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Abstract

This thesis aims to investigate the use of dry and capacitive ECG sensors
for newborns’ heart rate monitoring in the delivery room. The main limi-
tations of the standard wet ECG sensors for this application are the need
for skin preparation and possible skin scarring caused by the conductive

gel.

The Initial proposal was to use capacitive ECG sensors to couple the
ECG signal from the babies backs through the cotton towels and plastic
bags used in the delivery room to wrap the newborns. EPIC capacitive
sensors made by Plessey were tested for this application on baby and adult
volunteers. The sensors were unable to couple a detectable ECG signal
through the delivery room materials from the baby volunteers. On the
other hand, the sensors were able to collect an ECG signal through thin
cotton sheets, which makes them of interest for neonatal intensive care

applications where the babies are kept with minimal clothing.

The conductive fabric sensors were tested as a potential method for ECG
recordings using dry skin contact, where no skin preparation is needed.
Three types of fabric sensors were tested on adult and baby volunteers to
record ECG signals from the forehead and left arm. Two of the materials
enabled the collection of good quality signals when they were connected to
a clinically approved ECG monitor. The advantages of the fabric materials
as ECG sensors are their flexibility, which enables them to bend around
the body. Besides, they can be easily attached to existent ECG monitors
using the ECG standard leads with press studs. The fabric sensors are

recommended for further clinical trials.

Keywords: Newborns Heart Rate Monitoring; Dry ECG; Capacitive
ECG; Fabric Sensors; NICU Monitoring; Forehead ECG
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Chapter 1

Introduction

1.1 Overview

Approximately 10% of the newborns require intervention to help them begin breath-
ing during their transition from the intrauterine to the extra-uterine environment.
The heart and respiration rates are the most vital characteristics that are needed to
check the initial status of the newborn and during the resuscitation. The medical
guidelines recommend auscultation and palpation methods for heart rate monitoring
after birth [1]. The medical staff should pause every 30 seconds during the resusci-
tation procedure to check the heart rate (HR) and based on the measurement; they
should re-evaluate the progress and decide whether to continue or stop [2|. Many
studies have suggested that palpation and auscultation may lead to 75% of incorrect
interventions after birth and that auscultation can take up to 17 seconds to assess
the HR [3],4]. Despite the inaccuracy and inconsistency of the palpation and auscul-
tation, they are still the most reliable methods by the general medical guidelines for
newborns resuscitation.

Many methods have been introduced in the literature for heart rate monitoring
immediately after birth. The objective of these studies was to reduce the error rate
and time consumed by the manual heart rate monitoring using auscultation and pal-
pation. These methods include pulse oximetry that outputs the HR as well as the
oxygen saturation, Doppler ultrasound, forehead reflectance photoplethysmography
(PPG) [5-7] and Electrocardiogram (ECG) [4,6]. Most of the newborn’s HR studies
concluded that the ECG signal gives the most accurate heart rate measurements and
takes less time to be displayed [8,/9]. On the other hand, there are some downsides
when the standard ECG wet sensors are used to monitor the newborn’s HR, espe-
cially the preterms. The wet ECG sensors require skin preparation and adhesive gel

application. The skin of the preterms is immature and very fragile and so could be



damaged and scarred by the adhesive in the wet ECG sensors. Also, the time needed
for the skin cleaning and careful preparation is relatively long, because the newborns
are typically covered by vernix, blood and amniotic fluids [8,|10]. Additionally, the
preterm babies need to be wrapped in plastic bags immediately after birth to prevent
them from hypothermia and dehydration; these bags must be pulled down to clear
the chest for ECG sensors application increasing the probability of hypothermia [§].

Therefore, this research explores different types and technologies of ECG signal

sensors that do not require the adhesive gel application or skin preparation.

1.2 Objective

The HR could be extracted via the identification of R peaks[]]of the ECG signals with
higher quality compared to other methods. In the most recent medical guidelines, the
ECG has been introduced as a potential method for HR assessment in the delivery
room, but the appropriate technologies are not available |1|. The research objective is
to investigate using capacitive and conductive fabric ECG sensors for newborns HR
monitoring in order to bridge this knowledge gap. These types of ECG sensors do
not require skin preparation or application of the adhesive gel to the skin. Therefore,
they would overcome the limitations of the standard wet ECG sensors.

Fabric and capacitive ECG sensors are widely used in wearable gadgets, sports
clothing, car seats and safety measures for adults HR monitoring [11-14]. However,
the field is still underexplored for newborn applications, especially for the resuscitation
in the delivery room. A limited number of projects had developed wearable chest
jackets with fabric sensors for smart newborn monitoring in incubators; for babies in
the neonatal intensive care (NICU) [15,/16]. Also, some studies have suggested the use
of capacitive ECG for babies’ heart rate monitoring by placing the sensors between
the mattress and bed sheets for the NICU’s incubators and home monitoring [17-19).

According to the medical guidelines, the newborn babies should be provided
warmth immediately after birth and through the resuscitation procedure [1]. In the
delivery room and during the resuscitation, the full term babies are usually cleaned
and swaddled in cotton towels, and the preterms are placed in a plastic bag without
cleaning [20,21]. In this research, the capacitive sensors were proposed to couple ECG
signal from the babies” back through the materials that are used to cover the babies
after birth (plastic bags for pre-terms and cotton towels for full-terms). The baby’s

back was chosen to keep the chest clear and reduce the preparation time since the

'R peak is the maximum amplitude of the ECG R wave



sensors would be placed in the resuscitation table in advance. The capacitive ECG
sensor that was used in experiments throughout this thesis was the EPIC PS25101
made by Plessey Semiconductors [22,23]. EPIC sensors were tested on adult and baby
volunteers in different setups of dry and capacitive contacts. A heart rate extraction
algorithm was used to detect the R peaks of the ECG signal and calculate the heart
rate. The percentage of accurate R peaks detection was used to quantify the signal
quality. After the analysis of the results, it has been concluded that the capacitive
sensors are not reliable for the delivery room application, but it might be of interest
for the NICU applications.

Therefore, the conductive fabric sensors were proposed to couple the ECG signal
in dry contact from the exposed parts of the babies, i.e. head, wrists and forearms.
The conductive fabrics are inherently flexible and bendy sensors, and they could be
strapped around the forehead and the forearm of the babies. Three conductive fabric
materials were initially studied: Medtex P130 by Statex, Laird 3080-500 by Laird
Tech and SP31 by Footfalls and Heartbeats. The last fabric (SP31) was later excluded
from the study for the poor results. Different placements of fabric sensors were tested
on both adult and baby volunteers using a certified medical ECG monitor. The
research has assessed the quality of ECG signals based on the signal to noise ratios
(SNRs) [in dBs| and the PPG signal collected by the pulse oximeter as a reference
signal. The results of this part concluded that the fabric sensors couple high-quality

ECG signal and is recommended for the clinical trial.

1.3 Research Impact

According to the newborn resuscitation algorithm in the recent guidelines of 2015
[1], the medical staff needs to reassess the HR every 30 seconds to decide whether to
continue or stop. The traditional methods of palpation and auscultation are designed
to take six seconds for HR assessment, but usually, it can take about 15-17 seconds,
which wastes precious time of the first minutes of the newborn life [8]. The delay
during the resuscitation can have a huge impact on the newborns later life, and it
may cause severe disability or even death, especially in 1% of the newborns who
needs intensive resuscitation |1|. Some studies have reported that the inappropriate
or delayed respiratory support during those first minutes may lead to a brain or lung
injury [24-26]. Moreover, the palpation and auscultation methods are not accurate

and may lead to wrong decisions |[3,4].



Upon a successful solution for this research problem, the ECG signals would be
applicable for HR monitoring in the delivery room. The implementation of the ECG
would increase the accuracy of the HR assessment, decrease the time needed for
HR calculations and provides continuous measurements. The solution could also be
extended to HR monitoring in the NICU to minimise the discomfort of adhesive ECG

leads.

1.4 Thesis Layout

The thesis consists of six chapters in total: Introduction, Literature Review, Materials
and Methods, Capacitive Sensors Results and Discussion, Fabric sensors Results and
Discussion, and finally, the Conclusions.

The Literature Review Chapter gives a summary of the related studies. It shows
the different methods used for newborns HR monitoring in the delivery room. Then
the theoretical background of the ECG signal is explained along with different types
of ECG electrodes and their skin interface bioimpedance. After that, the literature
of fabric and capacitive electrodes on neonatal applications are reviewed with the
different sensor placements that were proposed for this research. Finally, the noise
and artefacts that affect the ECG signal are discussed.

In the Material and Methods Chapter, the hardware and software systems that
were used during the research experiments are illustrated. The sensors, systems and
devices that were used to acquire the ECG signal are listed along with devices used
for other measurements. This Chapter also discusses the algorithm used for the heart
rate extraction of the ECG signals collected in this research.

Chapter Four summarises all the experiments performed using the capacitive ECG
sensors for ECG collection. The ECG was collected from adult and baby volunteers
through the cotton towels and plastic bags used in the delivery room. Various setups
were used for ECG recording through different cotton sheet thicknesses and different
plastic bag materials.

Chapter Five examines the use of conductive fabric sensors for the newborn’s
HR monitoring in the delivery room. Three types of conductive fabrics for medical
applications were tested as potential options for ECG dry coupling. Different setups
were tested on adults before deciding the sensors’ placements that give a good quality
ECG while suiting the newborn’s comfort and size at the same time.

Finally, all the results and chapters’ conclusions are reviewed in Chapter Six,

where all the outcomes are summarised, and a plan for future work is suggested.



Chapter 2

Literature Review

2.1 Overview

The newborn’s HR should be assessed immediately after birth in order to evaluate the
status of the baby and to determine if there is a need for an intervention. For those
babies who are requiring resuscitation or continued respiratory support, a method is
needed to monitor the heart rate every 30 seconds during the procedure to indicate
whether to continue the procedure or stop [1,27]. There are two methods for HR
assessment that are widely recommended by the international and European guide-
lines: listening to the apex beat using a stethoscope (auscultation) or by feeling the
pulse in the base of the umbilical cord (palpation) [1,27]. These two methods are
considered very cheap, simple and fast ways to calculate the HR in the delivery room.
The HR is normally assessed by listening/feeling the cord for six seconds, and then
the number of heart beats will be multiplied by ten to give the heart beats by minute
[28]. However, practically, both methods give inaccurate estimation and can lead to
an incorrect initiation or discontinuity of the resuscitation [29,[30]. Although these
methods theoretically assess the HR within six seconds, it can take up to 17 seconds
for a HR assessment during the neonatal resuscitation [4]. Generally, the palpation
is considered more reliable than the auscultation in the neonatal resuscitation guide-
lines, especially when the heart rate is healthy (above 100 beats per minute (bpm))
[31]. Chitkara et al. (2013) had claimed in their study that the auscultation had
led to incorrect initiation or discontinuity of the resuscitation in 75% of the cases,
compared to only 33% when the palpation was used [3].

Over the last three decades, many methods have been studied and reviewed for
an immediate heart rate monitoring of newborn babies after birth that gives a more
reliable assessment. Among these various methods are pulse oximetry, Doppler ultra-

sound, forehead reflectance photoplethysmography (PPG) [5-7] and electrocardiog-



raphy [31-33|]. Figure shows the possible heart rate monitoring methods used on

babies in the delivery room and during resuscitation [4].
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Figure 2.1: Potential heart rate monitoring methods used on babies immediately after

birth .

Many papers have demonstrated that the ECG signal gives the most accurate
heart rate assessment and takes less time to be displayed when compared to heart
rate via pulse oximetry ,|§|, or when compared to auscultation . Because of
these studies, the ECG was recently introduced as a method for heart rate monitoring
in the FEuropean guidelines for newborn life support in 2015 , as shown in the new
life support algorithm in Figure 2.2] These guidelines have pointed out the need for
more medical studies in this field and the need for new technologies of ECG sensors
to be introduced for this application. The wet ECG sensors have many limitations in
the neonatal field because of the adhesive gel use. The application of adhesive gel can
damage the fragile babies’ skin, especially preterms, and might leave permanent scars,
which can disfigure or disable about 10% of the preterms . Also, the standard wet
ECG sensors (AG/AgCl), need skin preparation before being applied, and this can
take a relatively long time for newborns since they are typically covered by blood,

vernix and amniotic fluids. The objective of this research is to bridge the knowledge



gap and investigate different ECG technologies that can be used in the delivery room.

This chapter firstly shows the medical guidelines and the steps taken before start-
ing newborn resuscitation to give an insight into the procedure itself and the situation
of the baby when they are resuscitated. Then, it discusses various ways of measuring
the HR of the newborn babies in the delivery room in further detail: how they are
performed, the measurements’ reliability and the methods’ limitations. After that, it
summarises the theory and applications of the types of the ECG electrodes that do
not require skin preparation or adhesive gel application: dry, capacitive, isolated and
non-contact electrodes. The advantages,limitations and drawbacks of these electrodes
were illustrated along with their skin interface models.

Finally, the chapter reviews the use of different ECG technologies in neonatal care
applications, different setups that are used for the ECG acquisition besides the noise

and artefacts that generally affect the ECG signal.

2.2 Introduction to Neonatal Resuscitation Guide-
lines

According to the recent medical guidelines [1], the newborn baby should be kept
warm immediately after birth and through the whole resuscitation procedure, as
shown in Figure 2.2 The protocol of keeping the baby’s body temperature stable
depends on the gestation age of the baby, the baby weight and general health. The
newborns can generally be classified into two groups, and each group has a different
body temperature control mechanism. The first group are the vulnerable babies,
those who are born underweight, unhealthy or preterm. This group babies are more
prone to hypothermia than infants of a healthy weight or full-term gestational age
[20,121,136]. The birth is considered premature if the birth takes place at fewer than
32 weeks of gestational age. The second group are the babies who are born after the
thirty-second week of gestation age and are not expected to have health complication
issues.

A baby from the first group, usually a preterm, should not be cleaned of vernix
and amniotic fluids that cover their body. The baby is kept immediately in a plastic
bag to keep the body warm, as shown in Figure and a hat should be placed to
keep the head warm [21],37]. The plastic bags used to protect the preterm from heat
loss are not regulated and are usually supplied by local suppliers. The bags used in

hospitals’ delivery rooms are made of polyethylene wrap or vinyl plastic |21].



Dry the baby
Maintain normal temperature
Start the clock or note the time

Assess (tone), breathing and heart rate

If gasping or not breathing:
Open the airway

Give 5 inflation breaths
Consider SpO, + ECG monitoring

Re-assess
If no increase in heart rate
look for chest movement

If chest not moving: Acceptable
Recheck head position pre-ductal SpO,
Consider 2-person airway control 2 min 60%
and other airway manoeuvres 3 min 70%
Repeat inflation breaths 4 min 80%
SpO, monitoring + ECG monitoring 5 min 85%
Look for a response 10min  90%

'

If no increase in heart rate
look for chest movement

Maintain Temperature

When the chest is moving:
If heart rate is not detectable
or very slow (< 60 min™)
Start chest compressions
Coordinate compressions with PPV (3:1)

Reassess heart rate every 30 seconds
If heart rate is not detectable

or very slow (< 60 min™)
consider venous access and drugs

"\ Discusswith parents and debrie team

Figure 2.2: Resuscitation algorithm for newborns in the delivery room .



Alternatively, a baby from the second group, who are born after 32 weeks gesta-
tional age, should be dried and cleaned immediately after birth using warm towels,
as shown in Figure 2.4 After cleaning, the baby should be wrapped using clean, dry
towels which should not cover the baby’s chest or face in order to allow the medical
staff to observe the chest movements ,.

Figure 2.4: Infant wrapped in at towel while performing resuscitation procedure .



2.3 Neonatal Heart Rate Detection Methods

As mentioned above, many methods have been studied in the literature to assess
the heart rate of newborns in the delivery room. The palpation and auscultation
methods were shown as they have been recommended in the international and Euro-
pean guidelines for decades. The ECG has only been introduced in the most recent
neonatal resuscitation guidelines of 2015. Although it was pointed out as a potential
accurate method for HR assessment, there is still a knowledge gap that needs to be
filled before it can be applied. Figure summarises the different sensors placements

for the potential HR methods that were used in the literature.

2.3.1 PPG and Pulse Oximetry

Photoplethysmography refers to extracting the cardiac-synchronous pulsatile signals,
and hence, deriving the heart-rate using changes in the optical characteristics of
tissues [4,40]. Many papers have discussed the use of the PPG signal to detect the
heart rate in the delivery room and the neonatal intensive care unit [5-7]. This
method could potentially provide a solution for premature babies because of their
fragile immature skin. Some studies have suggested the use of a recording camera to
detect the PPG signal without physical contact from babies’ forehead or cheeks where
the signal will be extracted from the recorded video [35]. The problem associated
with this method is motion artefacts, which can completely dominate the signal.
Many research groups are working on enhancing the PPG signals immunity to motion
artefacts [6,/7,41].

Many papers have studied the pulse oximeter’s use for heart rate monitoring in
addition to oxygen saturation. In this section, the pulse oximeter is only reviewed for
heart rate monitoring application. O’Donnell et al. (2005) found that the fastest way
to measure the HR is to place the sensor on the babies wrist or hand before connecting
the sensor to the oximeter [42]. Although the pulse oximeter measurements were more
accurate than the palpation and auscultation, they were right in only 89% of the cases

(<100 bpm) because of the poor tissue perfusion [43].

2.3.2 Doppler Ultrasound

Doppler ultrasound is well known for fetal monitoring before birth [44,45]. Hutchon
et al. (2014) have successfully used an ultrasound probe to monitor the heart rate

of a baby piglet immediately after birth [46]. Another study has used the Doppler
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ultrasound probe on stable neonatal inpatients and used the ECG signal as com-
parator [47]. The study concluded that HR from the Doppler ultrasound was highly
correlated with ECG’s HR. In another study, Lemke in (2011) placed a prototype
Doppler ultrasound probe clamp on the umbilical cord of 16 babies in the delivery
room [48]. The heart rate signals appeared almost immediately after putting the
probe, and with relatively low motion artefacts, the signals were also correlated with
the palpation signal for at least the first minute. The researchers were also able to
get the signal from the preterm babies through a polyethylene bag that was used to
keep them warm. Although the mentioned studies above have not explained their
methodologies and findings in sufficient detail, the Doppler ultrasound probe might
be one of the potential methods in the future for monitoring the heart rate of the
newborns in the delivery room. From the limited published studies that covered this
method, the estimated HR was more accurate than the palpation and auscultation.
The limitations of this method are the delay between the birth and placing the probe
(about 90 seconds) for cleaning the cord, as well as its need for an adequate length
of the cord (>3 cm).

