38. The successful cardiac signal acquisition using sensor D.
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Figure 5-39. Heartbeat signal curve from the commercially available BCG sensor and

the piezo-resistive nonwoven sensor G (smooth surface nonwoven based).
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Figure 5-40. The peaks that correspond to the correct heartbeat from piezo-resistive

sensor G.

The results of using the piezo-resistive nonwoven sensor G for capturing the heartbeat
signals are shown in Figure 5-39. Compared with the Sensor D, the result of the Sensor
G shows more fluctuation. As illustrated in Figure 5-40, at the selected period of time,
only 8 potential heartbeats were detected out of 26 heartbeats as marked out by the red
arrows in the figure. Though most of the curve shows irrelevance to the heart signal,
every peak that appears in the curve correlated correctly to a peak in the curve from the
Plux sensor. This shows that the piezo-resistive nonwoven sensor G has the potential to
capture the cardiac signal; however, at this stage, the signal captured lack of intensity
and is greatly affected by noises; and whether or not the peaks captured by the piezo-

resistive nonwoven sensor G are actually the heartbeats remains unknown.

The cardiac signals acquired from commercially available conductive nonwoven,
knitted and woven fabric based sensors show a lot of fluctuations, in which no cardiac
signals can be found. The reason of their failure in capturing cardiac signals using such
sensors is believed that as the intensity of the BCG is much weaker than breathing
signals, the fabric sensor must not too dense, like knitted or woven structure, in order to

prevent the weak signals from being damped. This concludes the reason why knitted or
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woven structures are not suitable for use of piezo-resistive pressure sensor for weak
signal acquiring applications. As a nonwoven material, which was constructed using
much finer fibres (compared with yarns) and with an open structure, sample E initially
showed high sensitivity, stability and reproducibility in sensing. However, as shown in
the SEM analysis, it was found that the carbon dispositions in sample E adhere the
fibres into heavier fibre bundles, which eventually prevented the weak BCG signals
from transmitting through the fabric. Comparing the two relatively successful sensors,
the dot pattern embossed nonwoven fabric sensor (D) and the smooth surface nonwoven
fabric sensor (G), the dotted nonwoven fabric sensor showed a better performance in
capturing the heartbeat signal. This is due to the fact that within the operating range of
10-20 g/cm?, the sensitivity of the dot pattern embossed nonwoven fabric is higher than
the smooth nonwoven fabric. It can also be concluded that in order to improve the
intensity of the captured signals and reduce the influence from noises, it is necessary to

apply further filtering methods.

5.4 Investigation of the reliability and accuracy of the nonwoven

piezo-resistive sensor

In section 5.3, the feasibility of the nanoscale silver particle-based electroconductive ink
impregnated nonwoven fabric-based sensor has been studied and proven. The reliability
and accuracy of the piezo-resistive sensor are discussed in this section. Due to the fact
that the dot pattern embossed nonwoven is most suitable for capturing the
cardiorespiratory signals, the tests were carried out using the dot pattern embossed

nonwoven fabric based sensor.

In order to improve the reliability of the electrical resistance signal generated by the
sensor, a bandpass filter was applied. The frequency of the cardiorespiratory signals
varies according to the situation of the subject. The respiratory signal normally is within
the range of 0.1 to 0.5 Hz; whereas the cardiac signal has a frequency from 1 to 1.67
Hz.[234] Considering the extreme conditions, the bandpass filter was set from 0.1 to 1
Hz for respiratory signal and 0.8 to 2 Hz for cardiac signals. The sampling rate of the
NI-9219 data acquisition card is set to the maximum value of 100 Hz for the best signal
acquisition.

Figure 5-41 shows the result of using the bandpass filter on piezo-resistive nonwoven

sensor D. In it can be seen that with the help of the bandpass filter, the cardiac signal
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curve acquired from the piezo-resistive nonwoven sensor becomes considerably
smoother than the signal obtained from the commercial available Plux sensor. The peaks
of the cardiac signal curve match well with heart signal from Plux sensor, indicating that
the bandpass filter not only reduces the noise level but also improves the accuracy of the
sensor. The piezo-resistive nonwoven sensor picked 39 signals out of 40 signals from
the Plux sensor, which gave an improved accuracy of 97.5% over the period of 30

seconds, compared with the accuracy of 90.0% without using the bandpass filter.

The bandpass filter was then used together with the commercially available
electroconductive nonwoven fabric based sensor E, in order to find out whether or not
sensor E was capable of capture the heart signal after filtering the noise. Figure 5-42
illustrates the cardiac result of a selected period from sensor E, where a stable signal can
be observed. The signal intensity of sensor E is much smaller than sensor D, which
makes it very difficult to identify the cardiac signal from the peaks. The intensity of the
signals remains constant, which is believed that no BCG signal is captured at all; while

all the peaks may still be due to noise.
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Figure 5-41. The bandpass filtered cardiac signal from piezo-resistive nonwoven sensor
D.

136



T T T T T T T T T T

—Piezo-resistive nonwoven sensor E
——Plux sensor

0.8 10.8

0.6 AANNAANAAANNANAANAAAAAANNANNAA 0-6

Normalised Amplitude (Plux)

0.4

T
|

0.4

Normalised Amplitude (Piezoresistive nonwoven)

0.2+ —40.2

1 1 1 1 1 1 1 1 1 1

22 24 26 28 30 32 34 36 38 40
Time (s)

Figure 5-42. Bandpass filtered cardiac signal from commercially available piezo-

resistive nonwoven sensor E.

The accuracy of the nanoscale silver ink impregnated piezo-resistive nonwoven sensor
for capturing cardiorespiratory signals was investigated further by matching the number
and the locations of the peaks detected in a period of time with the commercially
available device. The number and the locations of the resistance peaks were detected
and determined using a Matlab programme that considers the criteria that the minimum
distance between every two adjacent peaks needs to be 0.35 second and 3 seconds for
heartbeat signals and breathing signals, respectively. The amplitude of the peaks is
normalised as the fraction of the difference between the maximum and minimum

amplitude.

R—Rmin

Normalised amplitude = Equation 5-6

Rmax—Rmin

Five male and five female volunteers contributed their help for cardiorespiratory data

collection. The cardiorespiratory data of a five-minute period of each volunteer were
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recorded with the control cardiorespiratory data (captured by the commercially available

bio-signal sensing system).

Table 5-3 and Table 5-4 show the statistical data of the ten volunteers’
cardiorespiratory signals, from which it can be concluded that the nonwoven piezo-
resistive sensor performed reliably (the justification Matlab programme is available in
Appendix G). Compared with the control data group, it acquired the cardiorespiratory
signals with less variation. The discussions in the following sections are based on one
volunteer’s results, which were representative and typical. The accuracy of the
respiration rate (RR) and heart rate (HR) of the piezo-resistive sensor is calculated as the

following equations:

— (1 — IRRBew—RRwsl| ; )
Agr = (1 o ) X 100% Equation 5-7

where: Arr is the accuracy of the RR; RRg,.;; and RRy are the average RR of the belt

sensor and the nonwoven sensor, respectively.

_ |HRpcG—HRps|
HRpcg

Aup = (1 ) x 100% Equation 5-8

where: Anr is the accuracy of the HR; HRp; and HRy are the average HR of the BCG

sensor and the nonwoven sensor, respectively.