2.3.3 Electrocardiogram (ECG)

ECG is the recording process of the electrical signal that comes from the heart [49).
The known history of ECG signal started in the year 1786 when Italian physicist
Luigi Galvani has noted that an electrical signal could be recorded from the human
body muscles [50]. After that, the technologies of the ECG sensors developed rapidly
and became one of the most vital signals needed in hospitals and clinics for patient
assessment. Normally three ECG sensors are used to collect the signal, as shown in
Figure [51]. One sensor will be the positive (left upper limb), another one the
negative (right upper limb), and the third one is the ground (left leg).

The standard ECG sensors used in hospitals are Ag/AgCl sensors with an adhesive
gel used to attach the sensors to the prepared skin [8]. The ECG signal is known
to be the most accurate method for clinical heart rate monitoring. Several studies
have shown that the ECG is faster and more reliable than the pulse oximeter when
measuring the HR of the newborns, especially in the first two minutes. However,
the ECG can not replace the pulse oximeter that is recommended to be used in the
delivery room for oxygen saturation measurement by the European guidelines. The
ECG signal was not introduced in the neonatal resuscitation guidelines until 2015
[1]. One of the reasons is the compromised risks that associated with the Ag/AgCl

ECG sensors on the fragile skin of preterms, and there is still a heated debate about
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Figure 2.5: The ECG limb leads (RA, LA, and LL) .

introducing this signal into neonatal care in the delivery room. Five studies have
compared the ECG signal and auscultation during the neonatal resuscitation, and
they all found that the ECG signal was more accurate and faster [8/9,32-34]. Another
study has also compared between the ECG and pulse oximeter and claimed that
the ECG was more accurate than the pulse oximeter and also easier to apply.
However, there are many complications while acquiring the ECG from newborns
using the standard wet ECG sensors. Many studies have reported that the adhesive
sensors cause epidermal stripping in infants of less than 27 weeks gestational age be-
cause the epidermal-dermal junction in these infants is weaker than the bond between
the sensor and dermis . Moreover, another study indicates that repetitive ap-
plication and removal of patches can cause significant pain for preterms in particular,
and severely affects the infant’s development and well-being . This is because the
preterms’ central nervous system is immature and sensitive to pain and noise. Also,
extra time is needed to prepare the skin for the ECG leads because the babies are
covered with blood, amniotic fluid and vernix. Moreover, for the preterm babies who
are wrapped into plastic bags to prevent heat loss, the bag needs to be pulled down

in order for chest sensors placement, which increases the probability of hypothermia

[38].
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To conclude this section, there is no agreement yet in the literature on which
method is the best way to monitor the heart rate of the newborn babies. The ECG
and Doppler ultrasound generally give more accurate and reliable heart rate readings
than palpation and auscultation [4]. More research is needed to be done on Doppler
ultrasound before being introduced clinically. Regarding the ECG, there is still a
knowledge gap in ECG technologies and sensors needs to be covered before applying
it on babies [1].

2.4 ECG Electrodes

Many studies reviewed in the above section have recommended the ECG as the fastest
and most accurate way of assessing the HR of the newborn babies immediately after
birth [8,9,32,134,55]. However, it is not the most used method for estimating the
neonatal heart rate because of the inconvenience and discomfort caused by the adhe-
sive and the need for skin preparation before the application [52-54]. The ECG has
been recently introduced by the International and European guidelines as an effective
method that lacks the technology for being applied in the delivery room |[1}27]. In

this section, different types of ECG electrodes are discussed and compared.

2.4.1 Overview

Biopotential recordings are considered vital tools for medical applications to monitor
the heart, brain and muscle activities. In order to detect a bio-electric event —in the
form of Electrocardiogram (ECG), Electroencephalogram (EEG), Electromyogram
(EMG) or Electrooculogram (EOG)—, normally two electrodes at least are needed to
perform as a transducer that transfers the event to the input circuit of an amplifier.
The amplifier should be designed carefully to match the electrode’s characteristics.
The essential component of the electrode is the metal-electrolyte interface, where the
electrode material represents the metal, and a solution/paste is usually used on the
surface as the electrolyte. If the electrodes are designed to be implanted below the
skin, then the tissue fluids play the role of the electrolyte. When the metal electrode
comes in contact with an electrolyte, the electrode tends to discharge ions into the
electrolyte and to combine with the electrolyte’s ions. The ions exchanged form two
parallel sheets of charges of opposite signs is known as electrical double layer [56].
The standard Ag/AgCl electrodes with a conductive gel have been used over the
last decades to record the ECG signals in the hospitals and clinics. The characteristics

and proprieties of the Ag/AgCl electrodes, also known as wet electrodes, have been
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well studied over the years [57-59|. Despite their high-quality signal, many research
groups have been investigating alternative types of electrodes such as dry, insulated
and non-contact ECG electrodes [60-62]. In recent years, the demand for dry/non-
contact ECG electrodes has increased because of the irritation caused by the standard
gel electrodes for long term heart monitoring. However, those types have not yet
replaced the Ag/AgCl electrodes in the clinical applications, and they are mainly
used for wearable devices, sports and home health care monitoring. [3]. The dry/non-
contact electrodes are unlikely to replace the wet electrodes in general, because they
need some mechanical solutions to secure the attachment against the skin for patients.
However, in some areas where the wet ECG sensors are not applicable or are not
considered to be safe, the dry/ non-contact ECG sensors might come into use. These
areas are discussed in the next section. These different types of ECG electrodes dry,

non-contact electrodes are illustrated in further detail in the next subsections.

2.4.2 Limitations of Wet Electrodes

The dry and capacitive electrodes have been investigated to cover different limitations
in the Ag/AgCl electrodes’ performance. The biggest limitation of the wet electrodes
is the inconvenience of the gel application. One of the common problems is that the
quality of the ECG signal is decreased when the gel dehydrates, and in some cases,
it is not practical to re-spread the gel [63,64]. Also, when the electrodes needed
to be applied closer to each other, the gel application may cause a short circuit [61].
Moreover, there are some areas where the gel can harm the subject, such as for preterm
babies where their skin is very fragile |65] or the patients with burned skin or when
the recording is needed from near the eyes [66]. Additionally, some skin treatments
may prevent the use of wet electrodes like petroleum ointment [67]. Other worries
brought up by dermatologists is that in rare cases the gel used with wet electrodes
raises toxicological concerns. So, there is a need for alternative electrodes that are
constructed from more acceptable materials [67].

In addition to all the aforementioned limitations caused by the electrolyte, the gel
application is also irritating for many patients, especially for long term recording as
mentioned earlier [68]. Because of these limitations, the dry and capacitive electrodes
which do not require the gel application were studied. Moreover, unlike the wet
electrodes, the buffering and amplification can be designed at the dry/capacitive

electrode site, improving the performance regarding interference [61,69].
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2.4.3 Dry/Capacitive ECG Electrodes

Generally, the performance and efficiency of the dry, insulated and non-contact elec-
trodes are usually assessed by two aspects. The first aspect is the signal quality, while
the second one is the comfort and utility of the device [68]. This section considers
those two aspects while addressing the latest developments in the dry and capacitive

(non-contact) electrodes.

2.4.3.1 Definitions

The first step towards understanding the difference between various ECG electrodes
is to illustrate their skin interface. Some papers classify the insulated sensors as dry
contact sensor [68], but generally, they are considered a separate category. The four
types of ECG electrodes are shown in Figure[2.6] Wet electrodes need skin preparation
before being applied to the skin, while the other three types do not require any kind
of skin preparation. Also, the dry and insulated electrodes need to be in direct
skin contact in order to couple a signal, while the capacitive electrodes can couple
the ECG through dielectric materials such as clothes and hair. The wet electrodes
are the conventional Ag/AgCl electrodes that are normally used as disposable ECG
sensors in clinical applications. Figure (a) shows the layers of the wet sensors, the
Ag/AgCl electrode is bathed in the conductive gel (electrolyte) and connected to the
amplifier via a snap connector, while the gel is pressed against the skin by adhesive
pads.

The capacitive or non-contact electrodes, shown in Figure (d), do not require
direct contact with the skin and the sensor could be separated from the skin with
cotton layer, air or hair [62]. The capacitive sensors are usually designed as active

sensors in order to minimise the interference and the effect of motion artefacts.

2.4.3.2 The Electrical Model of Skin Interface

As mentioned above, the most important component of the electrodes is the skin
interface. In this section, the electrical model of skin interface is presented for the
different types of ECG electrodes. The interface is characterised by the conductance
and the capacitance of each contact layer between the electrodes and the skin. As
shown in Figure different structures of RC parallel circuits is used to model the
electrodes’ skin interfaces. Some of these interfaces are dominated by the conductance
and others are dominated by the capacitance. In the case of Ag/AgCl, the electrode

is modelled as half cell potential and a double layer of capacitors in parallel with
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Figure 2.6: ECG electrodes: (a) Wet electrodes needs an adhesive gel to be applied
between the skin and electrode surface [70]. (b) Simple passive dry contact electrode of
stainless steel metal disc [71]. (c) Insulated electrode which was made of a conductive
layer and insulation layer (usually thin film). These electrodes need direct skin contact
[72]. (d) Active capacitive electrode (non-contact) which can couple ECG signal

through clothes [68][72].
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the resistor. The dry electrodes are modelled with only one RC layer, where the
interface resistance is about ten times higher than the wet electrodes’ . The high
impedance of the dry electrode interface could be reduced by abrading or hydrating
the skin, and many studies have suggested using micro-fabricated needles to penetrate
10 — 40 pm which will give results as good as Ag/AgCl electrodes without the need
to skin preparation or using gel [73}[74].

Electrode
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Figure 2.7: Skin—electrode impedance models for the typical Ag/Agcl, dry contact,
insulated and capacitive electrodes [68].

The wet, dry and insulated electrodes need direct physical contact with the skin
to operate, but the non-contact electrodes (also known as capacitive electrodes) can
couple the signal through clothes or air without skin contact. Interestingly, the ca-
pacitive electrodes are usually dominated by the resistive component of the dielectric
RC layer, because of the poor conductivity of the clothes and air [75]. On the other
hand, the dry electrodes are more dominated by the capacitive component of the skin
interface layer [62,[76].

One of the interesting points regarding the skin interface impedance is that the
high resistance of the interface can be beneficial to the ECG coupling [68]. This was
proved by Chi et al. (2010) [68] using the dry/capacitive electrode model, shown in
Figure and [2.9] to define the electrical signals and parameters of the mathematical
equations.

Figure (a) shows the circuit noise model of dry / capacitive electrode. Figure
(b) shows the relevant frequency behaviour of different sources of noise: amplifier

thermal noise, interface thermal noise and the interface excess noise. Figure (c)
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Figure 2.8: Dry/capacitive electrode topology and schematic circuit .

shows the effect of increasing and decreasing the resistance of the RC layer on the
noise contribution.

The model of the dry contact shown in Figures [2.8] and [2.9)is considered in order
to mathematically describe the input referred noise, and to find the conditions that
achieve the minimum noise. The parameters need to be defined from the mentioned
model are:

vs(jw)  signal source on skin surface;

Uo(jw)  signal recorded at amplifier output;

V;n(jw) input referred amplifier voltage noise;

iin(jw) net current noise at amplifier input;

Yo(jw)  ge + jwC,, skin-electrode coupling admittance;
Y:(jw) g + jwC;, amplifier input admittance;

Cs active shield to electrode capacitance;

A, amplifier voltage gain.

With source to output gain:
Vo = G(]w) (Us + Us,n) ) (2.1)

and source input referred noise:

. Yo(jw)
G = A, - - -
() Ye(jw) + Yi(jw) + jw (1 = A,) C;
: (2.2)
_ ge + jwCe
9o+ gi+jw(Ce+Ci+ (1 - A,) Cy)
A Y.(jw) +Yi(jw) + ijsv, Gim
ge + jwC; " ge + jwC
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Figure 2.9: (a) The noise model for the dry/non-contact electrodes shown in Figure
2.8, (b) Frequency behaviour of different noise sources. (c¢) The effect on the noise
contributions when the changing the R and C values[68].
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The source input-referred noise power density follows directly from Equation [2.3]
where v? and 72 represent the power (RMS squared) of the two input noise

1,7ms 1,7MSs

generators, v;, and i;, :

2 [Ye) +YiGw) + VGl o ms 2.4)
o Yool Gl

_ (gc + gl)2 + w2 (Cc + Cz + 03)2 2 Z‘zz,rms 25

- g2 + w202 Vi rms g2 + w22 ( : )

The first component of Equation (07 ms) does not dominate the ECG bandwidth
unless the dry/capacitive electrode were poorly coupled to the skin. The second com-

. -2
ponent of the noise (i7,,,,

) is more likely to dominate the noise contribution. This
noise current includes the conductance of both interface coupling and amplifier input,
as well as the thermal noise. Therefore, the noise contribution to the signal can be

reduced to:

. AkTg.  4kT

v ~ prng
TS WGl gt 20

(2.6)

Equation shows that the minimum input referred noise will be achieved when
the coupling impedance equals zero or infinity. The two extreme cases achieve the
optimum solution for the minimum noise when the interface impedance is reduced to

be zero, or when the interface impedance is infinite, i.e. capacitive sensors.

2.4.4 Limitations of Dry/Capacitive Electrodes

Decreasing the effect of artefacts is one of the most challenging aspects of designing
dry/capacitive electrodes. The dry/capacitive electrodes are more prone to the rela-
tive electrode motion because of the lack of gel layer. The skin interface’s impedance
changes suddenly according to the distance change, which produces instant spikes in
the ECG signal [77,[78]. The motion artefacts share the same spectrum domain as
the ECG signal, as shown in Figure 2.10

The dry/capacitive electrodes should be designed to minimise the effect of motion
artefacts by implementing a high input impedance amplifier. Also, many designs have
adopted using unity gain active shielding along with decreasing the input capacitance
of the amplifier [68]. Some models have been proposed to suppress the displacement
artefacts of the capacitive electrodes [77,[78]. However, they demand knowledge of

the coupling capacitance and still need to be tested on real ECG recording.
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Figure 2.10: The relative power spectrum of noise and motion artefacts in a typical

ECG signal .

Another source of artefacts is the friction between the electrodes and the skin
in case of dry contact, or the electrodes and dielectric material in case of capacitive
electrodes. An additional problem of the capacitive electrodes is the time needed for
the signal to settle down. As shown in Figure after a recording disruption, the
signal took about 15 seconds to settle down. This behaviour is caused by the high
pass filter characteristics of the capacitive electrode frequency response. The lower
frequency in the frequency response should be 0.05 Hz maximum in order to reserve
the ECG signal morphology. However, some sensors are designed with a high lower
frequency of 0.5 — 1 Hz [68]. This approach can distort the ECG signal and might
not be acceptable for some diagnosis of medical applications .
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Figure 2.11: ECG recording using non-contact electrode. The signal takes approxi-
mately 15 seconds to settle down [68].

2.5 The Applications of Dry/Capacitive ECG in Neona-

tal Care

2.5.1 Delivery Room Monitoring

There is limited research discussing dry/capacitive ECG applications in the field of
newborn heart rate in the delivery room.

One clinical trial was performed on newborns in the delivery room using ECG
fabric sensors in dry contact [81]. A hypoallergenic garment was used to cover the
top of the babies, as shown in Figure 2.12] where the conductive fabric sensors were
attached to the sleeves, recording the ECG signal from lead 1. The data were sent
wirelessly over Bluetooth to a computer for storage and further processing. The
recordings were performed during the first hours of the newborns’ life and performed
on 29 babies.

The average percentage of good quality ECG recordings in this study was 75.8% =+
18.9 SD. The quality was lowered by the introduced motion artefacts, and the sig-
nal was also absent for several intervals due to software bugs in the communication
system.

An additional, recent study which was published in March 2019 by the University
of Sussex, has introduced the use of active dry electrodes as a potential method of
recording ECG signal in the delivery room [82]. The sensing plate was printed on a
mattress cotton cover using silver ink and then connected to the analogue circuit of

the processing unit. The study has successfully collected ECG signal from the back of
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Figure 2.12: The wearable garment with fabric sensors on the sleeves for ECG moni-
toring in the delivery room. The transmitter base unit is placed at the back .

one baby aged 18 months, using the sensors printed on the mattress cover, as shown
in Figure 2.13] The study is waiting for approval in order to extend to a clinical trial.
Those two studies were the only available studies in the literature regarding dry or
capacitive electrodes applications in heart rate monitoring in the delivery room.

On the other hand, few studies have tested the dry/capacitive ECG for neonatal
intensive care unit (NICU) when the babies are placed in their incubators. These
studies will be discussed in the next section. The babies in the NICU are mostly
placed naked in the incubator apart from their nappies, in order to control the heat
. However, in some cases, they might be snuggled in cotton sheets . There
are also different positions for the babies in the NICU; the babies are placed on their
back, chest, right side and left side [19].
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Figure 2.13: Schematic of the smart-matress (top) and sensor design implementing
the EPS sensor (bottom) [82].

Figure 2.14: Naked newborn in the NICU incubator .
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2.5.2 NICU Monitoring

Many papers have suggested the use of fabric sensors in the NICU for long term ECG
monitoring. The fabrics are comfortable and could be sewn to the bedding or babies
clothes.

One of these proposals is a project called Smart Jacket, where patches of silver
plated and gold plated sensors were sewn into a wearable jacket for babies in the
incubators. The initial design of the jacket is shown in Figure and the updated
version with bigger sensors’ area is shown in Figure . The textile used in

this project was the same textile provided by Statex company for silver plated fabrics.

Figure 2.16: Updated smart Jacket prototype |\

The recorded ECG from the preterm volunteer using the design in Figure [2.15| was
of good quality. The smooth skin of the preterms resulted in better sensor contact,
primarily because of the continuous pressure when the babies are lying down or when
being held. Also, the motion artefacts were relatively little because of the limited
movements of the newborns. Another study has suggested the use of conductive
foam with flexible dry electrodes on preterm babies. This arrangement can reduce
the high impedance due to the air gap, as shown in Figure 2.17]
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Figure 2.17: The conductive foam is used to close the gap between the ECG sensor
and the skin [85].

Atallah et al. (2014) has proposed using an array of capacitive sensors em-
bedded in a mattress to record the ECG capacitively through the cotton sheet in the
NICU . The system in Figure was used to collect ECG signals capacitively
through layers of bedding and clothing of 15 babies in the NICU and neonatal medium
care unit (NMCU). The babies were snuggled in a different number of cotton layers
(up to four layers), a mattress cover (polyurethane) was used in all the recordings.
The babies were put in different positions throughout the recording on their chest,
right side, left side and back. When the collected capacitive ECG was compared to
reference ECG for heart rate detection, the accuracy of R peak detection varied signif-
icantly from only 7% for one baby to 86% for another baby. The reason for that was
the different positions of the babies, the different clothing layers and the introduced
motion artefacts by every baby movements. The best results were collected from the

babies placed on their chests and from the naked babies.
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Figure 2.18: Neonatal mattress with integrated capacitive sensors. The mattress is
covered with a polyurethane (PU) cover [19].

2.6 ECG from Head

One of the proposed ECG sensors placement in this research is the forehead. There-
fore, this section is devoted to discussing such a placement. Some papers in the
literature have discussed the possibility of recording ECG signal from the head, but
the field is still underexplored, and most of the available research treats the ECG
signals from the head areas as artefacts or interference on EEG, EOG and EMG sig-
nals [36], [87), [88]. The papers which are concerned with recording the ECG signal
from head and neck are mostly associated with motorcycles’ safety and investigating
the ability to develop ECG embedded in helmets or in the area of hearing aids and
earplugs.

Various types of ECG sensors were used in helmet applications: Ag/AgCl ,
dry sensors [90,91] and fabric sensors [92]. The EU-funded i-VITAL project has
developed an ECG monitoring system integrated with helmets. The objective of the
product is to monitor vital signs in real-time and send them to emergency teams in
motorcycles accidents. The system has used EPIC sensors PS25101 in dry contact
with face and neck to capture an ECG-like signal, as shown in Figure The
research has successfully recorded ECG-like signals, which could be used mainly to
calculate HR.

Other research has simulated the biophysics of ECG signals from head [93]. Five
channels were studied, where the sensors were placed symmetrically from the neck,
jaw centre, jaw joint, cheek and forehead. The ground was placed in the forehead

centre, and the results of both measured and simulated ECGs are shown in Figure
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[2.20] The head ECG signal was also considered in eye wears’ designs, where the frame
bridge was used to record ECG from the forehead, and the glasses temples were used
to record PPG signal from the earlobe [94].

Moreover, other papers have explored collecting ECG signal from the area around
the ear by attaching the sensors to hearing aids or earplugs . As shown in
Figure [2.21], such a wearable device was used to collect ECG signal from the mastoid

area. Because of its flat surface, it minimises the motion artefacts and produces a

stable signal.
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Figure 2.20: Simulated and measured cardiac cycles in five head-ECG channels ||
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Figure 2.21: Wearable heart monitor |\
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2.7 ECG Noise and Interference

The are many types of noise that affect the bioelectrical signals recording, with most
of it being introduced by the electrodes. Most of the noise generation mechanisms
are not fully understood, yet some papers have suggested some of the elements that
contribute to the biomedical signals [58,98,99]. In order to model the expected noise
in the signal, Gondranet al. (1995) found that the noise introduced to biomedical
signals decreases at higher frequencies [66,98,99|, and noted that the metal-electrolyte
interface could introduce significant voltage fluctuations. However, the noise amount
mainly depends on the subject test, electrode area and skin preparation.

Power line interference in biomedical signals (at 50 Hz or 60 Hz), can happen
due to capacitive coupling when there is impedance mismatch of the electrodes, and
hence, a differential voltage at the amplifier input (simple Ohm’s law). The power
line noise can also be introduced when the body common mode signal is converted to
differential voltage |57]. The 50 Hz noise can be decreased by minimising the electrode
impedance because this will automatically minimise the impedance mismatch. From
what was mentioned above, the coupled noise could be reduced by reducing the noise
differential voltage at the amplifier input, and the minimum noise could be coupled
if the resistance of the electrode equals zero or infinity as proved earlier.

One of the most popular approaches to minimise the common mode noise is to
design an active ground known as Driven Right Leg (DRL). The DRL circuit is
designed by feeding back the anti-phase of the ECG electrodes’ mean. However, some
papers have pointed out that the DRL can introduce interference to the differential
mode of the isolated amplifier, and so they discourage the use of DRL when the system
is isolated from the powerlines according to the safety guidelines. They claimed that
the interference is unpredictable and need more investigation and research [100] &
and [101].
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Figure 2.22: DRL circuit for biomedical applications [101].

2.8 Conclusions

This research investigates potential methods for heart rate monitoring in the delivery
room. The first section of the literature review has listed the different HR monitoring
methods that are used immediately after birth. The ECG signal was recommended
by many research papers as the most accurate method for HR assessment. The ECG
has been introduced in the recent European guidelines for newborns’ resuscitation as
a potential method that lacks the appropriate technology.

After that, the medical guidelines for the newborns were reviewed for a better
understanding of the delivery room environment and how the babies are wrapped into
cotton towels or plastic bags to control their body heat. Then the dry/capacitive ECG
electrodes were compared against Ag/AgCl electrodes, which have many limitations
in the neonatal applications. The electrical model of the skin impedance interface for
the dry/capacitive electrodes was illustrated, and then the design, which can suppress
most of the noise power was discussed. The limitation of the dry/capacitive electrodes
was listed, including the artefacts and friction. Moreover, the different applications
of these electrodes in neonatal care were studied.

Finally, the noise contributions were summarised with one of the 50 Hz noise
solutions, the driven right leg. In the next chapter, the materials and methods used

in this research are illustrated along with the ECG acquisition systems.

31



Chapter 3

Materials and Methods

3.1 Overview

This chapter describes the different materials that were used in the experimental se-
tups in this research. Ethics approval was sought and obtained from the Faculty of
Engineering for the experiments presented in this thesis. A sample of ethics applica-
tion information sheet and a participant consent form are shown in appendix A. The
second section discusses the materials and systems that were used for the capacitive
sensors experiments. The third section illustrates the different material and systems
that were used for the fabric sensors experiment. The fourth and fifth sections discuss
the methods of skin impedance measurements and heart rate detection. These two

methods were used for capacitive and fabric sensors experiments.

3.2 Capacitive Sensors Materials and Systems

3.2.1 EPIC Sensor Overview

Plessey Semiconductors Ltd. has produced an electric potential integrated circuit
(EPIC) sensor in collaboration with Sussex University, UK. Some papers have dis-
cussed that the EPIC sensor offers an outstanding ability to detect very low electric
fields, with or without physical contact [102].

The sensor works as a very sensitive non-contact voltmeter which has a lower
corner frequency of 0.2 Hz and an upper corner frequency of 10 kHz [22,23]. The
frequency of the lower corner is relatively high, compared to the standard 0.05 Hz
prescribed for the ECG signal [68]. Prance et al. (2008) have tested the EPIC sensors
developed by Plessey in 2008 and claimed that the sensors could detect the heart rate

capacitively through fabrics and dielectric materials and the signals could be detected
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Figure 3.1: Packaging of EPIC PS25101 sensor and its internal design.

through the air up to 40 cm of air distance between the sensor and the adult human
[103].

EPIC sensors have been produced in many versions. In this research, EPIC
PS25101 sensors have been used because they are biocompatible according to ISO
10993. The sensor is an ultra-high impedance device, made of titanium electrode and
protected by a capping layer of dielectric material in order to isolate the titanium
electrode from the body being measured. As shown in Figure 3.1} the EPIC PS25101
sensor is designed in a metal disc-style package with a diameter of 1.4 cm, equipped
with a connecting lead and mini-DIN plug termination.

The internal PCB layout of the sensor is shown in Figure [3.2] where two pins are
used to power the sensor, and one pin is the output signal. The product is classified as
a Ila certified medical product, and the electrodes follow the ISO 10933 compatibility
regulations and the IEC 60601 safety regulations.

33



Qutput

/Pin'f

Bottom View Top View

Figure 3.2: The PCB layout of EPIC sensors [104].

3.2.2 EPIC Sensors Placement

As illustrated in the Literature Review Chapter, newborn babies in the delivery room
are wrapped into cotton towels or plastic bags to prevent heat loss and protect them
from hypothermia. EPIC PS25101 sensors were used in this research to couple the
ECG signal capacitively through these materials. The active capacitive sensors are
relatively bulky compared to the standard wet ECG sensors, which makes them dif-
ficult for limb attachment. The most practical placement for EPIC sensors for the
newborns is under the babies back. There are many advantages of collecting ECG

signal from the back of the baby as listed below:

(1) The back is the closest part to the heart after the chest, and the chest cannot
be used to strap relatively bulky sensors during the resuscitation. Because the

medical guidelines advise the medical staff to observe the chest while resusci-

tating [1].

(2) The contact area from the back is bigger than the hands and legs which enhance

the signal to noise ratio.

(3) The babies are placed in the supine position during the resuscitation, and pres-

sure from the baby’s body weight would be useful to hold the sensor contact.

(4) Unlike the limbs, the muscles of the back are not fully matured in the newborn
babies, and hence the movement of the baby back is limited compared to the

hands and legs, which decreases the introduced motion artefacts.
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(5) The possibility of arranging an array with more than one channel to record
simultaneous ECG signals which would increase the efficiency of the system

and may reduce the effect of motion artefacts at the same time.

Therefore, the proposed placement for the sensors was to be embedded in the
mattress of the resuscitation table, where the baby would be placed during the resus-
citation. In the first stage, a pair of sensors was tested to record the ECG signal from
babies backs through the cotton towels and plastic bags that are used to wrap the
newborns in the delivery room. Upon the success of these experiments, the second
stage is designed to use four pairs of EPIC sensors to be embedded in the mattress
in order to couple four ECG signals. Then, the best signal will be chosen for HR
detection. During movements, motion artefacts are created by the sudden change
in coupling capacitance. With four ECG signals, the effect of motion artefacts will
hopefully be significantly reduced. Figure [3.3] shows the top and side views of the

proposed placement of EPIC sensors.
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Figure 3.3: The proposed placement of EPIC sensors array inside the resuscitation
mattress.

Before testing the array placement, a pilot system with two sensors was used to
test if EPIC sensors can couple the ECG through the delivery room materials. This
system was used to record ECG signals from babies’ backs in dry contact and through
the dielectric materials. The array systems with eight EPIC sensors was designed but
was only used to acquire ECG from adult volunteers. These systems and their sensors

placement are discussed in the next section.
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3.2.3 ECG Acquisition Systems

As mentioned above, two systems were used to collect ECG signals using EPIC sen-
sors. The first system was a pilot system to acquire one ECG signal at a time in order
to assess the ability of the sensors to record ECG signals capacitively through cotton
towels and plastic bags. This system was used on both adult and baby volunteers.
The second system was designed to collect four ECG signals but was only used on
adult volunteers. Both systems have used EPIC PS25101 sensors and the DRL as

advised by the sensors’ manufacturer (Plessey semiconductor).

Figure 3.4: PS2500 ECG recorder box by Plessey connected to EPIC PS25101 sensors

p2).

3.2.3.1 Pilot System

The pilot system was an ECG recorder provided by Plessey Company known as the
PS2500 box and is compatible with EPIC PS25101 sensors. The PS2500 box acquires
two analogue inputs from two EPIC sensors and generates a DRL. Figure [3.4] shows
the PS2500 box, and its internal design is shown in Figure [3.5] where two inputs are
coupled from EPIC sensors leads. The signals are amplified, filtered with a low pass
filter of 35 Hz and then with a 50 Hz notch filter before being digitised. A DAQ
6008 is used to convert the analogue ECG signal into a digital one with a sampling
frequency of 1k sample/second. The bandwidth of the EPIC sensor is 0.2-10k Hz (as
mentioned earlier), which means that the collected ECG signal bandwidth is 0.2-35
Hz. PS25100 made by Plessey is classified as a class Ila medical device with BS EN
60601 certification.

The digital ECG signal is then sent to the computer for further processing and
heart rate detection. This pilot system was used in this research to test the ability of

EPIC sensors to collect the ECG capacitively through the materials used to warms
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Figure 3.5: The pilot system which collects one ECG signal using a pair of EPIC
sensors. The rectangle in dashed lines represents the internal design of the PS2500
box.

the newborns. The sensors were initially tested on adults wrists. The adults’ wrists

were chosen for the test because:

(1) Their weight pressure on the sensors is similar to the newborn’s body.

(2) The potential ECG components at the wrists have smaller amplitude compared
to upper parts of the body, and the expected newborns ECG is expected to
have small R amplitude [105].

(3) They are accessible for dry ECG contact. The hands were ruled out because
their skin is naturally developed to be harder than the rest of the body.

Figure[3.6|shows the complete setup of ECG recording from adult volunteer wrists.
The digital ECG signals were collected and stored using LabVIEW software and
further processed using Matlab. The laptop was disconnected from the mains power

during all the ECG recordings to minimise the interference.

3.2.3.2 Array System

The array system was designed for this research to collect four ECG signals from

volunteers using eight EPIC sensors. The system was built using four differential
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Figure 3.6: The setup for collecting ECG signal from adult volunteer wrists using
PS2500 and two EPIC sensors.

circuits using the same design that was used to build Plessey PS2500. The eight
sensors were attached to different points to create an array that produces four ECG
signals. The signals were then processed with Matlab to choose the ECG signal with
the best quality for the QRSEl detection. This setup should increase the accuracy of the
acquisition system and also increase its robustness against the motion artefacts. This
because some of the sensors are not in contact with the volunteer due to movement,
another pairs of sensors could be able to pick up the signal and hence the probability
of the ECG acquisition increases by increasing the sensors. The proposed system is

shown in Figure 3.7

QRS complex is the combination of three of the graphical deflections on the ECG signal.
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Figure 3.7: The array system which was designed to couple four ECG signals and
process them to choose the best signal for QRS detection.

3.3 Fabric Sensors Materials and Systems

3.3.1 Overview

As mentioned earlier, most of the newborn body is expected to be covered, but the
forehead and the forearms of the babies are usually exposed. However, it is not
practical to attach a bulky active dry sensor on the head of the newborns. Therefore,
the conductive fabric was proposed as a potential method to record the ECG signal
from the head and arm of the newborn.

It has been illustrated in the literature review that the ECG signal is recorded
from the head using fabric sensors in some applications, but there were no available
data about this method for newborn babies applications.

In Chapter Five, the conductive fabric sensors were tested for the application of a
newborn’s heart rate monitoring in the delivery room. The sensors were proposed to
be placed on the forehead and left forearm of the newborn babies in dry skin contact.
This section discusses the materials and systems used for fabric sensors experiments

in Chapter Five.
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3.3.2 Fabric Sensors Placement

As mentioned above, the fabric sensors are introduced in this research as a potential
method of coupling dry ECG signal from newborns during resuscitation. The initial
proposal was to record the ECG from the forehead and forearm. The forehead sensor
would be sewn into the babies hat, while the forearm sensor and the driven right leg
would be attached to the babies forearm using a stretchable cotton armband. The
experiments in Chapter Five were designed to test if the conductive fabric can collect
ECG signals from babies using this setup.

The size of the fabric sensors was restricted by the average size of newborns. The
average length of the forearm for a newborn baby is 60.2 mm [106]. In order to
use one armband to hold the forearm sensor and the driven right leg, the distance
between these two fabrics will be restricted by the forearm length. Also, the width
of the sensors is limited by the wrist circumferences, which is 62 mm on average and

can be as low as 50 cm for newborns [106].

3.3.3 Fabric Sensors Materials

Three fabric materials were tested as passive dry contact sensors on adult and baby

volunteers.

1) Medtex P130 Fabric:

This product is made by Statex for medical applications as a base material for many
fungicidal products, mattress/pillow covers for allergen protection, medical clothes,
compression wrap, and wound dressing. The substrate of the fabric is made of 78%
nylon and 22% elastomer and is plated by pure silver [107]. The thickness of the fabric
is 0.55 mm £10%. The fabric is biocompatible according to the ISO 10993 and is
also classified as class I by Oeko-Tex Standard 100. The data sheet, biocompatibility
certificate and Oeko-Tex certificate are all attached in Appendix A. Medtex P130

fabric was used as an ECG sensor for military applications [92)].

2) Laird 3080-500 Fabric:

The product is made by Laird Tech [108] as antibacterial fabric for medical and
military applications. The substrate of the fabric is made of 78% nylon and 22%
spandex and plated with pure silver. The fabric is flexible, lightweight and very
thin (0.45 mm thickness). The fabric is biocompatible according to the ISO 10993

tests, the biocompatibility certification and tests are all enclosed in Appendix A,
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along with the product data sheet. It was introduced in the applications of wound

dressings, compression wraps and antimicrobial garments.

3) SP31| Fabric:

This product is made by Footfalls and Heartbeats [109] for medical applications. The
fabric is made of 20% stainless steel and 80% polyester fibres. Isaia et al. (2016) have
investigated the electrical and mechanical proprieties of this fabric [110].

These three fabric materials were used to couple ECG signal from adult and baby
volunteers, using two systems. The first system used a wireless ECG recorder 102
developed by Butler in 2018 [111] at the University of Nottingham, and the second
system used the clinical ECG monitor, GE B450.