Table 5-3. Cardiorespiratory data of the male subjects.

No. of breathing/minute No. of heartbeat/minute
Male Belt Nonwoven | Absolute BCG Nonwoven | Absolute
sensor sensor difference | sensor sensor difference
1 13.93 12.96 0.97 70.04 72.17 2.13
2 15.08 13.30 1.78 74.83 74.43 0.40
3 15.07 12.69 2.38 57.52 69.82 12.30
4 14.74 13.17 1.57 79.42 72.35 7.07
5 11.87 12.19 0.32 70.53 75.59 5.06
Average 14.14 12.86 1.28 70.47 72.87 2.4
Standard
0.60 0.20 3.65 1.00
error
Accuracy 90.95% 96.59%
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Table 5-4. Cardiorespiratory data of the female subjects.

No. of breathing/minute No. of heartbeat/minute
Female Belt Nonwoven Absolute BCG Nonwoven | Absolute
sensor sensor difference sensor sensor difference
1 14.47 12.32 2.15 67.06 66.86 0.20
2 15.16 13.43 1.73 71.38 71.38 0.00
3 14.41 11.10 3.31 71.28 64.56 6.72
4 15.02 12.45 2.57 75.30 70.95 4.35
5 14.79 12.42 2.37 79.66 67.83 11.83
Average 14.77 12.34 2.43 72.94 68.32 4.62
Standard
0.15 0.37 2.13 1.28
error
Accuracy 83.55% 93.67%

5.4.1 Heartbeat signal matching

As mentioned above, the reprehensive cardiorespiratory signals captured by the piezo-
resistive nonwoven sensor D are compared and discussed with the signals acquired by
the Plux sensor in this section. The plotted data of the rest of the test subjects are
available in Appendix F.

In the result of the peak detection and matching investigation (as shown in Figure
5-43), it is clear that the signal amplitude variation of the nonwoven piezo-resistive
sensor is much smaller than that of Plux BCG sensor. Most of the peaks of the piezo-
resistive nonwoven sensor are strong and clearly identifiable. In the peak location
matching graph, minor shift between two sets of peaks can be observed due to the
natural difference between the working principles of the Plux BCG sensor and the
piezo-resistive nonwoven sensor which is that the Plux BCG sensor picks up the pulse

on the finger which will cause a delay in the signal.
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Figure 5-43. Heart signal peak detection and location matching between the nonwoven

piezo-resistive sensor and commercially available BCG sensor.

The reproducibility of the electroconductive nonwoven fabric based sensor in the

application of the capturing the cardiorespiratory signal was studied. The

cardiorespiratory signals were acquired from the nonwoven sensor and commercially
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available sensor (Plux bio-signal system) on the same subject for 10 times. Each test
lasted at least 5 minutes. The heartbeat count of these tests, from the piezo-resistive
nonwoven sensor and the commercially available BCG sensor, normalised to the
number of beats in one minute. Among ten tests, one of the test results was found
unusual that the piezo-resistive nonwoven sensor obtained a heart rate of 91.98
beats/minute where the Plux BCG sensor had only 72.92 beats/minute. The sensor
performed normally in other nine tests. This unusual result could be due to the
unexpected noise that affected the performance of the sensor. This issue should be able
to be resolved if a better filtering system is applied. Due to the fact that the same subject
was not available for more testing, the results of the other nine tests are illustrated in
Table 5-5.

Table 5-5. Heart rate (number of beats per minute) comparison

Test Plux BCG sensor | Piezo-resistive nonwoven sensor | Difference

1 71.88 64.63 7.25
2 71.88 73.93 2.05
3 71.43 77.71 6.28
4 70.34 72.34 2.00
5 72.05 79.64 7.59
6 66.73 72.86 6.13
7 73.39 70.86 2.53
8 68.90 75.02 6.12
9 65.82 76.88 11.06

Average 70.27 73.76 3.49

Standard error 0.86 1.47
Accuracy 95.03%

It can be seen that the heart rate of the Plux BCG sensor and the nonwoven piezo-

resistive sensor are comparable. The piezo-resistive nonwoven sensor achieved a
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reliable performance with a standard deviation of 1.47 beats per minute and 95.03% of

accuracy in detecting the cardiac signal.

5.4.2 Breathing signal matching

Table 5-6. Breathing rate (number of breaths per minute) comparison

Test Breathing belt sensor | Piezo-resistive nonwoven sensor | Difference

1 11.31 11.68 0.37
2 11.35 11.35 0.00
3 12.77 14.06 1.29
4 11.14 14.00 2.86
5 11.62 11.42 0.20
6 13.17 12.37 0.80
7 11.89 10.96 0.93
8 12.44 11.81 0.63
9 10.85 13.03 2.18
10 12.21 11.25 0.96

Average 11.88 12.19 0.31

Standard error 0.24 0.36
Accuracy 97.39%

Same as the tests in capturing heartbeats, ten tests were performed with the piezo-
resistive nonwoven sensor and the breathing counts over one minute were determined.
The statistical data in Table 5-6 show that there are only negligible differences between
the two types of sensors in the aspect of capturing the breathing signals and a high

accuracy of 97.39% was achieved.

Figure 5-44 indicates the performance of the piezo-resistive nonwoven sensor while
capturing the breathing signal, compared with the commercially available breathing belt
sensor. The peaks of the signal captured by the nonwoven piezo-resistive sensor are
clearer than that of the commercially available sensor system. However, there is a false

peak detected in using the developed Matlab coding (marked in Figure 5-44(a)).
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Figure 5-44. Breathing signal peak detection and location matching between the
nonwoven piezo-resistive sensor and commercially available breathing belt sensor.
(Marked: false peaks detected)
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5.4.3 Response and recovery time of the piezo-resistive nonwoven sensor

A phenomenon was found throughout the tests that a short but varying period time is
required at the beginning of the test, in order for the signals to be stabilised and capable
of showing a reliable resistance reading.[243] Also, another similar phenomenon was
observed when a sudden movement was carried out. The time for the sensor to respond
the cardiorespiratory signals and recovery time from interferences was studied. It is
discovered that the response time of the piezo-resistive nonwoven sensor is 12.65

seconds for heart signal capturing and 17.24 seconds for breathing signal.

The recovery time of the sensor was measured by calculating the average elapsed time
before the signal fully recovered from strong movement spikes. In the cardiorespiratory
signal acquisition test, the subject moved his body intentionally, at random intervals as
long as the sensor had already recovered from the last interference. The typical
cardiorespiratory signal acquired from this test is shown in Figure 5-45. It can be seen
that the cardiac signal requires less recovery time, which is 10.37 second, while

respiratory signal needs 25.83 seconds to be fully recovered from motion artefacts.
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Figure 5-45. Recovery time of the piezo-resistive nonwoven sensor.
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5.5 Development of a nonwoven sensor with directional

electroconductive monofilament/yarns and its empirical modelling

As has been discussed in chapter two, nonwoven materials have advantages of excellent
ink/particle absorbency and high resistance change with pressure applying; the
nonwoven materials have been widely studied in use of piezo-resistive pressure sensing
applications. It is necessary to develop a model for the piezo-resistive nonwoven
material used in this research in order to characterise its function. However, due to the
random nature of the nonwoven materials, it is almost impossible to create a precise
model that can represent every part of the nonwoven structure. In the aspect of
nanoscale electroconductive ink impregnation, the exact information of the substrate is
critical to its piezo-resistivity. Many factors are related to the piezo-resistivity of the
nonwoven material, such as location, morphology, quantity and the relationships with

other joints or potential contacting points.