3.3.4 Wireless ECG Recorder

This in-house wireless ECG recorder, shown in Figure [3.8] is designed to collect ECG
signals using passive dry contact sensors. It is a portable recorder that works on a
battery and has a low power Bluetooth transmission base. The recorder was developed
by Butler (2018) [111] at The University of Nottingham with an isolated amplifier.
The ECG signal is acquired using an ADS1298 and converted to a digital signal with a
sampling frequency of 400 sample/second. The sampling rate was restricted because
of the use of the low energy Bluetooth which allows a maximum sampling rate of
400 sample/second in order to maintain the battery life. Despite the relatively low
sampling rate compared to the typical of 1K sample/second, the detected ECG signal
quality was good. Generally, decreasing the sampling rate decreases the quality of
the signal, therefore the ECG recorder was initially tested using simulated ECG in
order to compare the quality of the received and the original ECG signals. Figure[3.9
shows the PCB layout of the in-house wireless ECG 102 recorder.
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Figure 3.8: The wireless system of ECG recorder .

42



8 , Z E [ S , 2 £ 2 T
81/7 #9345
GERZTIET +T102/TT/TT | (NQfwxaa)y J4aping nayiel (J1d Buipnoutry 81BIg J3MOd MOT-BAN
q q dd 49bJeyg odr ur-iing
p420dASP no49 Sohdg pattddy (140d IdS pS182IpSp BT1AY pPJR] OS-04D14
fAiewwns | weybumioN o MiisasAtun gSn + SINPOL Y1001 sn(g

suonng ysnd 49sn XZ

p4e] 0S-042TuW_

SO37 48sn XZ--

(utd s1geljMd ©1 Ps1dsuuod) JsyesdspnoT]
' SO37 + suonng ysng 43sn oM
1dNUUSIUT 8121 4SM0H-MOT] [PU4S)X]

UMd “1gun Idsy 01 siqeddewsy xg oy dn
(ZHWH€/ZHWZ T/ ZHM08 Y /ZHMa0T)> IZ1

QI 1831b1g ney 8

SJ90 3Sed 119zT Xb

Q37 + uonng Jsmod ST9UUBY] 30Y SdSW@T 92T X@1 o1 dn
\

SO0¢ eaQ-PWDIS V19T XZ
pJeog wusawdoransQ

\

UONET0S] DIUeAT®g J0NBBAS
uonelos] sdquzt/sdaug T gsn

COﬁmJOWH 49M0d MZ \Dm

suoned1(ddy [edIpal| 40} werduo] T-TR9RONT

UOTIBTOS] EB1e(/49MO(d

v
N o Vi ,@ i// UOTID3UU0)
N /7 g2

UoTIeT0S]
T-TO909N3

‘oud1 g-8sn

1Dauuo) 01Ny
Js1se|] oiny
1UOTID31SS SpOl|

sardepy Y100 | an1g-gsn

El ]

|
|
|
|
Yo ] [ ]/ | S'e _
aspranial / — |
euusuy | | - ' | ” N
\ | S
I | \ 9983982 Tr4+201d | , ) <
| | dso1 | | N
/ \ "
W | W | (oo anigy | Sa37 smews Xy “atel y-gsn
| S8pPOADS[] 1UIlod X2 + 903 Yu/171/vd/Y | euusyuy 123135 Spoy|
I | ¢(anboteue 1IN} sad4nog Emijm a37 xvl |
Z -Z sJ491114 ssedpueg =
” | ureq A:HIWASmNLwSIm w& wu_m,muUwasﬁm_wm% - , | 4918W048[9DDY ‘9poIpoIoyd XT ‘S4red 0371 X¢
| sioyT1dy Uteq srgeysnlpy-s4emios — I | . . € PEsH
| | "' isyjeq snboleuy sSiqewwe.bodg xz| | 4918W0497920Y “59POIP0I0Yd XZ “SO37 Uowwol Xy
| | uotsusyx3 J¢1| | - . iZ PEsH
PotpOIoyd XT “S037 UOWWO) X
| pJeogJayybneq 933/9dd | pEl
| | |
| : SpeoH J40SUSS 9dd
, (S3po3313> 973-_ | f— @ s037 xz s031 X2 sg3T Xk sg37 Xb
” t K ! Od 4b17 1wsTquy \ \
Fzzzzzzzy P \
/) \
W 7 worsuaix3 9z1” (I ———
/ AR | ‘¢sad> 9dd
\\\\\\\\ < T903 8627Ts0aY W%
\ )
@/ & &
Y [l
\ . . |
” ‘(503D 9dd PECIPEIER ] .._ PEICTTPEI Clolall] .._ \,
| apo1goioyd apo1goioyd sporgoioyd
I
8 [ Z El S v [ € 4 T
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Figure 3.9
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3.3.5 GE B450 Monitor

The clinical monitor GE B450 was used in Chapter Five to record ECG signals using
the passive fabric sensors instead of standard wet ECG sensors. The monitor shown
in Figure is typically connected to the person using three ECG leads (LA, RA,
and LL) and a pulse oximeter (R index finger) [112]. The monitor shows the ECG
signal, Oxygen saturation, Heart rate and PPG signal. This monitor was connected
to adult volunteers to collect the ECG signal and compare it with the PPG from the

pulse oximeter.

Figure 3.10: GE B450 monitor made by GE Health-care \\

3.4 Skin Interface Impedance Measurement

The skin/electrode interface impedance is an aspect that should be considered in order
to model the coupling efficiency of the biomedical system. The interface impedance
of dry and capacitive coupling was measured in Chapter Four and Five. This section

illustrates the tools used to measure bioimpedance accurately.

3.4.1 Electrode Impedance

Each electrode has an impedance that is dependent on the nature of the electrical
double layer between the metal and the gel. This impedance is usually referred to as
the polarisation impedance [56]. The polarisation impedance is normally neglected
because the electrical layer impedance is small compared to the input impedance,
which makes the voltage drop due to the electrode impedance negligible. The term

electrode impedance refers to the interface impedance between the electrode and the
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biological material. However, it is important to note that, sometimes the electrode
impedance is used to describe the total impedance between the two electrodes, includ-
ing the impedance of the biological material between the two electrodes. Figure|3.11
illustrates two popular approaches in the literature to explain the electrodes/tissue
impedance, which is represented by a capacitor shunted by resistance in series with
the half cell Voltage E [56]. The unusual part is that both the resistance and capaci-
tance values are frequency dependent, and the magnitude of the impedance decreases
with higher frequencies. Geddes proved in 1972 and 1975 that for the wet electrodes,
the skin resistance is almost equal to the capacitance at any frequency with the ECG
bandwidth [56,/66]. The input impedance of the recorder should be very high com-

pared to the electrode polarization impedance.
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Figure 3.11: Equivalent circuit alternatives for the electrode/tissue interface. Where:
Ry is the body resistor,R. and C, are skin resistor and capacitor respectively [56].

In order to measure the interface bioimpedance for the sensors used in this re-
search, two devices were used: 1260 Impedance/gain-phase analyser and 1294 Bioimpedance

interface. Both of the devices are manufactured by Solartron.

3.4.2 Impedance Measurements Setups

The 1260 impedance analyser was used to measure the electrode-skin impedance in
a wide frequency range from 1 Hz to 1 MHz. However, the accuracy of the device is
limited when the impedance is higher than 1 Mohm, as shown in Figure 3.12] Also,
the 1260 analyser is not biocompatible to direct human applications. Therefore,
the 1294 Bioimpedance interface was used, which acts as a buffer and increases the

measurement accuracy for higher impedances while providing a human interface. In
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addition to accuracy increase, the 1294 interface could be directly connected to a
human through a biocompatible and safe interface.

The 1294 has two types of interfaces: (1) 1294A bio-impedance interface with IEC
601 connections which is used to measure the skin impedance layer, and (2) 1294B
normal interface which is used to measure the impedance of dielectric materials. As
suggested by the name, the bioimpedance interface protect the live subject from any
excess current according to the IEC 602 standard. The IEC connections allow a
maximum of 10 pA of a DC current and 10 mA (RMS) of an AC current. The
graph of the measurement accuracy when using the 1294 bioimpedance interface is
shown in Figure |3.13]

All the setups of the impedance measurements in this research were conducted us-
ing two terminal setup connections. For the skin/electrode impedance measurements,
1294 A bio-impedance interface was used. For the dielectric materials impedance mea-
surements, 1294B normal interface was used.

The setup of the measurements is shown in Figure [3.14] where the subjects were
connected to 1294 interface via IEC 602 triaxial cables. Then 1294 interface was
connected to the impedance amplifier via BNC cables. The 1260 Impedance analyser
was connected to a computer via Keithly to USB (KUSB) cable and parallel port.
The measurements results were displayed and imported using SMART software made
by Solartron. This method was used to measure the skin impedance interface for the
dry contact, and the impedance of the cotton towels, polyethelene and vinyl plastic

bags which are used to wrap the newborns.
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Figure 3.12: The impedance measurements accuracy graph for 1260 impedance/gain-
phase analyser [113].
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Figure 3.13: The impedance measurements accuracy graph for 1260/1294 combined
system: the right side is 1294A bioimpedance interface, and the left side is 1294B
normal interface [114].
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Figure 3.14: Bioimpedance measurement setup using 1260 impedance analyser and

1294 bioimpedance interface, with a desktop. Smart software provided by Solartron
is used with hardware to collect measurements.

3.5 Heart Rate Detection Algorithm

Many techniques have been investigated in the literature to detect the heart rate from
ECG signals. The features of the ECG are shown in Figure[3.15] Most of the available
HR detection techniques are associated with QRS complex detection because the P
and T detection is more difficult due to their relatively lower amplitude and their
possible overlapping [115]. However, there are still no universal solutions for the
QRS detection because of the wide range of QRS waveforms, ECG artefacts and the
different medical abnormalities [116].

In this research, the QRS complex detection was used as the main feature for
heart rate detection. The algorithm developed by Pan and Tompkins in 1985 for
real-time QRS detection was used [117], where the heart rate is calculated from R-R
intervals. Pan and Tompkins’s algorithm was implemented using Matlab code. The
block diagram of the implementation is shown in Figure [3.16]

The implemented algorithm was designed to calculate and update the heart rate
every five seconds and was applied to sixty adult ECG recordings which were collected
using the clinically approved monitor GE B450 in Section [3.3.5. The output of the
heart rate detection algorithm was compared to the HR readings using GE B450
monitor. The deviation range between the HR calculated using the implemented
algorithm (i.e. Pan and Tompkins algorithm) and GE B450 HR was £4% when
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Figure 3.16: The block diagram of the implemented algorithm by Pan and Tompkins.
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the ECG was stable. However, when there are motion artefacts, the algorithm HR
calculations were more accurate than GE B450 monitor when compared to the visual

calculations.

20



Chapter 4

Capacitive Sensors: Results and
Discussion

4.1 Introduction

The conclusion from the literature review in Chapter Two suggested that the use of
the ECG signal is the most accurate approach to estimate the heart rate of newborn
babies. Moreover, it is often considered as a reference signal to evaluate other meth-
ods’ reliability [8,9,32,34,55,118]. However, the standard Ag/AgCl ECG sensors are
not the ideal sensors to be applied to newborn babies in the delivery room because
of the discomfort, delay for skin preparation and the scarring caused by applying the
adhesive gel to newborns. These disadvantages have discouraged the use of the wet
ECG sensors during resuscitation.

On the other hand, the dry and capacitive ECG sensors do not require gel ap-
plication or skin preparation, as discussed in Chapter Two, which makes them a
potential choice for the newborns’ applications. The main challenge when applying
dry/capacitive electrodes is to reduce the artefacts caused by the relative electrode
motion or friction. Two types of ECG sensors were studied in this research to replace
the Ag/AgCl sensors for the application of newborns’ heart rate monitoring dur-
ing resuscitation, capacitive ECG sensors and conductive fabric sensors. This chap-
ter discusses the application of capacitive sensors (EPIC capacitive sensors made by
Plessey), and the next chapter discusses the conductive fabric sensors. EPIC PS25101
sensors had been used in previous studies of wearable ECG monitoring devices |119],
car seat HR monitoring [13] and even a helmet-based ECG recorder for motorcyclists
[93]. Many papers have used EPIC sensors in capacitive setup and concluded that the
sensors were able to couple capacitive ECG signals with good quality through cotton
clothing with thickness up to 2.37 mm [93,/120]. They have also claimed that the
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sensor could detect an ECG signal through 40 cm of air gap [120]. In this research,
the EPIC sensors were introduced to couple the ECG signals through the dielectric
materials that are used for swaddling the newborns in the delivery room.

The initially proposed placement for these capacitive sensors was to place an
array of eight sensors in the mattress of the resuscitation table to collect four ECG
signals simultaneously from the baby’s back as discussed in Chapter Three, Section
[3.2.2] The use of four ECG signals from different points of the body would reduce
the effect of the motion artefacts and enhance the signal quality. However, before
implementing this array setup, a pilot system was used to test the performance of the
EPIC sensor when applied capacitively to adult and baby volunteers. As mentioned
in the literature review in Chapter Two, the full-term babies are immediately cleaned
after birth and swaddled in cotton towels. The preterm babies are wrapped into
polyethylene or vinyl plastic bags without cleaning in order to protect them from
heat loss and possible hypothermia [21,36/,38|. Samples of the delivery room materials
were brought from the Queens Medical Centre Hospital in Nottingham city, UK, in
order to use them as a capacitive medium in the experiments tests. The thickness of
the cotton towel sample was 2000 pym +10%, and the thickness of plastic bags was
10 pm £10% each.

Five experiments were conducted throughout this Chapter. The first experiment
was designed to evaluate the performance of EPIC PS25201 when coupling the ECG
signals in dry contact setup without skin preparation or applying a conductive gel.
The second experiment was designed to test the ability of EPIC ECG sensors to cou-
ple the ECG capacitively through the cotton towels and plastic bags that are typically
used in the delivery room. The outcomes of this experiment were negative. Therefore,
the third experiment was designed to couple the ECG signals capacitively through
thinner cotton sheets with different thicknesses of 254pm and 355 pm. This exper-
iment aimed to investigate the application of the capacitive sensors in the neonatal
intensive care unit, where the newborn babies are usually kept without clothing and
in supine or prone positions [19]. The pilot system used for the setups mentioned
above used two EPIC sensors to generate a single ECG signal during the recordings.

However, in the fourth experiment, eight EPIC sensors were used to collect four
capacitive ECG signals simultaneously through the clothing. The array system used
in this experiment was further discussed in Chapter Three, section [3.2.3] Finally, the
fifth experiment was designed to measure the electrode’s impedance for the dry and

capacitive contact setups in order to model the skin interface and simulate the output

ECG signal.
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All the ECG recording experiments in this chapter were conducted firstly on seven
adult volunteers and then on three baby volunteers of age: 8, 15 and 42 weeks. The
heart rate was extracted from the ECG signals using the QRS detection algorithm
that was based on Pan and Tompkins method [117], which was further discussed in
Chapter Three, Section [3.5] The quality of the recorded ECG signals was quantified
by the QRS accuracy detection. The accuracy was calculated visually from the missed
R peaks and the duration of the motion artefacts if the QRS was not visible. The
ECG recorded from the same volunteer in different setups were compared in terms of
signal to noise ratio and the robustness against motion artefacts. The different setups
of the adults and babies experiments are described in the next sections and compared

to simulated models’ outputs.

4.2 The Experimental Setup of Dry/Capacitive Con-
tact

It has been shown earlier that the newborn babies in the delivery room are swaddled
in either plastic bags or cotton towels in order to control their bodies’ temperature.
According to the medical guidelines, the newborn must be kept warm immediately
after birth and throughout the resuscitation procedure, leaving only the face and
forearms skin area accessible for direct skin contact. Therefore, the EPIC capacitive
sensors were proposed to couple the ECG signal through the cotton towels and plastic
bags.

Two sensors were used to collect ECG signals from adults wrists and babies” backs
in both dry and capacitive contact. For the baby volunteers, the EPIC sensors were
placed on a mattress to collect the ECG signal, as shown in Figure The babies’
backs were chosen for the sensors’ placement because the active capacitive sensors
are bulkier than the standard wet sensors, and it would be difficult to attach them
to hands or legs with straps or stretchy bands. Additionally, when the sensors are
placed under the back, the baby weight pressure would hold the sensor contact and
reduce the artefacts.

For adult volunteers, the EPIC sensors were placed on a wooden desk and under
the volunteer’s wrists, as shown in Figure The volunteers were asked to relax and
not press down onto the sensors. The wrists were chosen to record the ECG signals
from adult volunteers because their weight pressure on the sensors is closer to the
pressure caused by newborns back. The wrists are also accessible for dry/capacitive

ECG recordings; the hands were ruled out because their skin is naturally developed
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EPIC sensors

Mattress

Figure 4.1: The setup of dry/capacitive coupling to record ECG signal from adult’s
wrists and baby’s back.
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polyethylenefvinyl

Dry Contact Setup Capacitive Contact Setup

Figure 4.2: The dielectric material (cotton towel, polyethylene or vinyl) was placed
on top of the sensors in the capacitive coupling.
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to be harder than the rest of the body. The sensors’ placement for babies and adults
are further discussed in Chapter Three, Section

The driven right leg (DRL) used with the ECG recording system was made of
conductive fabric and was placed under the bottoms of babies and adults in order to
reduce the mains power interference. Figure |4.2|shows the placement of the dielectric
material on top of the EPIC sensors for capacitive ECG coupling. The dielectric
materials used for the delivery room capacitive setup were: cotton towels with 2000
pm of thickness, polyethylene and vinyl plastic bags with 10 um of thickness each.
Additionally, two cotton sheets were used with a thickness of 254 um and 355 pm.

Lithium Battery : Analogsignal —

Op-amp [ Digital Signal ——

Conductive Fabric EPIC PS25101 —
------------------------------- |
1
1
1

NF:50Hz |  ADC: NI DAQ
1
—_ X 1
k 2 >—| & H{ <=

# s ECG |
-§’ 2 1
@ |B 1
x [
7 [ e

[a] I Laptop
HR Digital
Detection Filtering

Figure 4.3: The ECG acquisition system using two EPIC sensors and a DRL (con-
ductive fabric).