In order to overcome these issues, a nonwoven sensor with directional
monofilaments/yarns laid at 0-degree and 90-degree angles multi-layer structure is
introduced. Similar to nonwoven fabrics, the monofilaments/yarns in the structure are
not interlooped or interlaced as knitted or woven fabrics, which provides this structure
with an advantage that the weak signals will not damp as in knitted or woven structures.
Also, the relatively loose structure allows the electroconductive ink to be thoroughly
impregnated through the structure. The piezo-resistivity of such structure has similarity
to the nonwoven fabrics: upon compressing, the change in the contact points results in
the change of the resistivity of the material. Therefore, it is believed that this structure
has a similar behaviour to the piezo-resistive nonwoven material. As the structure is
fabricated under a less random condition, the details of the structure are controlled. This

allows the modelling of such structure become possible.

5.5.1 Design and fabrication of the nonwoven piezo-resistive sensor with

directional monofilaments/yarns

The design of the nonwoven sensor with directional monofilaments is illustrated in

Figure 5-46. The structure was constructed as follows:

e as can be seen in Figure 5-46, on each layer, the monofilaments remain parallel

with an interval of 0.5 mm between each other; the monofilaments in the
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neighbouring layers are crossed at a 90-degree angle, creating a set of crossing
points; in order to maintain straight, the ends of the monofilaments were taped
firmly on a plastic frame;

while creating the third layer, the monofilaments will be parallel with the first
layer; however, the third layer is not stacked directly at the location of the first
layer, but with a 0.25 mm shift; thus, the sets of the crossing points between
layer 1 and 2, layer 2 and 3 are separate; this prevent joints from connecting to
each other at zero pressure; also the dangling structure increases the thickness of
the structure under the same area density; upon compressive, this can increase
the chance of creating new contacting point via bending as well;

the crossed area is 45 mm by 45 mm, which was suitable for a compressive area
of 40 mm by 40 mm; the diameter of the monofilaments is 0.2 mm; altogether 8
layers of monofilaments were placed, in order to simulate the performance of the
nonwoven materials used throughout the current research; the photos of the

structure during construction and finished construction were shown in Figure

5-47.
| ! | |

Figure 5-46. A schematic of the monofilament layered structure.

The monofilament used in the construction of this structure was high-density

polyethylene (HDPE), which initially was designed for thermal bonding. However, due

to the nature of HDPE and the high tension kept applied on the monofilament, shrinkage

appeared during the thermal bonding process. As the mould used for creating thermally
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bonded nonwoven materials could only apply pressure on the air-through direction, the
shrinkage was inevitable and maintaining of the structure was impossible. Therefore,

this structure was then investigated and tested without thermal bonding.

T R
AT AT AT

i

Figure 5-47. Photos of the monofilament layered structure. Left: during construction;

right: finished nonwoven sensor with directional monofilaments.

5.5.2 Nanoscale silver particle-based electroconductive ink impregnation

In order to grant HDPE based structure piezo-resistivity, the structure was dip-coated
with nanoscale silver ink. Due to the fact that the mangling and the thermal sintering
process were not able to be carried out, the coated structure was left in a ventilated
environment for at least 24 hours to ensure the silver ink was fully dried and naturally

sintered.

The morphology of the silver deposition on the HDPE can be seen in Figure 5-48.
Similar to the nonwoven materials, the coating of silver along the monofilament is
observed. The silver particles were also found deposited on the structure in a form of a
water drop. Due to a large amount of aqueous silver ink, the surface tension of the ink
dragged the nearby monofilaments together, and eventually weakly bonded them
together, as can be observed in Figure 5-48(c). The results of EDX analysis reveal that
though some silver agglomerates are found, generally, the nanoscale silver particle
impregnation was uniform on the monofilaments, as illustrated in Figure 5-49.
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Figure 5-48. SEM image of the monofilament laid structure.

(a) Carbon (b) Silver

Figure 5-49. EDX elemental mapping of carbon and silver.

5.5.3 Electromechanical characterisation and cardiorespiratory signal acquisition

Electromechanical tests were carried out on the nonwoven structure in order to study its

piezo-resistivity.
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Figure 5-51. The sensitivity of the directional monofilament laid nonwoven sensor.
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From Figure 5-50 and Figure 5-51, it can be clearly concluded that the developed
directional monofilament laid nonwoven sensor showed superior piezo-resistivity and
sensitivity. Apparently, the thorough nanoscale silver coating along the filament surface
and at the joint areas created a large amount of potential contacting points for this
material. It can be concluded that the nonwoven structure has a high sensitivity from 7.5

g/cm? to 40 g/lem?.

Resistance ({2)

Pressure (g/cmz)

Figure 5-52. Resistance vs. pressure cyclic loading curve of 20 cycles on the HDPE

nonwoven structure.

Cyclic loading tests were carried out within this region and the results are shown in
Figure 5-52. It is clearly shown that the nonwoven structure produced quite repeatable
results in 20 cycles. As expected, the resistance hysteresis percentage is higher than the
materials tested in section 5.2.2.2. As listed in Table 5-7, the average resistance
hysteresis loss percentage of the HDPE nonwoven structure reaches 5.70%. This is due
to the fact that the heavy HDPE monofilaments have worse flexibility than the fine

fibres/yarns used to create nonwoven, knitted or woven fabrics.
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Table 5-7. The resistance hysteresis of the HDPE nonwoven structure

No. of cycle ReSISta(nS(;(.e(g/{stmezr)e)ms loss Resistance loss percentage
1 115.89 6.03%
2 112.53 5.96%
3 108.11 5.69%
4 121.18 6.44%
5 111.34 5.97%
6 115.00 6.18%
7 105.50 5.71%
8 111.58 6.02%
9 109.22 5.91%
10 108.87 5.90%
11 108.73 5.89%
12 104.95 5.72%
13 102.10 5.57%
14 99.52 5.45%
15 98.08 5.39%
16 100.09 5.49%
17 96.35 5.30%
18 90.92 5.01%
19 96.07 5.28%
20 92.71 5.11%

Average 105.44 5.70%

There are repeatable sharp resistance changes at 30 g/cm? on loading and 23 g/cm? on
unloading cycles, which also can be observed in the quasi-static test result. The slopes
of the curve before and after this critical pressure point (30 g/cm? for loading and 23
g/cm? for unloading) are very similar, indicating the similar piezo-resistive sensitivity
and structural change during these periods. The change of resistance over pressure

increasing is believed to be caused by that:

(1) the silver agglomerates gathered at the joints or between filaments are getting
compressed;
(2) new contact points are created between filament surfaces due to bending;

(3) new contact points are created between joints due to further bending.