The system used for ECG acquisition is shown in Figure where two EPIC
sensors were used to collect the ECG signals in either dry or capacitive contact. The
analogue ECG signal was amplified and filtered by anti-aliasing and low pass filtering
of 35 Hz and digitised using a 6008 DAQ (National Instruments). The signal was
digitised at 16-bits per sample and a 1k sample per second rate and sent to a laptop
over a USB for storage and further digital processing by Labview and Matlab. The

laptop was disconnected from the mains during the recording in order to decrease the
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power line interface. The ECG circuit schematic of the ECG acquisition system is
further discussed in Section [3.2.3.1]

The digital ECG signal was collected by Labview and further processed by Matlab
using a bandpass filter with cut-off frequencies of 0.5 Hz and 35 Hz. After that, the
signal was filtered by a derivative filter and squared to calculate the adaptive thresh-
olds of the signal and noise to detect the QRS complex, the most dominant feature of
the ECG signal. These steps were adapted from Pan and Tompkins algorithm [117]
and modified to accommodate the dry and capacitive ECG signals with expected high
motion artefacts, the algorithm was further discussed in Chapter Three, Section [3.5

4.3 The Dry Contact Coupling

In the dry contact experiment, the EPIC sensors were applied directly to the vol-
unteers’ skin without applying a conductive gel on the skin. The dry experimental
setup was designed to evaluate the quality of the ECG signals collected by EPIC
sensors without skin preparations. For the adult volunteers, two sensors were placed
on a wooden desk, and the adult volunteers were asked to place their wrists on top
of the sensors. For the baby volunteers, two EPIC sensors were used to record the
ECG signals from three babies’ backs in dry contact with skin, as shown in Figure
4.1} The parents of the baby volunteers were asked to bring their baby’s mattress for
the experiment. The sensors were firstly placed on the mattress, and then the babies

were placed on top of the sensors.

4.3.1 Adult Volunteers Results

The ECG signal was recorded from wrists of seven adult volunteers for five minutes
each, using EPIC sensors in dry contact. The adult volunteers were asked to gently
shake their wrists and fingers once every minute during the recording without moving
their wrists completely from the sensors in order to test the performance of the system
when handling motion artefacts.

Figure shows a representative sample of the collected data from one adult
volunteer. The figure shows the ECG signal after the digital filtering, where the
motion noise and the DC baseline of the raw signal were filtered out by a digital
bandpass filter 0.5 Hz-35 Hz. In the beginning of the ECG recording, the signal took
about five seconds to settle down, as shown in Figure On average, the ECG
signals collected from the adults took between five and ten seconds before settling

down. The adults’ ECG signals were generally robust against the motion artefacts
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Figure 4.4: Sample of the ECG signal recorded from adult’s wrists in dry contact
using EPIC PS25101 using the data acquisition system shown in @I
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Figure 4.5: Sample of QRS detection on adult ECG signal collected from wrists in dry
contact. It shows the detected QRS on bandpass, moving average raw ECG signals
with noise level (Black), signal level (Red) , adaptive threshold (Green) and the QRS
detection (Pulse train).
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created intentionally by the volunteers during the recording as shown in Figure [1.7]

This volunteer was asked to gently shake her wrists for five seconds (295—300 seconds).
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Figure 4.6: The capacitive ECG signal takes few seconds at the beginning to settle
down.
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Figure 4.7: Sample of the introduced motion artefacts, when the volunteers were
asked to shake their wrists gently for five seconds.

The QRS peaks were the dominant feature of the ECG and were easily recognised
in both raw and filtered signal. The ECG signal was then processed by the QRS
algorithm detection to extract the heart rate of the volunteer. Figure shows a
sample of the QRS algorithm outputs and the adaptive thresholds of signal and noise.
The peaks above the green line were detected as R peaks, 100% of the QRS peaks
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in this volunteers data were detectable, and no QRS was missed. One minute of this
volunteer data is shown in Appendix B. The percentages of the detectable QRS of
the ECG signals collected from adult volunteers signals are shown in Table at the
end of this section. On overage, 99.84% of adults’ dry contact ECG was successfully
detectable.

4.3.2 Baby Volunteers Results

Two EPIC sensors recorded five minutes of ECG data from the baby volunteers backs;
the sensors were placed just under the shoulders to secure better contact. The col-
lected ECG data was then filtered, digitised and processed by the QRS detection
Matlab code. As mentioned earlier, the ages of the babies were 8, 15 and 42 weeks.
The ECG signal recorded from the eight weeks baby had the least motion artefacts
interference compared to the other two babies because the baby movement was lim-
ited. A representative sample from the eight weeks baby’s ECG is shown in Figure
438

As shown in the figure, the baby’s heart rate was very high compared to an
adult’s. This was expected since the typical heart rate of the babies under 78 weeks
is between 80 — 130 bpm [105]. Parts of the signal were noise and affected by the
motion artefacts, as shown in Figure .10} The three ECG signals collected from the
babies were processed using the QRS detection algorithm. A representative sample
of the eight weeks baby processed ECG signal after the QRS detection is shown in
Figure [4.9] For this baby volunteer, 93% of the ECG signal was detectable. The
undetectable 7% of the data was mainly dominated by the motion artefacts. On
average, 89% of the babies signals were detectable. For the older babies, the ECG
signal was more affected by the motion artefacts, because their muscles were stronger

and they were able to move their backs.
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Figure 4.8: Sample of ECG signal recorded from eight weeks baby’s back in dry
contact using EPIC PS25101 and the data acquisition system shown in
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Figure 4.9: Sample of QRS detection on baby ECG signal collected in dry contact
from the back. It shows the detected QRS on bandpass, moving average raw ECG
signals with noise level (Black), signal level (Red) , adaptive threshold (Green) and
the QRS detection (Pulse train).
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Figure 4.10: Sample of baby ECG signal distorted by motion artefacts.

4.3.3 Summary

The accuracy of the QRS detection on the adult and baby volunteers are shown in
Table 1.1l The average accuracy for adults’ ECG was 99.87%, and the minimum
one was 99.3%. All of the babies were crying during the recording and moving their
limbs, so their ECGs were heavily affected by the motion artefacts introduced by
their mobility, crying and respiration rate. However, the average QRS detection
accuracy of babies’” ECG was still acceptable of about 89.33%. The deviation of the
ECG quality was very high, because of the age difference, which has huge impacts
on babies mobility. As the age of the baby increased, the baby’s ability to move
increased, and as a result, the detection accuracy decreased. The accuracy for the
eight weeks baby was 93%, and the accuracy for newborns is expected to be more
since they would not be able to move. The samples of the data shown in this section
were part of the ECGs highlighted in yellow colour in table [4.I} One minute of the
eight weeks ECG data is in Appendix B.

It was shown earlier, that the dry ECG signal collected using EPIC sensors took
a few seconds, in the beginning, to settle down. This transient effect happened every
time after the sensors were separated from the volunteers’ skin. The reason for that
is EPIC bandwidth of 0.2 Hz - 10k Hz; which makes the sensor act as a high pass
filter. However, the settling time of EPIC sensors was relatively small compared to the
average delay in capacitive sensors of 15 seconds [68|. The reason for this relatively
faster response is EPIC sensor design. The lower cut off frequency of the sensor was
designed to be 0.2 Hz instead of the recommended 0.05Hz. This design would distort
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Sensors QRS detection
position percentage
Female 25Y wrists 100%
wrists 99.6%
wrists 100%
wrists 100%
wrists 100%
wrists 100%
wrists 99.3%
Female 8W back 93%
back 91%
back 84%

Table 4.1: QRS detection accuracy of ECG signals collected in dry contact from
adults’ wrists and babies” backs using PS25101 sensors. Samples of the yellow colour
rows data were shown in this chapter and Appendix B.

the ECG signal for the diagnosis applications, but since the ECG signal is only used
for the HR detection in this application, the minor distortion would not impact the

results.

4.4 The Capacitive Coupling Through The Delivery
Room Materials

As explained earlier, the newborns are wrapped immediately after birth with cotton
towels or plastic bags, in order to prevent them from becoming hypothermic. There

are no rules in the medical guidelines to specify the type of plastic bag used in the
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delivery rooms to keep the babies warm, but many papers refer to using two types of
plastic bags: vinyl and polyethylene [21,37].

This experiment was designed to test the possibility of collecting ECG signals
from babies through the cotton towels and plastic bags used in the delivery rooms.
The cotton towels are made of 100% cotton, and their thickness was 2000 pm.The
polyethylene plastic bag used in this experiment was made of Low-Density polyethy-
lene (LDPE) while the vinyl plastic bag was made of Ethylene-vinyl Acetate (EVA).
They would be identified in this chapter as polyethylene and vinyl plastic bags. The
thickness of both plastic bags was 10 pm.

The experimental setup shown previously in Figures and was used for this
experiment as well. For adults, the sensors were placed on top of a desk and were
covered by a towel or plastic bag, and the volunteers were asked to put their wrists
comfortably on top of the covered sensors. The ECG signal was recorded from seven
adult volunteers capacitively through the cotton towel and the two plastic bags.

For babies, the sensors were placed on the baby’s mattress and covered by the
cotton towel or plastic bag, then the baby’s bare back was placed on top of the covered
sensors. The ECG signal was recorded from each of the three baby volunteers for five
minutes. The age of the babies at the time of the experiment was: 8 weeks, 15 and
42 weeks.

4.4.1 Adult Volunteers Results

The materials were used separately with each volunteer as a dielectric medium be-
tween the sensors and the volunteer’s wrists. The capacitively coupled signals were
very noisy and vulnerable to motion artefacts from respiration. After further pro-
cessing by Matlab, the R peaks were not identified in any of the volunteers’ signals,
collected through the cotton towel or the polyethylene plastic bag as shown in Figures
and [£.13] However, the R peaks were identified among five of ECG signals that
were coupled through the vinyl bag. A sample of the ECG signal recorded from adult
wrists through the vinyl plastic bag is shown in {.11] As shown in the figure, the
QRS peaks of the volunteer ECG signal could be seen, but the noise was very high
compared to the dry contact ECG signal. The adults ECG through the vinyl plastic
bag was processed by Matlab in order to extract the heart rate. The QRS detection
accuracy of these signals was very low compared to the signals collected in the dry
contact setup. A sample of the output of the Pan and Tompkins algorithm is shown
in Figure[4.12] As it can be shown in the figure, some of the artefacts were mistakenly
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identified as R peaks by the QRS detection algorithm. One minute recording of this
ECG data is shown in Appendix B.
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Figure 4.11: Sample of ECG signal recorded from adult’s wrists capacitively through
the vinyl plastic bag, using EPIC PS25101 and the data acquisition system shown in
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Figure 4.12: Sample of QRS detection on adult ECG signal collected from wrists
capacitively through the vinyl plastic bag. It shows the detected QRS on bandpass,
moving average raw ECG signals with noise level (Black), signal level (Red) , adaptive
threshold (Green) and the QRS detection (Pulse train).
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Figure 4.13: Sample of the signal collected from adult’s wrists volunteer through
polyethylene with no detectable ECG features.
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Figure 4.14: Sample of the signal collected from adult’s wrists through cotton towel
with no detectable ECG features.
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4.4.2 Baby Volunteers Results

In this experiment, a pair of EPIC sensors were placed on the baby volunteer’s mat-
tress. The sensors were covered with a plastic bag or cotton towel, and the baby
volunteer was placed on top of the covered sensors with his/her bare back, as illus-
trated previously in Figure [£.1] The plastic bags used for baby volunteers were the
same type of bags used for adults: polyethylene and vinyl plastic.

The signals were collected from three different babies of ages: 8, 14 and 42 weeks.
No ECG signals could be identified from any of the babies. The nine signals were
processed by the QRS detection algorithm, and the algorithm only detected mean-
ingless artefacts peaks. Samples of the recorded signals are shown in Figures [4.15]
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Figure 4.15: Sample of the signal collected from baby’s back through vinyl with no
detectable ECG features.
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Figure 4.16: Sample of the signal collected from baby’s back through polyethylene
with no detectable ECG features.
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Figure 4.17: Sample of the signal collected from baby’s back through cotton towels
with no detectable ECG features.
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4.4.3 Summary

The capacitive sensing of ECG signals was performed using a cotton towel, vinyl and
polyethylene plastic bags which were provided by the Queens Medical centre in the
city of Nottingham. The experiment was performed on seven adults and three babies.
Five of the adult signals were coupled through vinyl plastic and recognised as ECG
signals. The QRS peaks were detected among those five signals, although many R
peaks were not detected due to low signal to noise ratio. On the other hand, all
the signals coupled through polyethylene bags or cotton towel were not recognised as
ECG.

The capacitively coupled signals collected from the babies were not identified as
ECG signal. The QRS were not visible within the nine collected signals. Table
summarises the results of the capacitive ECG coupling through the cotton towel and
plastic bags. Based on these findings, the capacitive coupling ECG in the delivery
room using EPIC sensors is not likely applicable. However, more experiments were
conducted in order to evaluate the sensor performance through thinner sheets. This
setup might be of interest for the HR monitoring in the neonatal intensive care, where

the newborns are kept with minimal clothing inside the incubators.
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. Cotton
Sensors Vinyl Polyethylene towel
.. QRS QRS
position K K QRS
detection detection .
detection

Female 25Y wrists 69.2% - -
wrists 72.1% - -
wrists - — —
wrists 61.0% - -
wrists - — —
wrists 58.4% - -
wrists 70.6% - -
back — _ _
back — _ _
back — _ _

Table 4.2: QRS detection accuracy in ECG signals collected capacitively though vinyl,
polyethylene and cotton towels; from adult and baby volunteers using PS25101 sen-
sors. Samples of the yellow colour row data was shown in this chapter and Appendix
B.
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4.5 Capacitive Coupling Through Cotton Sheets

As shown in the previous section, EPIC sensors were not able to couple ECG signals
through cotton towels or polyethylene plastic bags. Some of the signals were cou-
pled through the vinyl bags and recognised as ECG signal, but with a low detection
accuracy, compared to the dry contact ECG.

The experiments in this section were designed to test the possibility of coupling
ECG signal through thinner cotton sheets using EPIC sensors. EPIC sensors have
been used in the literature to couple ECG signals through sweaters and cotton shirts
[121]. The EPIC sensors were used in this experiment to couple ECG through two
different cotton sheets of a thickness of 254 pym and 355 pm=+10%.

The capacitive setup was similar to the dry contact setup in the previous section
and was also performed on seven adults and three babies of 8, 15 and 42 weeks. The
experimental setup was the same as the previous experiments, where the ECG signal
was collected from the adults’ writs and babies’ backs, as shown in Figures and
4.2l For adult volunteers, the sensors were placed on a desk and then covered by a
cotton sheet before asking the volunteers to place their wrists on the covered sensors.
For baby volunteers, the sensors were placed on the baby’s mattress and then covered
by a cotton sheet before placing the baby’s bare back above the covered sensors. After
collecting the ECG for five minutes, the 254 um cotton sheet was replaced by 355 pm

cotton sheet.

4.5.1 Adult Volunteers Results

In this experiment, two cotton sheets with thicknesses of 254 pym and 355 pm were
used to cover the capacitive sensor. The ECG signal was collected capacitively
through these cotton sheets from seven adult volunteers for five minutes each and
was then processed offline using the QRS detection algorithm in Matlab.

Recognisable ECG signals were coupled through both of the cotton sheets; repre-
sentative samples of these ECGs are shown in Figures and [£.20] The ECG QRS
peaks were visible in both cases, but the signal coupled through the thicker fabric
was more distorted by noise and motion artefacts.

The QRS detection accuracy of the thin cotton sheet was higher than the thick
cotton sheet as expected. Representative samples of the detected QRS peaks through
254 pm and 355 pm are shown in Figure and Figure respectively. One

minute recording of these samples’ signals are shown in Appendix B. The calculated
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accuracy of QRS detection of ECG signals collected from adult volunteers through

cotton sheets are summarised in Table 1.3 at the end of this section.
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Figure 4.18: Sample of ECG signal recorded from adult’s wrists capacitively through
254 pm cotton sheet, using EPIC PS25101 and the data acquisition system shown in
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Figure 4.19: Sample of QRS detection on adult ECG signal collected from wrists
capacitively through 254 um cotton sheet. It shows the detected QRS on bandpass,
moving average raw ECG signals with noise level (Black), signal level (Red) , adaptive
threshold (Green) and the QRS detection (Pulse train).
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Figure 4.20: Sample of ECG signal recorded from adult’s wrists capacitively through
355 pm cotton sheet, using EPIC PS25101 and the data acquisition system shown in

A3
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Figure 4.21: Sample of QRS detection on adult ECG signal collected from wrists
capacitively through 355 um cotton sheet. It shows the detected QRS on bandpass,
moving average raw ECG signals with noise level (Black), signal level (Red) , adaptive
threshold (Green) and the QRS detection (Pulse train).
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4.5.2 Baby Volunteers Results

In this experiment setup, two Plessey sensors were placed on the babies’ mattresses,
which were brought by the parents and covered by cotton fabric. Then the babies were
put on top of the cotton fabric without wearing any clothes apart from their nappies.
The sensors collected the signals from babies’ bare backs capacitively through the
cotton sheets with a thickness of 254 pym and 355 pm. Five minutes of ECG recordings
were collected from each baby.