As indicated in the structure design, the nonwoven structure was designed to place the
joints in separate locations, so to avoid the contacting of the joints in neighbouring

layers. Therefore, (3) requires a higher pressure level than (1) and (2); and the piezo-
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resistive sensitivity of these 3 statuses should also increase accordingly. Thus, the sharp

resistance change at 30 g/cm? and 23 g/cm?on the loading and unloading cycle can be

explained as:

(i)

(i)

(iii)

(@)

®) ko

© |f

when the pressure has not reached the critical pressure point, the piezo-
resistivity changes because of (1) and (2);

however, during the short period of the pressure has reached the critical point,
new contact points are formed between the crossing points as explained in (3);
after this point, the structure is further compressed, but lacking new contact
points to be created; the piezo-resistive sensitivity at this stage changes mainly
due to (1). This also explains the reason why the sensitivity after the critical

pressure point is slightly lower than before the critical point.
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Figure 5-53. Cardiac signal captured by directional monofilament laid nonwovens

sensor. (a) Monofilament laid structure; (b) Plux sensor; (¢) peak location validation.

Figure 5-53 illustrates the performance of the directional monofilament laid nonwoven

sensor in capturing cardiac signals, in which the peak location matching graph shows

that the monofilament laid structure captured 59 out of 68 cardiac signals during the
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period of 60 seconds. Though the results were encouraging, this was not expected. It is
believed that the weak ballistic signal generated from heartbeats will damp within the
heavy yarns or fabrics, which was validated by the results of knitted fabric based and
woven fabric based sensors. Additionally, the high resistance hysteresis loss percentage
would also cause the sensor lack of sensitivity to pick up the weak signals of heart. The
thick HDPE (compared with the diameter of the fibres in nonwoven fabrics) should not
be ideal to capture the cardiac signals. The success cardiac signal acquisition can only
be explained as that the pressure applied on the chest during cardiorespiratory signal
capturing test were 25 g/cm?, which was within the 23-30 g/cm? region where the sensor
has a superior sensitivity. Compared with the Plux BCG monitoring device, the
nonwoven sensor with directional monofilament achieved an accuracy of 84.2% in

acquiring the heart signal over a period of five minutes.

However, during testing, it was found that the nanoscale silver particles fell down from
the structure. This is believed to be the result of incomplete sintering. In addition, the
initial existing silver coating along or in between two monofilaments wore out upon
testing. Eventually, the nonwoven sensor fabricated with directional monofilaments lost
its electrical conductivity. And due to the randomly formed large silver depositions
caused by the incomplete sintering, it was found difficult to produce another reliable
sensor material. The bonding process is essential in the creation of such structure in
order to obtain a uniform silver particle impregnation for later test procedures. A
thermal bonding technology that can prevent the monofilament from shrinkage needs to
be investigated. Also, finer monofilaments need to be sourced in order to improve the
reliability of the sensor in cardiorespiratory monitoring application and the feasibility
for weaker bio-signals. In addition, due to the fact that the monofilaments are quite apart
from each other, compared with the fibre distance in nonwoven fabrics, the silver
particles were found difficult to be uniformly coated on the monofilament. In order to
obtain a more reliable sensor, it is necessary to improve the coating technology for

uniform yet partial coating.

In order to further investigate the piezo-resistivity of such structure and due to the
limited access to the solutions mentioned above, the nanoscale silver particle coated
HDPE monofilaments were replaced by silver coated polyester yarns. The silver coated

polyester yarns can be considered equal to a material that the extreme uniform silver
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particle coating was achieved. The nonwoven sensor made from directional silver

coated polyester yarns are shown in Figure 5-54.
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Figure 5-55. Compressive cyclic loading on the nonwoven structure made from silver
coated polyester yarns.
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Table 5-8. The resistance hysteresis of the silver coated yarn based nonwoven structure

No. of cycle ReSISta(nS(;(.e(g/{stmezr)e)ms loss Resistance loss percentage

1 75.38 3.04%
48.37 2.03%

3 37.12 1.58%
4 36.13 1.56%
5 37.04 1.62%
6 32.71 1.44%
7 30.93 1.37%
8 32.04 1.43%
9 31.45 1.41%
10 28.74 1.30%
11 34.24 1.55%
12 28.56 1.30%
13 30.66 1.40%
14 20.95 0.96%
15 29.18 1.33%
16 31.54 1.44%
17 29.45 1.35%
18 29.53 1.36%
19 28.88 1.33%
20 28.61 1.32%
Average 34.08 1.51%

This nonwoven sensor showed good repeatability and resistance hysteresis in
compressive cyclic loading tests (as shown in Figure 5-55 and Table 5-8). The
unbound structure and the elasticity and flexibility of the yarns provided the nonwoven
structure with excellent recoverability for compression, resulting in a low average
hysteresis loss percentage of 1.51%. However, the fibrous yarn structure prevented the
detection of the weak bio-signals; the similar conclusions have been made for knitted
fabric based and woven fabric based sensors; as expected, the nonwoven sensor failed to
capture the cardiorespiratory signals. Therefore, the empirical modelling was based on

static situations.
5.5.4 Empirical modelling

The relationship between the pressure level, the conductance of the nonwoven structure
material, piezo-resistivity and the size of the compressive area was studied. According

to Pouillet’s Law, the electrical resistance (R) can be represented as:
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R=pX % Equation 5-9

where: p is the resistivity of the material; L is the length of the material in the direction
of current flow; A is the cross-section of the material. In the current research, L is the
thickness of the nonwoven structure (t), while A represents the size of the sensor area.

The dynamic thickness of the sensor can be calculated via:
t=ty,—d Equation 5-10

where: d is the deformation of the sensor during the compressive test. Therefore, the
resistivity of the piezo-resistive sensor equals to:

Equation 5-11

Figure 5-56. A Messmer micrometer.

The thickness of the nonwoven structure was measured using a micrometre from
Messmer, as shown in Figure 5-56. Five measurements were carried out in order to
ensure the accuracy of the model. The piezo-resistivity of the nonwoven structure sensor
was tested under quasi-static conditions with various sizes of the compressive area, 10
mm by 10 mm, 20 mm by 20 mm, 30 mm by 30 mm and 40 mm by 40 mm. Five tests

were carried out for each size of the compressive area and calculated by averaging. The
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empirical models for sensor conductance, sensitivity and resistivity and their
verification are shown in Figure 5-57 to Figure 5-59. The verification curves were
generated from the experiments carried out on an independent test setup of sensor area
of 35 mm by 35 mm. The Matlab programme used for creating the empirical model and

data points for the models and their verification are provided in Appendix H and I.
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Figure 5-57. The empirical model and verification curve for sensor conductance against

variable pressure and sensor area; verification sensor area: 12.25 cm?.
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Figure 5-58. The empirical model and verification curve for sensor sensitivity against

variable pressure and sensor area; verification sensor area: 12.25 cm?.
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From the verification curve for sensor conductance (as shown in Figure 5-57), it can be
seen that the trends between empirical data and experimental data are very similar to
each other, with the minute shift between the values. The high conductance of the
nonwoven structure sensor can be achieved by increasing the sensor area and high
biasing pressure. However, maintaining high biasing pressure is not always feasible for
long-term applications; therefore, increase the sensor area is a more feasible method for

acquiring high sensor conductance.

However, in Figure 5-58, a large gap can be spotted between the empirical sensor
sensitivity and its verification data at near-zero pressure. This is due to the fact the
nonwoven structure was tested without any bonding. At near-zero pressure, the silver-
coated yarns were free from any fixation. Any noises, vibrations or even wind may
affect the results significantly. The verification shows more promising results after
reaching 10 g/cm?. However, the sensitivity becomes practically zero after the pressure
exceeds 20 g/cm?. This explains why the nonwoven structure created by silver-coated
yarns failed in capturing the cardiac signals, in which a biasing pressure of 25 g/cm?was
applied. However, if the biasing pressure is reduced to 10 g/cm? in order for the
directional-yarn nonwoven sensor to work with a higher sensitivity, the variation of the
sensor itself and interferences due to the motion artefacts from breathing are
significantly increased to an unaccepted level. This concludes that the directional silver
coated polyester yarn laid nonwoven structure was not the optimum sensor for capturing
the cardiorespiratory signal under the current test setup. On the other hand, a non-
monotonous relationship between the resistivity and sensor area has been found, as
illustrated in Figure 5-59. The piezo-resistivity of the sensor achieved the maximum
value at the sensor area of 8.5 cm?, and gradually reduces with the change of the sensor

area.

Table 5-9 lists the root-mean-square error (RMSE) and correlation coefficient results of
the empirical models. The gaps between the empirical data and verifications and the
large RMSE value for the resistivity model is due to the limited number of sensor areas
tested. However, all the three empirical models show high correlation coefficients over
0.99 with the experimental results. Therefore, these models are still considered being

useful to predict the performance of the piezo-resistive material.
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Table 5-9. The RMSE and correlation coefficients of the empirical models for the

sensor conductance, sensitivity and resistivity.

RMSE Correlation coefficient
Cond(usc;tance 0.00240 0.9941
Sensitivity
@ g o) 0.06618 0.9926
Resistivity
(Qm) 5.90868 0.9987

With the help of these empirical models, the electrical properties of the nonwoven
structure can be predicted. Suitable dimension and biasing pressure can be selected for

the optimum sensor in order to fulfil various application demands.

5.6 Summary

In this chapter, the results of the experimental work carried out in this research were
reported and discussed. In the preliminary tests, the effects of the adhesive webbing
fabrics on the piezo-resistivity of the sensor was investigated and it was found that
adhesive webbing fabric provided a significant improvement in stabilising the sensor,
minimising the motion artefacts between sensor fabric layer and electrode layers,
lowering minimum biasing pressure and reducing the overall electrical resistance of the

Sensor.

From electromechanical compressive strength tests, fabric based piezo-resistive sensors,
fabricated from different types of nonwoven fabric, knitted fabric and woven fabric,
have been studied in detail. It was found that the sensor material with a higher silver
take-up percentage and with a multi-layer structure showed better piezo-resistivity in the
quasi-static compressive strength tests. The higher silver take-up percentage provided a
higher possibility of creating new electrical paths under compression, therefore resulting
in a bigger change in resistance. Addition to the contact points between the fibre joints,
the multi-layer structure gave the fabric the capability of establishing new contacts
between layers. Among the nonwoven fabric based piezo-resistive sensors, the
commercially available nonwoven fabric E performed the best in the aspect of quasi-

static compressive strength testing.
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In the dynamic cyclic loading tests, it was discovered that the piezo-resistive nonwoven
sensors fabricated with sample D, E and G showed good repeatability after 20 cycles.
The woven fabric based sensor (sample K) was found with a huge hysteresis loss on the
first cycle due to its poor recoverability from compression. The reliability of the knitted
fabric based sensor (sample J) reduced after 16 cycles. By calculating the resistance
hysteresis loss and resistance hysteresis percentage, it can be concluded that the
thermally bonded nonwoven fabric based sensors (sample D and G) had a smaller
hysteresis effect than the spunlace nonwoven fabric based sensor (sample E).

RTD effect was observed especially in the woven structure based sensor. As lacking
recoverability from compression, the RTD of the woven based sensor was much bigger

than other samples.

In the aspect of cardiorespiratory signal capturing, sample D were found with the best
performance. It successfully captured both the cardiac and respiratory signals and it
even performed better than the commercially available monitoring device in capturing
the respiratory signals from motion artefacts. Approaches such as using filtering and
developing programme algorithms were carried out in order to improve the reliability
and accuracy of the piezo-resistive nonwoven sensor. A Matlab programme used for

identification of the peaks in the acquired signals was developed.

In the end, the development of a nonwoven structure with directional
monofilaments/yarns was introduced. The nonwoven sensor laid with directional
electroconductive monofilaments were found with unique piezo-resistivity, which had a
high sensitivity within the pressure range from 23-30 g/cm?. Based on this investigation,
the empirical models on the sensor conductance and piezo-resistivity over variable
sensor areas and pressure were calculated and verified by carrying out experiments.
These models can be used to provide preliminary information to engineer the nonwoven

based pressure and predict its sensor performance.

162



Chapter Six: Conclusions and future work

6.1 Conclusions

The aim of this research is to develop a new textile-based sensor suitable for weak bio-
signal sensing applications. From the previous work, the necessary and urgency in need
of developing a non-invasive, flexible and portable sensor, especially for the
cardiorespiratory signal monitoring that can be used in daily, long-term and ambulatory
condition has been proven. This research focused on the piezo-resistive materials. By
impregnating nonwoven materials with electroconductive inks made of the nanoscale
silver particle, the nonwoven fabric materials were granted with piezo-resistivity, while
retaining the excellent textile properties, such as flexibility and recoverability from

compression.

The nonwoven materials were impregnated with nanoscale silver particles by dip-
coating technology and sandwiched by functional layers of electrodes and adhesive
layers. The developed nanoscale silver particle ink impregnated nonwoven materials
were studied under Scanning Electron Microscopy (SEM) and Energy-dispersive X-ray
Spectroscopy (EDX) technology in order to understand the morphology of the silver

deposition and evaluate the impregnation performance.

From the SEM analysis, four types of silver deposition morphology were found:
deposition of the fibre surface; complete coverage over the pore; partial coverage over
the pore; deposition along the pore. The conditions in order for these types of deposition
to happen were believed to be related to the size of the silver particles, the size of the
pore and the diameter of the fibre. Additionally, the thermal sintering process might

interference the type of deposition as well.

The area density, thickness and the surface structure of the nonwoven materials have
been found related to the impregnation performance. It was discovered that the
impregnation results varied based on the area density of the nonwoven materials of the
small thickness nonwoven fabrics. When the area density is too high, the fibres on the
surface of the nonwoven fabric will be closer to each other, preventing the silver
particles from entering the inner structure and resulting in ununiformed silver
distribution. However, in the thick nonwoven materials, the nanoscale silver particles

were more evenly distributed along the thickness direction than on the planar direction.
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The nanoscale silver particles were more likely to be trapped by the fibre joints and the

porous area within the fabric structure than on the surface.

It was also found that the thickness of the thermally bond nonwoven fabrics had a major
impact on the ink impregnation performance. The thin nonwoven fabric functioned
more like a flat, single layer structure. Upon compression, the change in resistance
would mostly be acquired from the deformation of the whole structure. Whereas the
thick nonwoven materials are multi-layer structures, which allowed the silver particles
to be distributed between layers and potentially could create more contact points to
show a better piezo-resistivity during compression. This finding was proved in this
research that the piezo-resistive sensors fabricated from thick nonwovens performed

better than thin nonwoven fabric based sensors.