The ECG morphology was recognised within the signals that were coupled capac-
itively through 254 pm sheet. They were affected by the noise and motion artefacts
more than the dry contact ECG signal, but the R peaks were still recognised by
the naked eye among most of the signal. A sample of ECG signal collected capac-
itively through 254 pm cotton sheet, from an eight weeks baby volunteer, is shown
in Figure [4.22] The babies were not comfortable and cried through the experiments.
The quality of ECG signal recorded from the youngest baby of eight weeks was the
best because the older babies had more muscles and hence introduced more motion
artefacts. The QRS peaks have been detected in the collected ECG signals using the
QRS detection algorithm. A sample of detected QRS is shown in Figure [£.23] Some
parts of the ECG were entirely taken by motion artefacts due to baby’s movements or
crying, as shown in Figure[£.24] The QRS detection accuracy through 254 pm cotton
sheet for the three babies are shown in Table [4.3] at the end of this section. On the
other hand, no ECG signals were detected through the cotton sheets with 355 ym of
thickness; a sample of the collected signal is shown in Figure [£.25]
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Figure 4.22: Sample of ECG signal recorded from baby’s back capacitively through
254 pm cotton sheet, using EPIC PS25101 and the data acquisition system shown in

A3
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Figure 4.23: Sample of QRS detection on baby ECG signal collected from the back
capacitively through 254 um cotton sheet. It shows the detected QRS on bandpass,
moving average raw ECG signals with noise level (Black), signal level (Red) , adaptive
threshold (Green) and the QRS detection (Pulse train).
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Figure 4.24: The motion artefacts introduced by baby movements and crying.
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Figure 4.25: Sample of the signal collected from baby’s back through 355 um cotton
sheet with no detectable ECG features.
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4.5.3 Summary

The accuracy of the QRS peaks detection from adult and baby volunteers are sum-
marised in Table [4.3] The QRS peaks could be visually identified in the capacitive
ECG signals collected from adults and babies through the 254 pm cotton sheet. The
accuracy of QRS detection was generally higher among the adults’ ECG signals than
babies’. For the 355 pum cotton sheet, the QRS peaks could only be detected from
adult ECG signals and were not identified from the babies’ neither visually nor using
the detection algorithm. Based on this data, the capacitive coupling might be of
interest for the NICU applications. EPIC sensors could couple an ECG signal in dry
contact without applying the conductive gel with relatively good quality. The sensor
was also able to couple the ECG signal through the cotton sheet of 254 pum despite

the motion artefacts introduced by the baby active movements during the recording.
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254 m 355 pm
poiion | 8 |2
detection
Female 25Y wrists 99% 94.6%
wrists 100% 94.3%
wrists 99.5% 94.0%
wrists 99.2% 95.5%
wrists 99.5% 85.6%
wrists 100% 93.4%
wrists 100% 95.7%
Female 8W back 71.3% -
back 75.6 -
back 67.4 -

Table 4.3: QRS detection accuracy in ECG signals collected capacitively though
cotton sheets from adult and baby volunteers using PS25101 sensors. Samples of the
yellow colour rows data were shown in this chapter and in Appendix B.
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4.6 Capacitive Coupling Through Cotton Clothes:
Array System

In the previous section, the ECG signals were successfully collected from the adult
volunteers capacitively through cotton sheets. In this section, a non-controlled exper-
iment was performed on adult volunteers in order to find out if the EPIC sensors can
detect ECG through cotton clothes with different layers. Eight sensors were used to
record four ECG signals simultaneously in the form of an array. The setup of this ex-
periment is shown in Figure [4.26, where the sensors were placed under the shoulders,
middle back, waist and lower back. In this experiment, the adult volunteers were
asked to lie down on a yoga mat fully clothed, wearing 100% pure cotton shirts and
trousers of their choices. Several holes were made on the yoga mat to accommodate
the eight EPIC sensors for an unobtrusive system. All the volunteers wore at least one
layer of cotton material on their upper part, and two layers on their lower part. This
system was initially fabricated in order to increase the accuracy of ECG acquisition
from babies through the delivery room materials. However after the initial analysis,

the system was only tested on adults.
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Figure 4.26: Experimental setup for collecting ECG signals from adult back capaci-
tively through cotton clothing using eight EPIC PS25101 sensors.
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4.6.1 Results

In this experiment, four ECG signals were collected simultaneously from each adult
volunteers back through his/her cotton clothes with different thicknesses and layers.
The ECG signals were collected successfully from the bodies” upper parts, i.e. shoul-
ders, middle back and waist; but no ECG signal was collected from the lower back
sensors because of the thick multi-layers of clothing. The experiment was performed
on seven adult volunteers to collect five minutes of recording. Samples of one adult
volunteer ECG signals recorded capacitively from shoulders, middle back and waist
are shown in Figure [4.27, This sample was taken of a volunteer who was wearing
a single cotton layer. However, the morphology of capacitive ECG signals through
the multi-layers was distorted. Figure shows the ECG signal that was coupled
through three layers of clothes after filtering.

I I
0.6 - ——ECG from shoulders| _|
ECG from back
—ECG from waist

<
=~
T
|

Amplitude [mV]

Time [s]

Figure 4.27: Sample of ECG signal recorded capacitively through single layer of
cotton from an adult, using EPIC PS25101 and the setup shown in [£.26, ECGs were
collected from shoulders, middle back and waist. A DC offset has been added to these
ECG signals in order to show them clearly in the figure.

The shoulders” ECG had a higher amplitude than the other capacitive ECGs
because of the better contact and reduced the air gap at the shoulders when the
volunteer was lying on the back, besides they were the closest to the heart among the
eight contact points. The features of typical ECG signals were visible in the capacitive
ECG signals of all volunteers. The QRS complex was not visible from the lower back
ECG signals, as mentioned above. An algorithm was used to choose the signal with
the highest SNR at the time, and calculate the HR based on that signal, the ECG
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Figure 4.28: Sample of ECG signal recorded capacitively through three layers of
cotton from adult shoulders, using EPIC PS25101 and the setup shown in m

from the lower back was always ruled out of the HR calculations due to low SNR.
The percentages of the detectable ECG signals from adult and baby volunteers are
shown in Table [4.4 The detectable part of the ECG signal is inversely proportional
to the number of clothing layers. The best signal, in terms of QRS detection accuracy

(96.3%), was collected through one layer of clothing, and the worst signal of 78.8%

was collected through three layers of clothing.
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Sensors # Cotton layers QRS
position in upper parts detection
Male 29Y back 1 3269./34‘7;3
back : 306733
buck : o1 353
back ! 2953§i81 %
Female 29Y back 3 21?./63‘7{)1
back : 30432

Table 4.4: QRS detection accuracy in ECG signals collected capacitively though
cotton clothes from adult volunteers. Samples of the yellow colour row data was
shown in this chapter.
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4.7 Bioimpedance Measurements for Dry and Ca-
pacitive Setups

4.7.1 Overview

The ECG signal is generated by the excitable cells of the heart muscles. The ion cur-
rents carried by Cl—, Na+ are converted to electrical current by the ECG electrodes
which work as a transducer. The outer skin layer -the stratum corneum- impedes the
transfer of the ions in the tissue to electrons in the electrode leads. Many studies in
the literature review have discussed that the skin-electrode interface can be described
as a series of parallel R and C circuits, where each circuit represents one of the contact
layers [56}/68,99]. The interface impedance between the skin and the typical standard
wet ECG sensors are modelled using the Warburg model and its modifications. In
the Warburg model, the resistive component of the skin is frequency dependent, and
the magnitude changes significantly within the bandwidth of the ECG signal. The
model suggests that when using the wet ECG sensors the resistance of the skin is
almost equal to the skin capacitance Rsc(f) ~ Xsc(f) at every frequency within the
ECG bandwidth [56]. Some papers have suggested that the resistive component of
the skin interface could increase up to a few ohms, as shown in chapter two, Figure
[122].

Different interface impedance models representing wet, dry and capacitive elec-
trodes were shown in chapter two, Figure and explained in Section [2.4.3] In the
case of dry contact, there are only two layers of impedance: stratum corneum and
the ECG electrode. While in capacitive contact, the layers are stratum corneum
layer, cotton or plastic layer and then the ECG electrode. The skin impedance was
measured using the combination of the 1260 Solartron impedance analyser and 1294
bioimpedance interface which can measure up to 100MQ +1% or up to 1 G2 £10%.

In order to model the dry contact skin interface, an experiment was carried out
using a Solartron impedance analyser 1260 and the bioimpedance interface 1294. The
bioimpedance measurements system was further discussed in Chapter Three, Section
3.4] and was shown in Figure [3.14 The system was used to measure the dry skin

interface impedance and the cotton and plastic materials’ impedance.

4.7.2 Impedance Measurements of Dry Contact Electrode

Typically, the impedance of the dry contact interface is represented by Figure [4.29]

In order to measure the skin interface impedance when the sensors are applied in dry
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contact setup, two metal discs were used for the measurement. The discs were cut of
the same shape and area of EPIC sensors. The previous experiments in this chapter
were conducted without skin preparation. However, the skin interface impedance
was measured from the adult volunteer before and after skin preparation in order to

compare.

Shield ..—'?I I Input 1 Input 2
Ehe () - Ehe
Wire—" ] .
Electrode _R. ) ] ] .
i - T p— 1= 1 =
i : ol 1]
: Stratum corneum 4 .
| ' -~ T E1 =
A T T E2
' : ] — | |
i Body | - iRb i - Rb

Figure 4.29: The dry contact model of the skin-sensor interface including body layer
Stratum corneum, R; and C; represent the interface resistor and capacitor while R,
represents the body resistor. The skin interface equivalent model has been used [56].

Figure shows the impedance model of recording the ECG signal capacitively.
The Rb resistor was used to represent the body resistivity. The R; and C; components
represented the impedance of the Stratum corneum contact layer.

Figure [4.30] illustrates how the metal plates were applied to the adult volunteers’
wrists to measure the dry contact interface between the plates and the volunteers’
skin. The copper plates were placed on top of the wooden desk, and the volunteers
were asked to place their wrists just over the plates (the same setup of ECG signal
recording). However, in this setup, the metal discs were strapped and secured using
wrist bands to maintain accurate readings. The bioimpedance interface 1294, which
was designed for the human interface, was connected to the metal discs by IEC 60601
certified triaxial cables. The IEC60601 connections allow a maximum of £10 pA of a
DC and 10 mA (RMS) of an AC. The measurements were taken twice on the volunteer:
first without skin preparation, and then after the skin preparation (includes shaving

the hair of the selected area, abrasion and proper cleansing using ECG prep pad).
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Figure 4.30: The measurement setup of dry sensor - skin interface bioimpedance.Two
metal discs were used in contact with adult’s wrists.

Figure shows the impedance of the skin-metal plates dry interface before
and after the skin preparation (log scale) within the frequency of 1 Hz to 100 KHz.
As expected, the skin preparation decreased the impedance significantly at the low
frequency (ECG bandwidth). The impedance of the interface was 7.89 M) at 1 Hz,
and after the skin preparation, it dropped by more than a half to 3.97 M(2 at 1 Hz.
Similar to Warburg model of Ag/AgCl electrodes, the measured resistivity of the
dry skin interface was frequency dependent as well. In order to simulate the skin
interface layer in the dry contact accurately, the parallel capacitors and resistors of
the dry contact model should be substituted as frequency dependent variables using

the experimental measurement points.
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Figure 4.31: Impedance measurements of dry contact skin interface before and after
skin preparation, using the experimental setup shown in Figures and |3.14}

4.7.3 Impedance Measurements of The Dielectric Materials

In order to understand the reasons for the different materials behaviour during the
capacitive coupling of the ECG sensors, the impedance of these materials were in-
vestigated theoretically and experimentally. As shown in the literature review, the
dielectric material layer is generally modelled as parallel impedance and capacitor. In
the capacitive contact, the impedance model includes the dry contact model discussed
in the previous section, in addition to the capacitive material layer as shown in Figure
[4.32] where R,, and C,, represent the dielectric material’s layer. In this section, the
electrical characteristics of cotton material are discussed along with polyethylene and
vinyl plastic bags in order to complete the capacitive contact model. The impedance
of these dielectric materials was measured separately without skin contact because of
the devices accuracy limitation. The capacitance of cotton, vinyl and polyethylene
plastic bags were calculated theoretically using the electrical characteristics of the

material in the literature review and compared to the measured impedances.

Theoretical Capacitance of Cotton, Vinyl and Polyethylene

The capacitance of the dielectric materials is calculated using: the dielectric constants
of the materials, the area of the sensor, and the thickness of the used plastic and cotton

sheets, using the equation:

C = c(A/d) (4.1)
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Figure 4.32: The capacitive contact model of the skin-sensor interface in capacitive
contact, including body layer, Stratum corneum interface and the dielectric material
(cotton or plastic sheet). R; and C; represent the interface resistor and capacitor,
R,, and C,, represent the dielectric material’s layer, while R, represents the body
resistor. The skin interface equivalent model has been used [56].

where:
E=¢€0*R (4.2)

As shown in Figure[£.33} A is the area of the plates overlap, d: is the distance between
the plates, € is the absolute permittivity of the material, g is the permittivity of
vacuum and k is the relative permittivity of the material.

The cotton material’s relative permittivity is in the range of 2.3 — 3.18 [124}|125],
however, the dielectric constant of the cotton material increases significantly when
the fabric is moist [126]. When substituting cotton dielectric constant (k = 3.18), the

area of the sensors = 1.54 ¢m? and the cotton towel and two sheets thicknesses:

3.18 % 1.54 ¢cm?
Ctowel = = 2002 m an = 25.TTnF (43)

£ % 3.18 % 1.54 cm?
Cosaum = = 137nkF 4.4
254 254 jum n ( )
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The vinyl plastic bag was made of Ethylene-vinyl Acetate (EVA) and its dielectric con-
stant, relative permittivity, of 2.65 . The second type of plastic bag, polyethylene
bag, was made of Low-Density polyethylene (LDPE) which has a dielectric constant
of 2.25 [128].
When substituting d = 10 um as the thickness of the plastic sheets, the area of
the sensors = 1.54 em? and x = 2.25 and 2.65: the capacitors are:
€ x 2.65 * 1.54 cm?

Clinygl = =36.1nF 4.6
yl 10 Ium n ( )

£ % 2.25 % 1.54 cm?
Cpoly 10,um 30.7n ( 7)

The calculated capacitance are shown in Figures and in comparison with

the experimental impedance measurements from the next section.

Experimental Impedance Measurements of Cotton, Vinyl and Polyethy-
lene

In order to determine the impedance of the cotton and plastic bags which were used
during ECG capacitive coupling in this Chapter, 1260 impedance analyser and 1294
normal interface were used (non-bio part). As mentioned in the previous section,
when the 1260 Solartron impedance analyser is used combined with 1294 interface,

they can measure up to 1 GQ £10%. Figure |4.34] shows the setup for measuring the
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impedance of the materials experimentally within the bandwidth of 1Hz to 1MHz.
The experimental impedance of the plastic bags are shown in log scale in Figure
4.35. The calculated capacitance, using dielectric constants, are also shown in the
same figure as dashed lines. As shown in the figure, the experimental measurements
of the plastic bags correlate with the calculated capacitance. This means that the
impedance of the plastic bags is dominated by the capacitance, within the bandwidth
of the measurement (1 Hz to 1 MHz). That is because the resistive component of
these plastic bags is very high compared to the capacitance, which makes the overall

parallel impedance mainly reflects the capacitance of the material.

1294 Interface: 2B

=TT T T —
T

Dielectric Material
Cotton or plasticbags

Figure 4.34: The impedance measurements setup of plastic bags, cotton towel and
cotton sheets.

It is also seen that the measured impedance of the polyethylene bag is bigger than
the vinyl. The difference is significant within the ECG signal bandwidth ( 1 Hz - 50
Hz). At 1 Hz the impedance of the polyethylene’s bag is 688 MS2 while the vinyl bag
is only 409 MS2, which explains why the vinyl plastic bag had better coupling than
the polyethylene’s when recording the ECG signal from adult volunteers.

On the other hand, the cotton towel impedance was not measured, because it was
bigger than the devices limit (the limit is 1G2). The impedance of the cotton sheets
was measured and shown in Figure [4.36] along with the calculated capacitance of
the cotton towel. The measured cotton impedance was dominated by the resistive
component at (1 Hz to 100 Hz) bandwidth. Unlike the plastic bags, the capacitance
of cotton material is very high compared to the resistance at the low frequencies.
The capacitance starts to affect the overall impedance after 100Hz. The capacitance
contributes to the ECG bandwidth only if the cotton sheet is very thin; about less
than 50 um. Other papers have referred to the fact that the ECG capacitive coupling

through cotton clothing is mainly dominated by the resistive component because the
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Figure 4.35: Impedance measurements of vinyl bag made of Ethylene vinyl Acetate
(EVA) and polyethylene bag made of Low Density polyethylene (LDPE) compared
to the calculated capacitance.

capacitance of the cotton shirts is so high in general with a typical fabric thickness
of 200 pm [129] [126].

As expected, the impedance of the thicker cotton sheet of 355 um is more than
the impedance of 254 um sheet, which is illustrated in Figure [£.36] At the 1 Hz, the
impedance of the 355 um cotton is 501 M2, while for the 254 pm the impedance is
316 MS2. The thicker sheet with higher impedance attenuates the ECG signal more
than the thinner sheet, and this is the reason behind the bad coupling through the

thick cotton sheets from adult volunteers.
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Figure 4.36: Impedance measurements of cotton fabrics are compred to the calcu-
lated capacitance. Fabrics’ thicknesses are: 2000 pm, 355 pm and 254 pm. The
impedance of 2000 um cotton towels is not shown because it was bigger than the
analyser maximum.

4.8 The Simulation of Dry And Capacitive Models

The dry contact impedance model from the previous section was used to simulate the
ECG signal coupling by EPIC sensors. The model was combined with the dielectric
materials to simulate ECG coupling 254um cotton sheet and the vinyl plastic bag
in order to compare them with the collected results. The models were simulated by
TINA-TT software. The generated ECG signal shown in Figure 4.37| was as an input
to the model after being mixed with 20 x4V of 50 Hz frequency noise. The simulation
does not include digital filtering and processing part of the system, and the 50 Hz
noise could be seen in the output of the simulation.