The dot pattern embossed nonwoven fabrics were found with the combination of the
advantages from both thick and thin nonwoven fabrics. The partially bonded surface
structure provides the good compressive and piezo-resistivity like thick nonwoven
materials, while the embossed area allows a more uniform impregnation performance.
The nanoscale silver particle ink impregnated on the knitted and woven structures was

found absorbed by yarns, instead of on the fabric/yarn surface.

From the electromechanical characterisation on the nanoscale silver particle ink
impregnated nonwoven sensors, it was discovered that the usage of adhesive webbing in
the construction of the nonwoven based piezo-resistive sensor was essential and critical.
The adhesive webbing fabrics were found an effective method for the improvement on
reducing the variation of the sensor under low biasing pressure. It can also be concluded
that silver take-up percentage has an effect on the resistance of the sensor. Though the
sensor sensitivity at low-pressure region can be improved by increasing the initial sensor
resistance, the stability and reliability of the sensor are compromised. The nonwoven
materials with a higher silver take-up percentage show better piezo-resistivity. By
changing the silver take-up percentage to an appropriate level, the nanoscale silver ink
impregnated nonwoven materials can be engineered to achieve high piezo-resistive

sensitivity at desired work pressure with controlled variation.

It was also found that the nonwoven materials with a big thickness show better piezo-
resistive property in the aspect of compressive testing. The nonwoven fabric based

sensors were found requiring fewer cycles in order to provide a reliable signal reading,
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comparing with knitted or woven fabric based sensors. The nonwoven materials and
knitted fabrics with better compressibility and recoverability also showed a much
smaller resistance hysteresis loss. The nonwoven fabric based sensors also suffered less
from the resistance time drift than other types of textiles.

In the investigation of the feasibility of using the designed and engineered piezo-
resistive material as a cardiorespiratory sensing material, it was found that the piezo-
resistive nonwoven based sensors were capable of capturing the respiratory signals
under normal and rapid breathing conditions. The dot pattern embossed nonwoven was
discovered with the capability of detecting the breathing signals after a strong motion
artefact, which was an improvement compared with the commercially available sensor
device. As to the knitted fabric based and woven fabric based piezo-resistive sensors, it
was found that the weak bio-signals damped in the yarn and fabric structure, resulting in
inaccurate and unreliable cardiorespiratory graphs.

A data processing programme including noise filtering and peak justification was
developed in order to improve the reliability and accuracy of the piezo-resistive
nonwoven sensor. It was found that with the help of the designed programme, the
acquired signals showed a much smoother curve, which contained less noise and
fluctuations. The piezo-resistive nonwoven cardiorespiratory sensor made from the dot
pattern embossed nonwoven materials achieved an accuracy of detecting the
cardiorespiratory signal of 87.25% and 95.13% for respiratory and cardiac signals,
respectively (averaging from the results from male and female subjects). The sensor also
showed a variation less than 5% in the cardiorespiratory acquisition. The response and
recovery time of the piezo-resistive sensor were also determined by experiments that the
response time of the piezo-resistive nonwoven sensor is 12.65 seconds for heart signal
capturing and 17.24 seconds for breathing signal. The piezo-resistive nonwoven sensor
requires less recovery time for the cardiac, which is 10.37 seconds, while respiratory
signal needs 25.83 seconds to be fully recovered from motion artefacts.

A nonwoven sensor was constructed by laying directional monofilaments/yarns at 0-
degree and 90-degree angles in order to simulate the performance of the nonwoven
fabric based piezo-resistive sensor. The constructed nonwoven sensor was designed in
such a way that the crossing points (contact points between two neighbouring layers)

were not stacked right on top of another so that a specific biasing pressure was required
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for the crossing points to connect between layers. It was found that the connection of the
crossing points between layers could increase the piezo-resistive sensitivity at that point
sharply. The biasing pressure for the constructed nonwoven structure to trigger the
sensitivity boost was found to be within the region of 23 g/cm? to 30 g/cm?, which will
increase the sensitivity from 0.3288 Q/(g/cm?) to 0.7665 Q/(g/cm?).

The conductance, piezo-resistive sensitivity and resistivity of the nonwoven sensor
made with directional silver coat polyester yarns were empirically modelled in order to
predict the performance of the nonwoven sensors. The empirical models provided
important preliminary information on the conductance, sensitivity and resistivity of the
nonwoven sensor varying from 0-100 g/cm? pressure and 1-16 cm? sensor area. The
empirical models were verified by the experimental results tested under an independent
sensor area of 12.25 cm?2. The models showed that in the aspect of conductance, a high
conductance value can be achieved by increasing the biasing pressure or the sensor area.
The sensor with an area size of 16 cm? showed high conductance trend over the

complete pressure range.

The empirical model showed that the sensitivity of the sensor would drop sharply at
near zero pressure. This was due to the fact that the constructed nonwoven sensor with
directional silver coated yarns were free from any bonding, the piezo-resistive
nonwoven sensor would be affected by any vibration or noise so easily, which caused
the huge variation under that biasing pressure. By increasing the pressure, the nonwoven
sensor worked with a more reliable sensitivity from 10 g/cm? to 20 g/cm?. Beyond this
point, the sensitivity dropped to practically zero. Thus, it can be deduced that
improvements should be carried out in order to increase the sensitivity of the directional
silver coated yarn based nonwoven sensor under a higher biasing pressure where there is
less variation in the sensitivity. A non-monotonous relationship between the resistivity
and sensor area has been found in the nonwoven sensor made with directional silver
coated yarns. The highest resistivity appears at a sensor area of 8.5 cm?, while either

increasing or decreasing the sensor area will cause a reduction in the resistivity.

6.2 Recommendations for future work

e Silver was chosen as the electroconductive material in this research, due to its
electrical property, high cost to performance ratio and availability. Other

electroconductive materials such as copper, gold and graphene could be
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investigated to study their performance in creating nonwoven fabric based
Sensors.

In this research, the morphology of the nanoscale silver particles deposited on
the fibres in a nonwoven fabric has been studied and was found to be related to
the size of the silver particles, the size of the pore and the diameter of the fibre.
Further research can be carried out in the direction of the quantitative
relationship between the deposition morphology and these factors.

The modified surface structure of the dot pattern embossed nonwoven fabrics
resulted in good nanoscale silver particle ink impregnation performance. The
effects of the modifications on the surface structure can be further studied, such
as the type of embossing, depth of the embossing area, size of the embossing
area, etc.

Ways of improving the piezo-resistivity of the nonwoven fabric based pressure
sensors have been studied, such as increasing the sensitivity by altering the silver
take-up, applying appropriate biasing pressure, optimising sensor area and so on.
Other factors may affect the piezo-resistivity of the nonwoven fabric materials as
well. Further research can be carried out on the investigation of the effect of the
fabric thickness, area density, flexibility and recoverability to compression on
the piezo-resistivity of the nonwoven materials.

The dip-coating method was used in this research in order to create piezo-
resistive nonwoven materials. However, during experiments, it was found that
the current dip-coating method has difficulties in controlling the exact amount of
silver particles being coated. In the future, more work can be conducted in the
direction of achieving precise and controllable silver take-up on nonwoven
materials, based on dip-coating or other impregnation methods.

Improvements in the accuracy and reliability of the nonwoven fabric based
cardiorespiratory sensor are needed. Also, the direction of investigation can put
on the development of reducing the response and recovery time of the nonwoven
fabric based sensors.

The current sensor was the prototype version of a flexible wearable
cardiorespiratory sensing device. The integration method in order to apply this
sensor to a garment needs to be developed. Also, whether or not this sensor

requires shielding from motion artefact or noise requires further investigation.
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In order to simulate the performance of an electroconductive ink impregnated
nonwoven material under the compressive situation, a nonwoven type structure
was created by laying directional monofilaments/yarns at 0-degree and 90-
degree angles without interlacing. The characteristics of such nonwoven
structure have been studied; however, the performance of such type of
nonwoven structure with monofilaments laid at other angle combinations
remains unsurveyed. Also, the type of monofilaments or yarns can be researched
in more details.

The nonwoven structure created in this research was intentionally designed for
thermal bonding in order to enhance its mechanical property. However, due to
limited access to the thermal bonding technology that can prevent the HDPE
from shrinkage, the nonwoven structure was investigated without bonding. The
effect of the thermal bonding or any other bonding processes on the piezo-
resistivity of such structure needs to be studied further.

The silver particles coated on the HDPE eventually worn out or fell apart due to
poor sintering performance from natural sintering method. Therefore, a new
fabrication method suitable this HDPE made nonwoven structure needs to be
developed, including altering the silver ink recipe, different bonding methods
and low-temperature sinter process and so on.

Empirical models of the conductance, resistivity and sensitivity were developed.
Other types of modelling such as theoretical modelling, mathematical modelling,
finite element modelling can be developed in order to characterise the function
of such structure further.

The cardiorespiratory signal was selected as the weak bio-signal to validate the
function of the sensor. The sensor parameters were designed for capturing weak
bio-signals. However, the feasible methods based on textile materials for

acquiring other weak bio-signals need to be studied.
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Appendix A: Cyclic compressive loading
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Appendix B: Hysteresis analysis of sample D, E, G,
Jand K

Resistance hysteresis loss of sample D, E, G, J and K in cyclic compressive loading test.

Sample D E G J K
Cycle No. | Resistance hysteresis loss (Q-(g/cm?))
1 70.25 | 183.37 | 96.21 | 104.55 | 428.70
2 80.15 | 205.09 | 107.94 | 59.25 | 125.26
3 76.67 | 160.70 | 91.42 | 55.04 | 99.40
4 83.36 | 154.63 | 116.22 | 41.13 | 81.23
5 62.43 | 153.20 | 105.08 | 44.01 | 74.76
6 66.46 | 150.14 | 102.05 | 43.87 | 68.19
7 59.19 | 148.11 | 106.78 | 34.87 | 68.60
8 66.61 | 152.32 | 106.88 | 41.60 | 75.70
9 60.62 | 156.59 | 110.03 | 42.87 | 71.27
10 66.36 | 154.77 | 112.43 | 41.27 | 71.52
11 67.05 | 148.31 | 114.89 | 41.73 | 57.16
12 59.61 | 150.39 | 96.74 | 36.60 | 62.92
13 58.99 | 157.56 | 107.84 | 35.50 | 64.01
14 62.03 | 155.08 | 110.49 | 39.53 | 60.48
15 59.85 | 150.20 | 123.69 | 39.76 | 67.91
16 58.95 | 151.11 | 122.01 | 39.64 | 73.69
17 60.97 | 152.04 | 109.22 | 47.79 | 65.74
18 60.79 | 151.74 | 113.81 | 58.48 | 76.12
19 57.65 | 158.31 | 89.79 | 60.74 | 70.22
20 54.38 | 152.46 | 137.79 | 50.38 | 66.52
Average | 64.62 | 157.31 | 109.07 | 47.93 | 91.47
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Resistance hysteresis loss percentage of sample D, E, G, J and K in cyclic compressive

loading test.
Sample D E G J K
Cycle No. Resistance loss percentage
1 2.19% | 4.76% | 1.81% | 2.63% | 15.18%
2 2.53% | 5.46% | 2.06% | 1.54% | 5.18%
3 2.44% | 4.39% | 1.78% | 1.45% | 4.24%
4 2.73% | 4.26% | 2.25% | 1.09% | 3.53%
5 2.01% | 4.26% | 2.05% | 1.18% | 3.29%
6 2.14% | 4.20% | 2.00% | 1.18% | 3.02%
7 1.91% | 4.17% | 2.09% | 0.94% | 3.06%
8 2.16% | 4.30% | 2.10% | 1.13% | 3.38%
9 1.96% | 4.45% | 2.16% | 1.17% | 3.19%
10 2.15% | 4.43% | 2.21% | 1.13% | 3.22%
11 2.18% | 4.26% | 2.27% | 1.14% | 2.59%
12 1.94% | 4.32% | 1.92% | 1.00% | 2.85%
13 1.93% | 4.54% | 2.14% | 0.98% | 2.92%
14 2.03% | 4.49% | 2.20% | 1.09% | 2.75%
15 1.97% | 4.36% | 2.47% | 1.10% | 3.08%
16 1.94% | 4.39% | 2.44% | 1.09% | 3.34%
17 2.01% | 4.43% | 2.19% | 1.32% | 2.99%
18 2.00% | 4.43% | 2.29% | 1.62% | 3.45%
19 1.90% | 4.63% | 1.82% | 1.68% | 3.19%
20 1.80% | 4.47% | 2.77% | 1.40% | 3.02%
Average | 2.10% | 4.45% | 2.15% | 1.29% | 3.87%
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Appendix C: RTD analysis
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Appendix D: Respiratory signal capturing
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Appendix E: Cardiac signal capturing
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Appendix F: Cardiorespiratory captured with

bandpass filter
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Appendix G: Matlab programme for
cardiorespiratory signal peak justification and

validation

clear all
%%%% %% %% %% %% %% %% %% %% %% %% %%
hdata=xIsread('heart resistance.xlsx',2);
bdata=xlIsread('breathing resistance.xlIsx’,2);
pdata=xIsread(‘plux data.xlsx’);
%%%%%%% %% %% %% %% %% %% %% %% %% %
figure
subplot(3,1,1);
[ph,Ih]=findpeaks(hdata(:,2),'minpeakdistance’,35);
plot(hdata(:,1),hdata(:,2),'b",hdata(lh,1),ph,'dr");
subplot(3,1,2);
[pph,Iph]=findpeaks(pdata(:,3), minpeakdistance’,200);
plot(pdata(:,1),pdata(:,3),'b',pdata(lph,1),pph,'or");
subplot(3,1,3);
[ax,H1,H2]=plotyy(hdata(lh,1),ph,pdata(lph,1),pph,'stem’,'stem’);
set(H1,'marker','d’,'markeredgecolor’,'b"); set(H2,'marker’,'o’,' markeredgecolor’,'r");
figure

subplot(3,1,1);
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[pb,Ib]=findpeaks(bdata(:,2),'minpeakdistance’,300);
plot(bdata(:,1),bdata(:,2),'b’",bdata(lb,1),pb,'dr")

subplot(3,1,2);
[ppb,Ipb]=findpeaks(pdata(:,4),'minpeakdistance’,900);
plot(pdata(:,1),pdata(:,4),'b',pdata(lpb,1),ppb,'or");
subplot(3,1,3);
[ax,H1,H2]=plotyy(bdata(lb,1),pb,pdata(lpb,1),ppb,'stem’,'stem");

set(H1,'marker','d",'markeredgecolor’,'b"); set(H2,'marker’,'o’,'markeredgecolor’,'r'");
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Appendix H: Matlab programme for creating the

empirical models

clear all

figure

% sensor area in [16 9 4 1]
x=xlsread('Book_XYZ.xlsx',1);