The input resistor and capacitor of the sensors have the values of 20 G2 and 15
pF according to EPIC datasheet [22|. The values of the impedance model at 10 Hz
were used in the simulation. The 10 Hz represents the peak of QRS complex power in
the frequency domain for adult ECG signal, as shown in Chapter Two, Figure [2.10]
For the fetal ECG signal, the QRS complex is typically found within the region of
10 — 15 Hz, as shown in Figure [130]. As the QRS complex was the main feature
that was used to extract the HR, the values of the impedance at 10 Hz was used in

the simulation.
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Figure 4.37: Sample of the generated ECG signal that was used as an input for the
simulation.
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Figure 4.38: A general representation of the noise and artefacts present in the fetal
QRS in the frequency domain [130].
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4.8.1 Simulation Results

The output of the dry contact model simulation is shown in Figure [£.39] The skin
interface resistor and capacitor values were both frequency dependent, but the values
at 10 Hz were used for the simulation. As shown in the previous figure, the output of
the model has the same morphology of the input signal, similar to the experimental
results of the dry contact output. This ECG will e used to compare the tow capacitive

ECG signals through cotton and plastic bags.
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Figure 4.39: The output ECG of the dry contact model simulation. The impedance
measurement at 10 Hz was used with the impedance model shown in Figure m

The capacitive interface model includes the dry contact interface with an ad-
ditional layer of cotton and plastic was used for the capacitive simulation. The
impedance of the cotton material, as discussed above, was dominated by the resistive
component while the plastic material’s impedance was dominated by the capacitive
component, which affects the ECG signal differently. Additional coupling capacitor
was added to the capacitive impedance model to represent the air gap of the coupling.
This capacitor was assigned the value of 1 pF for the plastic coupling and 5 pF to the
cotton coupling. The skin interface resistor and capacitor values were both frequency
dependent, but the values at 10 Hz were used for the simulation.

The output of the capacitive coupling ECG through the cotton sheet with 254 pm
is shown in Figure [4.40]

The morphology of the ECG signal was distorted in the output ECG compared
to the original signal, and the R-S segment has changed because of the effect of the
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air gap capacitor discharging. A similar effect has been noticed in the experimental
results, and it increased in the thicker cotton sheet. The R peak was attenuated
significantly compared to the dry; the amplitude’s decrease was about =~ 50%. In the
experimental results, the decrease of the R peak amplitude of the capacitive ECG
through cotton was ~ 25%, which had significantly affected the QRS detection and
hence the HR calculation accuracy.

On the other hand, the output of the capacitive coupling ECG through the vinyl
bag is shown in Figure [4.40l The coupling capacitor was set to be 5 pF to simulate
the air gap into the skin fabric interface and the fabric sensor interface. Normally the
range of 1 pF to 1 nF is used in the literature papers with Cotton ECG coupling.

The output of the cotton ECG was less distorted than the plastic ECG shown in
Figure [4.41] The capacitive coupling of the plastic in the simulation model was set to
5 PF to simulate the air gap between the skin/plastic interface and the plastic/sensor
interface. As shown in the figure, the amplitude of the R peak was further attenuated,
and the decrease was about =~ 75%. The QRS complex morphology was distorted as
well, and the QS segment became wider than the capacitive ECG through the cotton
sheet. In the experimental results, some of the collect signals through the vinyl bag
were not recognisable, and they were heavily distorted by the artefacts. The friction
and motion artefacts were not simulated. Hence, there was a difference between the

experimental and simulation results.

93



o1,

Capacitive ECG Through Cotton

(VAW

AN

Time [s]

Figure 4.40: The output ECG of the capacitive contact model simulation through

254um cotton sheet.

The impedance measurement at 10 Hz were used with the

impedance model shown in Figure {.32]
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Figure 4.41: The output ECG of capacitive contact interface simulation through
the vinyl plastic bag. The impedance measurement at 10 Hz were used with the
impedance model is shown in Figure [£.32]
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4.9 Conclusion

The objective of this Chapter was to investigate the possibility of using the capacitive
ECG sensors of EPIC PS25101 to collect ECG signals through the cotton towels and
plastic bags- which are typically used to wrap babies during the resuscitation in the
delivery room. The collected ECG would be used to extract the HR allowing medical
staff to monitor the heart rate continuously while resuscitating. Many papers in
the literature review have tested the use of EPIC sensors to couple ECG signals in
dry contact and through cotton shirts and sweaters, and some has claimed that the
sensors have successfully coupled capacitive ECG signal through 2.37mm of cotton
thickness [13}/120,121}/131]. As illustrated in the previous sections, five experiments
were performed on adult and baby volunteers to collect ECG signals in dry and
capacitive setups. The objective of the first experiment was to evaluate the ability of
the capacitive sensors to couple ECG signal without applying the conductive gel or
preparing the skin. Good quality ECG signals were collected from adult volunteers,
with average QRS accuracy detection of 99.8%. However, the quality of the ECG
coupled from the babies was lower than adults’ ECG because of the introduced motion
artefacts; on average, 89.3% of the babies ECG was detectable by the QRS algorithm.

The second experiment was conducted to test the ability of EPIC sensors to collect
an ECG signal through the materials that are typically used for swaddling the babies
in the delivery room. The sensors were not able to couple any detectable ECG signal
through the cotton towel or the polyethylene bag, but the ECG was coupled from five
adults through the vinyl plastic bag. Based on the performance of the EPIC sensors
in this experiment, it is unlikely to be applicable for the delivery room applications.

An additional experiment was performed to collect ECG signals from the vol-
unteers through cotton sheets with thicknesses of 254 ym and 355 pum. The QRS
detection accuracy of the adult ECG signal through the cotton sheets were 99.71%
and 93.3%. The ECG signal of the babies was only detectable through the 254 pm
cotton sheet with QRS accuracy of 73.4%. The results of this experiment and the dry
contact suggest that the capacitive sensors could be applicable for the NICU appli-
cations. The initial proposal of the array system was used to couple the ECG signals
from fully clothed adult volunteers; on average, 92.5% of these capacitive ECG signals
were detectable. Finally, the impedance of skin interface impedance was measured
along with the impedance of the dielectric materials to model the interface of the dry
and capacitive ECG signal. The output of the simulation had correlated with the

experimental findings.

95



The success rate of QRS detection in adults’ ECGs was higher than the babies’ in
all types of coupling, as illustrated in Table[d.5] The babies ECGs have more motion
artefacts because the babies were crying, moving their limbs and trying to roll over
on their backs. The older babies had more muscles and tended to move more, and
hence, their ECG signals were more distorted. The stratum corneum of the full term
baby is 30% thinner than the adult’s [132]|, which means that the resistivity of the
baby’s skin is smaller than the adult’s. On the other hand, the amplitude of the
babies’ ECG is typically smaller than adults’.

The ECG signals recorded in dry contact have better quality than the capacitive
ECG signals in terms of robustness against motion artefacts, distortion, general signal
morphology and signal to noise ratio. Referring to Table [4.5] this has translated into
higher QRS detection rate for the dry contact signals from both adults and babies.
The QRS detection was processed using a Matlab code based on Pan and Tompkins
algorithm, which is discussed in Chapter Three, [3.5] The average success rate of the
QRS detection from the dry contact ECG signals was 98.3% for adults volunteers and
89.3% for babies, as shown in Table[4.5] According to the skin impedance model, the
dry contact was expected to have less coupling impedance and less air gap than the
capacitance model.

For the capacitive ECG signals coupled through cotton fabrics, when the fabric
gets thicker, the QRS accuracy became lower, as shown in Table f.5 No ECG
signal was detected from any volunteer through cotton towels of 2000 pm thickness.
The adults’ ECG was coupled capacitively through the two cotton sheets of 254
pm and 355 pm thickness. While the babies ECG was only coupled through the
thinnest sheet of 254 pm thickness. The QRS detection accuracy decreased as the
fabric thickness increased because the impedance of cotton sheets is dominated by the
resistive component within the ECG bandwidth. The thicker the fabric, the bigger
the impedance and hence, more attenuated ECG. The capacitive component of cotton
affects the ECG signal when the thickness of the cotton sheet is less than 50 pm.

On the other hand, the QRS detection accuracy of plastic bag capacitive coupling
was very low. No ECG signals were coupled from the baby volunteers through any of
the plastic bags. Moreover, only five adults recognisable ECG signals were coupled
through the vinyl bag, and none of them was coupled through the polyethylene. In
contrary to the cotton material, the plastic bags impedance is dominated by the
capacitive component, because the parallel resistivity is very high compared to the
capacitance, and also because they were very thin (10 ym) compared to cotton sheets.

Both bags have the same thickness, but they were made of different materials with
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7# Volunteers Detected QRS detection
/group ECG success rate
7 adults 7 99.84%

3 babies 3 89.3%
7 adults 0 -
3 babies 0 -
7 adults 5 66.26%
3 babies 0 -
7 adults 0 -
3 babies 0 -
7 adults 7 99.71%
3 babies 3 73.45%
7 adults 7 93.3%
3 babies 0 -
7 adults 7 92.5%

Table 4.5: Average accuracy of the QRS detection among dry and capacitive coupled
ECG signals from adult and baby volunteers.
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different dielectric constant, as shown in Section above. It has been illustrated
from the experimental impedance measurements and calculated capacitance, that the
capacitance of the vinyl plastic bag is less than the polyethylene’s within the ECG
bandwidth. The adults average QRS detection rate through the vinyl was 66.26%,
which is significantly lower than the rate of dry and capacitive coupling ECG through
cotton sheets. In the simulation, the coupling capacitor was assigned to the value of
5 pF, which simulates the air gap created between the skin/plastic bag/sensor.

The simulated Impedance model and results are shown in Section[4.7]does not fully
represent the actual coupling system. The skin components are frequency dependent,
but their values at 10 Hz was used in the simulation. Also, the model of the capac-
itive interface was measured in two different steps: (1) skin dry contact impedance
measurements, (2) dielectric material impedance measurements. The impedance of
the dielectric materials was measured without the skin contact because the 1260 So-
lartron analyser used in the experiments can only measure up to 1 G €). Separating
the measurements in two steps decreases the accuracy of the full model. The dry
and capacitive models in this chapter have illustrated the difference between the used
setups and gave insights about why one material was better than the other, although
those models were only based on adult bioimpedance measurements, not babies.

In conclusion, the accuracy of dry contact ECG recorded from baby volunteers
was of 89.3%, and it is expected to be higher for newborns due to their weak muscles
and hence, limited movement. The ECG was also coupled through the cotton sheet
with a thickness of 254 um. On average, 73.4% of the baby volunteers ECG through
the cotton sheet was detectable. These results suggest that the EPIC non-contact
ECG sensors could not be used to monitor the heart rate by capacitively coupling the
ECG signals from babies during the resuscitation. The sensors might be used in dry
contact by making holes in the towel or plastic bags to accommodate the sensors.

On the other hand, the capacitive sensors can be applied for the dry contact ECG
in the neonatal intensive care unit, where the babies are put almost naked inside the
incubators in the supine position. An array of sensors could be fit in the incubators’
mattresses to record the ECG signal for heart rate monitoring purpose. Because of
these results, another method was proposed to record the ECG in the delivery room
HR monitoring. The fabric sensors were proposed to couple the ECG in dry contact
from the newborns in the delivery room. Unlike the non-contact EPIC sensor, fabric
sensors are flexible and could be used to record the ECG in dry contact from the
exposed parts of babies such as forehead and forearms. This method is discussed in
the next Chapter.
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Chapter 5

Fabric Sensors: Results and
Discussion

5.1 Overview

As shown in the literature review, many papers have concluded that the ECG signal
has the best accuracy for extracting the heart rates of the newborn babies over other
widely used methods [8}(9,32,34,/55, 118|. However, the risk of skin scarring associated
with the standard AG/AgCl electrodes has compromised the use of the ECG signal
during resuscitation in the delivery room. In this research, fabric and non-contact
ECG sensors were proposed to eliminate the scaring risk.

The non-contact sensors were firstly investigated as a potential method to record
the ECG signal capacitively during resuscitation. Chapter Four reviewed the pos-
sibility of coupling capacitive ECG signal using EPIC sensors by Plessey through
cotton sheets and plastic bags. However, the sensors were shown to only couple ca-
pacitive ECG through a very thin cotton sheet (254 pm). The dry contact ECG
from baby volunteers had a QRS detection accuracy of 89.3% but was not detectable
through cotton towels, vinyl or polyethylene. This is significant as the babies are
often swaddled in plastic bags or cotton sheets at birth to prevent dehydration and
hypothermia. After this conclusion, fabric sensors have been proposed as another
potential method of recording the ECG in the delivery room with more flexibility.
The babies in the delivery room have their faces exposed when they are wrapped in
either plastic bags or cotton towels. The exposed skin-face and forearms could be
accessed for dry contact using more flexible sensors like fabric sensors. Some papers
have used the fabric sensors to record ECG signal from babies in the Neonatal inten-
sive care unit (NICU) where the fabrics are applied on baby’s back and chest as part

of wearable jackets [16,81,|133]. A small number of papers in the literature review
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had discussed collecting ECG signal from the forehead. They were mostly attached
to helmets to monitor cyclists” heart rates. Some of them used Ag/AgCl electrodes
[89,/134], others used dry sensors [90,/91] and some of them have used fabric sensors
[92]. In addition, a few papers discussed recording ECG from mastoids with hear-
ing aids or earplugs [95-97|. However, most of the literature review discussing ECG
signal acquisition from the head was associated with filtering the ECG out of EEG,
EOG and EMG signals [135H137] as shown in Chapter Two, section 2.6 No published
work was found about fabric sensors applied on the forehead for the application of
neonatal ECG monitoring in general.

The objective of this chapter was to investigate the possibility of placing fabric
ECG sensors on the newborn’s forehead and forearm to record ECG signals for heart
rate monitoring during resuscitation. In this research, the proposed fabric sensors
placements on babies in the delivery room are shown in Figure [5.1I} where a babies’
hat would be used to hold the forehead sensor, and another band would be placed
on the forearm to hold the forearm sensor and the driven right leg. In this proposed
placement, the hat will work as a fabric sensor holder, and would provide warmth to
baby at the same time. The conductive fabric acts as an efficient metal plate on dry
skin, with the attachment very secured due to fabric’s flexibility and bendiness. The
flexibility of the fabric makes it an excellent option for wrist and forehead placement
in newborn babies.

In this Chapter, three different conductive fabric materials were initially reviewed
to perform as ECG fabric sensors on newborn babies in the delivery room. The
performance of these fabric sensors was tested in dry contact with babies’ skin without
applying conductive gel or any kind of skin preparation. These materials were further
discussed in Chapter three, Section [3.3.3] and their images are shown in Figure [5.2]
(1) Medtex P130 Silver plated knitted fabric made of 78% Nylon + 22% Elastomer
by Statex Company, Bremen, Germany [107].

(2) SP31 smart textiles for medical applications, made of 20% stainless steel and
80% polyester fibres by Footfalls and Heartbeats Company, Nottingham, Uk [109{110].

(3) Laird 3080-500 Stretchable conductive fabric for athletic, smart wear devel-
opment and general use, made of 78% Nylon and 22% Spandex by Laird Company,
Missouri, United States [108].

Five experiments were conducted in this chapter to evaluate the performance of
these fabric sensors for HR detection in the delivery room. All the ECG recordings
using fabric sensors were collected without any skin preparation. Three experiments

were performed on adult volunteers to test these fabric sensors’ setups and placements
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Forehead Sensor

Forearm Sensor

DRL

Figure 5.1: Proposed fabric placements on newborn babies in the delivery room. The
hat is used to hold the forehead sensor, and additional band to hold the forearm
sensor and DRL.

Medtex P130 SP31 Sample by 3080 500 Silver
Sample Footfalls Fabric by Laird
by Statex & Heartbeats IS0 10993
1S0 10993

Figure 5.2: Three samples of the conductive fabrics that used in this research.
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before being used with baby volunteers. The materials were tested on adult volunteers
in different setups to find out the best arrangement for babies. In the first experiment,
three stretchy bands were used to hold three fabric sensors for ECG signal collection.
The ECG signals were collected using two sensors’ arrangements; to compare between
their signals. In the first arrangement, the sensors were placed on the right arm(RA),
left arm (LA) and left leg (LL); and in the second arrangement, the sensors were placed
on the forehead (FH) and left forearm (LFA). The ECG signals of this experiment
were collected using a wireless ECG recorder made within the research team at the
University of Nottingham [111|. The functionality of this ECG recorder is to input
two sensors,generate the filtered digital ECG and transmit it over Bluetooth to a
computer. Two of the fabrics had coupled good quality ECG from forehead and
forearm with a DRL electrode placed on left leg.

The second and third experiments were designed to find a suitable arrangement
of the fabric sensors regarding the babies body size. The fourth experiment was
conducted on babies to collect the ECG signal from the forehead and forearm using
the fabric sensors. Finally, the fifth experiment was conducted to measure the dry

skin interface using conductive fabric materials.

5.2 Experiment One: Three Fabric Materials Test

5.2.1 Experimental Setup

Two pieces of each fabric were used as ECG sensors, and an additional fabric piece
was used as a driven right leg (DRL). The sensors were a rectangular shape with area
of 3em * 2.5¢m, and were connected to the wireless ECG recording system shown in
Figure[5.3] The fabric sensors were attached to stretchy bands using Velcro tape and
placed on adult volunteers in two different arrangements as shown in Figure |5.4
The first arrangement represented the typical ECG sensor placements of Lead
I where the ECG sensors are placed on RA and LA setup. On the other hand,
the second arrangement represented the sensor placements on the accessible skins of
the newborns in the delivery room (FH and LFA). The distance between the DRL
and forearm sensor was set to be 30cm. The two arrangements were used on four
adult volunteers to record ECG signals using three conductive fabric materials: SP31,
Medtex P130 and Laird 3080-500. The recorded ECG is shown and discussed in the

next section.
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Lithium Battery [~ Output DATA —>

From Volunteer &—>

Bluetooth .
L . Wireless )
Transmitter/ receiver .
Transmission

Fabric ECG sensors
1) Medtex 130 Fabric by Statex.
2) Silver plated 3080 500 fabric by Laird
3) SP31 by Footfalls & Heartbeats.

Figure 5.3: The system used to collect ECG signals over Bluetooth from adult vol-
unteers using fabric sensors in the setups shown in Figure .