% pressure in 012510 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100]
y=xlsread('Book_XYZ.xlIsx',2););
%Conductance/Resistivity/Sensitivity
z=xlsread('Book_XYZ.xlsx',3);

% Creating meshgrid

Xg=0:1:16;

Y(q=0:1:100;

[Xq,Yq] = meshgrid(Xq,Yq);

zg=interp2(x,y,z,Xq,Yq,'cubic’);

surf(Xq,Yq,zq/1000)

shading interp
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Appendix I: Data points used to calculate empirical

models and their verifications

Sensitivity (Ohm g* cm?) Sensor area (cm?) Verification
Pressure (g/cm?) 16 9 4 1 12.25

1 0.9921646 | 2.008301 | 1.238915 | 0.310229 0.507658

2 0.7157082 | 1.034271 | 0.687656 | 0.168826 0.493965

5 0.364934467 | 0.505023 | 0.440004 | 0.260687 0.325207
10 0.11618272 | 0.222753 | 0.195382 | 0.190289 0.145122
15 0.08206324 | 0.057246 | 0.122952 | 0.092004 0.066036
20 0.05055672 | 0.085719 | 0.070833 | 0.082131 0.05677
25 0.03425684 0.0454 0.050559 | 0.062952 0.040179
30 0.03578908 | 0.045678 | 0.027096 | 0.055817 0.030056
35 0.0300208 | 0.034405 | 0.012965 | 0.040833 0.012044
40 0.0314078 | 0.031596 | 0.042551 | 0.037984 0.027793
45 0.02122028 0.03 0.0386 0.022594 0.026711
50 0.02083748 | 0.02544 0.02135 | 0.015571 0.006017
55 0.0120082 | 0.012086 | 0.018041 | 0.013751 0.011444
60 0.01984812 | 0.019935 | 0.004125 | 0.016438 0.010411
65 0.0096464 0.01188 | 0.038149 | 0.018262 0.009856
70 0.01187044 | 0.018506 | 0.026605 | 0.007738 0.013006
75 0.01197584 | 0.011428 | 0.007638 | 0.010174 0.013284
80 0.00980788 | 0.019021 | 0.009169 | 0.027157 0.00102
85 0.0092272 | 0.011275 | 0.023846 | 0.006582 0.004708
90 0.01215812 | 0.00258 | 0.015189 | 0.008451 0.021413
95 0.00868184 | 0.021476 | 0.008641 | 0.011054 0.007312
100 0.00691996 | 0.009243 | 0.008486 | 0.005915 0.002167
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Conductance (S) Sensor area (cm?) Verification
Pressure (g/cm?) 16 9 4 1 12.25

0 0.047634064 | 0.019788 | 0.01848 | 0.016953 0.035279

1 0.049996962 | 0.01991 | 0.019192 | 0.017317 0.035922

2 0.051852409 | 0.019977 | 0.019581 | 0.017526 0.036571

5 0.054973135 | 0.020294 | 0.02018 | 0.017941 0.037924
10 0.056786594 | 0.020694 | 0.020644 | 0.018261 0.038997
15 0.058141314 | 0.020893 | 0.020766 | 0.018468 0.039506
20 0.059008573 | 0.021073 | 0.020953 | 0.01859 0.039954
25 0.059611076 | 0.021214 | 0.021053 | 0.018678 0.040277
30 0.060253811 | 0.02134 | 0.021155 | 0.018725 0.040522
35 0.060803741 | 0.021434 | 0.021232 | 0.018748 0.040621
40 0.061389926 | 0.021521 | 0.021714 | 0.018823 0.040852
45 0.061792414 | 0.021574 | 0.021348 | 0.018892 0.041076
50 0.062192811 | 0.02161 | 0.021407 | 0.01893 0.041127
55 0.062425917 | 0.021642 | 0.021434 | 0.018962 0.041224
60 0.062815068 | 0.021681 | 0.02148 | 0.018955 0.041313
65 0.063005957 | 0.021724 | 0.021508 | 0.019024 0.041397
70 0.063242455 | 0.021742 | 0.02155 | 0.019072 0.041509
75 0.063482858 | 0.021766 | 0.021577 | 0.01909 0.041623
80 0.063681108 | 0.021831 | 0.021621 | 0.019102 0.041632
85 0.063868754 | 0.021846 | 0.021648 | 0.019146 0.041673
90 0.064117698 | 0.021826 | 0.021654 | 0.019174 0.04186
95 0.064296655 | 0.021853 | 0.021704 | 0.01919 0.041924
100 0.064440012 | 0.021867 | 0.021726 | 0.019205 0.041943

211




Resistivity (Ohm m) Sensor area (cm?) Verification
Pressure (g/cm?) 16 9 4 1 12.25
0 14.83631081 | 21.51104 | 10.42136 | 2.232176 15.33731
1 15.10222204 | 21.93823 | 10.54896 | 2.232571 15.75898
2 15.28131864 | 22.37549 | 10.73352 | 2.234308 16.06153
5 15.82063498 | 23.53765 | 11.10785 | 2.231587 16.72814
10 16.27512617 | 24.91957 | 11.56217 | 2.235243 17.58252
15 16.40821779 | 26.12655 | 11.88712 | 2.253666 18.29145
20 17.23858396 | 26.97887 | 12.18157 | 2.267359 18.83338
25 17.94668044 | 27.80783 | 12.44004 | 2.281071 19.3311
30 18.52395365 | 28.53578 | 12.68969 | 2.29358 19.79962
35 19.06339892 | 29.21742 | 12.93523 | 2.307686 20.30183
40 19.54119489 | 29.85352 | 13.12182 | 2.320333 20.69684
45 20.04508427 | 30.49899 | 13.30009 | 2.335485 21.086
50 20.52151177 | 31.09763 | 13.48483 | 2.350924 21.54435
55 21.64352039 | 31.71933 | 13.66551 | 2.365812 21.96898
60 22.0952327 | 32.31258 | 13.8686 | 2.379117 22.39111
65 22.62216293 | 32.90587 | 14.01144 | 2.391308 22.80727
70 23.13172846 | 33.46357 | 14.1587 | 2.405544 23.20758
75 23.64952515 | 34.05084 | 14.32524 | 2.418235 23.60421
80 24.17929648 | 34.60735 | 14.49117 | 2.426175 24.05664
85 24.72502118 | 35.18534 | 14.62827 | 2.439067 24.4894
90 25.26391684 | 35.78491 | 14.77244 | 2.45547 24.84576
95 25.85298398 | 36.33197 | 14.9267 | 2.465947 25.27601
100 26.25604946 | 36.74624 | 15.02395 | 2.473737 25.5863
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