Forehead
RA L forearm
LA DRL

DRL

Figure 5.4: Fabric sensors placement arrangements on adult volunteers: (1) Left arm
and right arm while the DRL was connected to left leg, and (2) Left forearm and
forehead, while the DRL was connected to left wrist.
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5.2.2 Results

The conductive fabrics coupled the ECG signals with good quality from adult volun-
teers using the arrangements of LA, RA and LL in setup (1). The ECG morphology
was recognisable before additional digital processing. The ECGs collected from the
ECG recorders using Sp31, Medtex P130 and Laird 3080-500 were processed to ex-
tract the heart rate using the QRS detection based on Pan and Tompkins’s algorithm
discussed in Chapter Three, Section The QRS detection accuracy was 100%
among the ECGs collected by Medtex P130 and Laird 3080-500 fabrics. Samples
of the processed signals of an adult volunteer ECG by Medtex and Laird are shown
in Figure and .50l The ECG signals collected from the forehead and forearm
had almost the same quality as the previous setup. The QRS detection accuracy was
~ 100% by Medtex P130 and Laird 3080-500 as shown in Table 5.1 Samples of
the processed signals of an adult volunteer ECG by Medtex and Laird are shown in
Figure and [5.6al

On the other hand, the ECG signals collected using SP31 fabric were distorted and
noisy in both arrangements. The heart rate extraction was not applicable because
the signal artefacts were similar to R peaks, as shown in Figure and Figure [5.7b|
The summary of the QRS detection accuracy of these different setups is shown in
Table Bl

Based on these results, Medtex P130 made by Statex and Laird 3080-500 made by
Laird Tech were considered for further experiments on both adult and baby volunteers.
Both fabrics are certified to be used with medical devices, according to ISO 10993.
Statex company had provided an additional certificate to prove that their fabric is
classified as class I product by OEKO-TEX® ®standard 100 established for baby
articles and the inspection was done according to ISO 17050-1. All these certificates
were included in Appendix A.

The SP31 fabric had been withdrawn from further experiments because of the
poor quality of collected ECG signals and because Footfalls and Heartbeats company
did not provide additional fabric samples to produce different sized sensors. More-
over, Footfalls and Heartbeats did not make it clear that they had safety certificates
enabling the fabrics to be tested on babies.

This experiment confirmed that the ECG signal could be collected from adults’
forehead and forearm using the conductive fabric sensors made of Medtex P130 and
Laird 3080-500 bio-compatible materials. Unlike the other types of ECG dry sensors,
the fabric was very flexible and could be easily bent around the forehead and arm
without creating dis-bonds or air gaps. The QRS detection was high in all the ECGs

104



QRS on Bandpass filter signal
—

— — — LTy ———— o — ) ] = g

50 52 54 56 58 © 60
QRS on Moving average filter signal

) O

50 52 54 56 58 60
Pulse train of the found QRS on ECG signal
I I I

0.2+ ‘ -
0.1+ |
0 | b la
50 52 54 56 58 60
Time [s]
(a) Medtex P130 Fabric.
QRS on Bandpass filter signal
e N
0.4+
1) J S — e s S N— —
0 [ L) == = REmg = - - e — —
50 52 54
QRS on Moving average filter signal
0.l Fe=cfrme=r=== P e e e p——— - — e S ———
0.02 -7 —J{—" SN A RN /A A 5 SO N WY 5 VRTINS 1 WVENY A SN ) S
50 52 54 56 58 60

Pulse train of the found QRS on ECG signal
i I

1 Y Y YUY YO Y YO O O

50 52 54 56 58 60
Time [s]
(b) Laird 3080-500 Fabric.

Figure 5.5: Sample of QRS detection on adult ECG signals recorded from (LA, RA,
LL DRL). It shows the detected QRS on bandpass, moving average raw ECG signals

with noise level (Black), signal level (Red) , adaptive threshold (Green) and the QRS
detection (Pulse train).
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Figure 5.6: Sample of QRS detection on adult ECG recorded from (Left forearm,
Forehead, Wrist DRL). It shows the detected QRS on bandpass, moving average raw
ECG signals with noise level (Black), signal level (Red) , adaptive threshold (Green)
and the QRS detection (Pulse train).
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Figure 5.7: Sample of QRS detection on adult ECG recorded using SP31 fabric. It
shows the detected QRS on bandpass, moving average raw ECG signals with noise
level (Black), signal level (Red) , adaptive threshold (Green) and the QRS detection
(Pulse train)..
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Gender/age/ SP31
placement of Laird 3080-500 Medtex P130
by Footfalls .

volunteers by Laird Tech by Statex
and Heartbeats

Male 25Y

LA, RA NA 100% 100%

Male 25Y LA,

Forehead NA 99.5% 100%

Male 29Y

LA, RA NA 100% 100%

Male 29Y

LA, Forehead NA 100% 99.2%

Female 27Y

LA, RA NA 99.3% 100%

Female 27Y

LA, Forehead NA 99.2% 99.0%

Male 29Y

LA, RA NA 100% 100%

Male 29Y

LA, Forehead NA 98.7% 99.1%

Table 5.1: The QRS detection accuracy of adult ECG signals collected by wireless
ECG recorder using three types of fabric sensors. Samples of the yellow colour row
data was shown in this Chapter.

collected from arms or the forehead, as shown in Table [5.1] Based on these findings,
Medtex P130 and Laird fabrics were further tested in the next experiment with a
certified ECG monitor (GE B450) instead of the wireless ECG recorder. The next
experiment was designed to determine if the DRL and the left arm sensor can be fit

together within the size of a newborn forearm.
5.3 Fabric Sensors With GE B450 ECG/PPG Mon-
itor

In the first experiment explained above, three types of conductive fabrics were applied
to volunteers in order to test the ability of these fabrics to collect ECG signals from

using forehead and forearm sensors. Medtex P130 and Laird 3080-500 sensors had
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coupled good quality ECG from volunteers with high SNR that allowed accurate QRS
detection and heart rate extraction with more than 99% accuracy. The ECG signals
collected by SP31 fabric were dominated by noise and motion artefacts, and hence,
this fabric was excluded from further experiments. Both Medtex P130 fabric Laird
3080-500 fabrics were certified by the compatibility standard of ISO 10993 to be used
with medical devices. These fabrics were used to couple ECG signals in the next three
experiments, two of the experiments were applied on adults, and the third experiment
was applied to babies. The adult’s experiments were designed to investigate the best

sensors placement, which would be suitable for the newborn size.
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Figure 5.8: The setup of the system that used to record ECG signals from adult and
babies volunteers using GE B450 monitor. GE monitor could be powered by either
the mains power or Lithium batteries.

During these experiments, the fabric sensors were connected to a certified ECG/PPG
monitor GE-B450 to collect ECG signals from foreheads and forearms of volunteers.
The GE B450 unit is typically used in the hospitals to monitor the heart rate and
the oxygen saturation levels of the patients by collecting the ECG and PPG signals.
The schematic design of the GE B450 differential monitor was not published by the
vendors and is considered intellectual property. The ECG/PPG acquisition system

shown in Figure [5.8 was connected to fabric sensors for the ECG recording and a
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pulse oximeter for PPG recording, as a comparator. The sensors were held to stretchy
cotton bands using Velcro tape and were strapped around forearms and foreheads of
the volunteers. The fabric sensors were connected to the GE450 unit using the press
stud cables, as shown in Figure 5.9 The different setups of ECG experiments using

GE B450 monitor are discussed in the next sections.

Figure 5.9: The fabric sensors were connected to GE B450 unit using press studs
cables while the sensors were attached to stretchy bands.

Forehead Sensor
Forearm Sensor

DRL

Figure 5.10: The GE B450 setup that used to record ECG and PPG signals from adult
volunteers using the conductive fabric sensors (silver plated) and the pulse oximeter.
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5.4 Experiment Two: GE B450: Sensors’ Placement

5.4.1 Experimental Setup

As shown in the previous section, Medtex P130 and Laird 3080-500 were used suc-
cessfully to record ECG signals from adult volunteers with a QRS detection accuracy
of more than 90%. The next experiment aimed to optimise the sensor’s placement for
the average newborn size. GE B450 monitor was used to collect ECG signals from
adult volunteers using fabric sensors as discussed in the previous section. PPG signals
were also collected from the adult right index finger, simultaneously with ECG.

In order to optimise the placement of the sensor, two factors should be determined:
(1) The size of the sensors to be applied for babies which are restricted by newborns’
wrist circumferences, and (2) The size of armband which should hold the forearm
sensor and DRL which is restricted by newborns’ forearm length. The area of the
ECG sensor has been linked to the introduced noise in the literature, where the noise
is inversely proportional to the square of the ECG sensors’ area [58]. On the other
hand, the area of the sensor was restricted by the size of newborn babies and their
measurements (wrist circumferences and forearm length). Chapter Three, Section
has discussed the placements of the fabric sensors on babies and concluded that
according to newborn babies measurements restrictions, the sensor width should not
exceed five centimetres. Also, the length of newborns forearm band which will be used
to hold the forearm and DRL shall not exceed six centimetres, which is the average
length of babies’ forearms. Otherwise, two bands are needed to place the DRL and
the ECG sensor.

This experiment was designed to find out the possibility of placing the DRL the
forearm ECG sensor and hence using a single armband for both sensors. The function
of Driven Right Leg is to reduce the power-line interference of 50 Hz coupled in the
common mode of bio-potential amplifiers and is used widely to increase ECG signal
to noise ratio especially in smart textiles applications [138}|139]. However, when the
amplifiers are isolated, the DRL could increase the differential mode interference or
affect it in an unpredictable way [100].

Three different ECG sensors arrangements were applied to adult volunteers in
order to compare the DRL placement with the DRL absence in terms of signal quality.
The ECG quality was compared by measuring the SNR of each setup outputs.

These different arrangements are shown in Figure [5.11], where the same sensor’
size was used with different DRL placements. In the first setup in Figure [5.11] (a),

the DRL was eliminated, and only two sensors were applied on forehead and forearm
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with the size of 2.5cmx3cm. In setup (b), the DRL was placed on the wrist of the
volunteers, five cm away from the forearm sensor. In setup (c), the DRL was placed

one centimetre away from the forearm sensor.

Setup (a): No DRL Setup (b): DRL placed 5cm  Setup (c): DRL placed 1 cm

Forearm Sensor Forearm Sensor Forearm Sensor

5cm

Figure 5.11: Three different arrangements of the DRL placements on the adult vol-
unteers forearms. The size of each of the senors was 2.5cm x3cm

The GE B450 monitor was used to record ECG and PPG signals from adults
while it was connected to the main power. The laptop used to collect the data from
the monitor was working on batteries during the ECG recording to minimise the
effect of 50 Hz interference. The GE B450 data was collected by Labview software
and processed by Matlab. The three setups in this experiment were applied to ten
different adult volunteers using Medtex P130 and Laird 3080-500 fabrics. The signal
to noise ratios were calculated from the sixty ECG signals In order to find out the
setup that achieved the highest SNR.

The signal to noise ratio was calculated after filtering the ECG signal with a high
pass filter and IIR notch filter. The cut off frequency of the high pass filter was set to
0.05 Hz in order to preserve the ECG signal morphology. The high pass filter cut off
frequency is recommended not to exceed the 0.05 Hz limit for ECG signal processing
[68]. The IIR notch filter was used to remove the 50 Hz noise with a bandwidth of

112



1.4 Hz. The SNR is calculated in dB from the filtered and raw ECG signal as follows:

ECG,qu Raw ECG signal,
ECG titterea  Filtered ECG signal,

The noise in the signal is calculated from the difference between the raw and filtered

signals:
Noise = ECGmw — ECGfiltered (51)
Then the signal and noise RMS were calculated according to Equations [5.2] and

RMSsignal = \/Zmean(ECG?ciltered)) (52)

RM Spoise = +/(mean(Noise?)) (5.3)

And the SNR was calculated as the ratio between the signal and noise RMS values,

and it is converted to dBs as follows:

RMSsignal

SNR;p = 20 *log, i (5.4)

Snoise

5.4.2 Results
5.4.2.1 DRL Placement Setups

The ECG in this section were recorded from ten different adults, while sitting on a
chair in a lab full of electrical equipment. The medically approved GE B450 monitor
used for the ECG recording, was powered by mains power. The three setups shown in
Figure were used to record the ECG for five minutes from each volunteer. Sixty
ECG signals were recorded in total from ten adults, three different setups and using
two different types of fabrics.

The ECG signals collected in setup (b), when the DRL was placed 5 cm away from
the forearm sensor, had the best quality and the highest signal to noise ratio among
the three setups for all the volunteers. Moreover, unexpectedly setup (c), where
the DRL was placed 1 cm away from the forearm sensor, provided the ECG signals
with the lowest SNR. Typically, the DRL is designed to decrease the main power
interference, but in this experiment, the DRL placement increased the interference

compared to the DRL absence. Samples of ECG signals that were recorded from one
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Figure 5.12: ECG samples collected from an adult volunteer using three different
arrangements of Laird 3080-500 fabric sensors. (a) No DRL, (b) DRL was placed
Scem from forearm sensor, and (¢) DRL was placed 1 cm from forearm sensor.

volunteer in the three setups using Laird 3080-500 and Medtex P130 are shown in
Figure and The 50 Hz power is the highest in signals recorded in setup (c)
and the lowest among the signals recorded in setup (b). The DRL sensor had a clear
negative impact on the differential mode signal when it was placed closer to one of
the sensors. The average of the SNR for these different setups is shown in Table [5.2]
In the next experiments, the DRL placement was repeated on the volunteers while
the ECG monitor was working on batteries for better understanding of the effect.

It could also be seen that Medtex P130 fabric had coupled ECG signals with higher
SNR than Laird 3080-500. Bioimpedance measurements were conducted using the

two fabrics in order to find out the interface impedance for Medtex and Laird fabrics.
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Figure 5.13: ECG samples collected from an adult volunteer using three different
arrangements of Medtex P130 fabric sensors. (a) No DRL, (b) DRL was placed 5 cm
from forearm sensor, and (c) DRL was placed 1 cm from forearm sensor.

SNR of Laird SNR of Medtex
3080500 (dBs) P130 (dBs)
29.02 30.83
32.17 35.32
20.77 27.47

Table 5.2: The average signal to noise ratio of ECG signals that were collected from
ten adult volunteers in three different setups shown in Figure .11l The GE B450
monitor was connected to the main power during the recording.
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5.4.3 PPG Comparison to ECG

As mentioned earlier, the PPG signal was collected simultaneously with the fab-
ric ECG to test the robustness of the collected ECG signal. The two signals were
compared for the HR detection in terms of fast coupling and robustness to motion
artefacts. The PPG signal took a few seconds at the beginning of the recording be-
fore showing the signal, while the ECG signal started immediately from the adult

volunteers, as shown in Figure [5.14]
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Figure 5.14: The PPG signal took time to start at the beginning of recording, while
the ECG signal started immediately.
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Figure 5.15: The ECG signal was more robust to mild movements, while the PPG
signal was affected.
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Figure 5.16: The PPG signal was completely distorted by motion artefacts, while the
ECG signal was still detectable.

The ECG signal was more robust to motion artefacts and friction, as shown in
Figures 5.15] and [5.16, The PPG signal gets easily distorted when the volunteer
moves the arms or the forehead slightly. One minute of the PPG/ECG recordings

using Medtex and Laird’s fabrics are available in Appendix C. In order to quantify
the comparison, the ECG signals were processed by the QRS detection algorithm
in order to quantify the accuracy of the detection. The percentage of the detectable
PPG signals were calculated visually by calculating by subtracting the duration where
the PPG signal was entirely distorted by movement artefacts. This analysis was

performed on the sixty collected PPG signals, and the summary is shown in Table

6.3
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Average
percentage

Sensor and system Signal type # Recordings of detectable

Signal
Medtex P130 fabric,
GE B450 ECG 30 99.3%
Laird 3080-500 fabric,
GE B450 ECG 30 98.6%
GE pulse oximeter,
GE B450 PPG 60 91.2%

Table 5.3: The average percentage of the detectable ECG and PPG signals collected
of 5 minutes recordings.

5.5 Experiment Three : DRL Placement Effect

In the previous experiment, when the DRL was placed on the adult volunteer wrist
lem from forearm sensor, the signal quality deteriorated even when compared with
no DRL at all. This means the close placement of DRL had coupled 50 Hz noise in
differential mode. There are a few studies in the literature that have discussed that
the DRL can adversely impact an ECG signal quality if the device used is isolated
according to the safety standards. Gomez in 2011 have concluded that the DRL
can couple 50 Hz noise in the differential mode, in an unpredictable way, when the
isolated device is connected to the power lines. In order to investigate the matter of
DRL placement, the following experiment was designed to be carried out on adult

volunteers.

5.5.1 Experimental Setup

In this experimental setup, the GE B450 unit was used to collect the ECG signal from
adult volunteers using Medtex P130 fabric. The objective of the experiment was to
investigate the effect of placing DRL close to forearm sensors when the GE B450 was
powered by battery, and when it was powered by mains power. The area of Medtex
P130 sensors used in this experiment, in contact with the skin, was 2.5cm x 3cm.
Two setups were used in this experiment, as shown in Figure [5.17} In the first
setup, no DRL was used, and in the second setup, a DRL was placed only 1 cm

further from the forearm sensor. These two setups were used to record ECG signals
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Without DRL DRLis 1 cm Away
from LA sensor

Figure 5.17: Setup of ECG recording with and without DRL. The DRL was placed 1
cm from the forearm sensor.

from adult volunteers when the GE B450 was connected to the power lines and when
it was working on batteries. The laptop used to collect the signals was disconnected
from mains power to minimise the interference effect. This experiment was applied

to four adults and recorded four ECG signals from each volunteer for five minutes.

5.5.2 Results

Sixteen ECG signals were collected in total, from four adult volunteers in different four
setups. Samples of ECG signals which were collected when the GE B450 monitor was
connected to the mains power are shown in[5.18] While samples of the ECG collected
when the monitor was on the battery are shown in [5.19} When the GE monitor was
connected to the mains power, the DRL placement decreased the SNR of the ECG.
On the other hand, when GE monitor was working on batteries, the DRL placement
increased the SNR and enhanced the signal in general. Table [5.4] shows the average
SNR calculated for all four setups.

As a conclusion for this experiment and the previous one, the DRL would be
applied 5cm or more from the forearm sensor to prevent increasing the interference
in the differential mode. Since the average forearm length of the newborns is 62mm
[106], then the DRL and the sensor would not be fit in the forearm together. The
ECG sensor should be placed on the left arm instead of the forearm, and the DRL
should be placed on the wrist.
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Figure 5.18: ECG samples collected from adult volunteer by GE B450 when the
monitor was powered by the mains power.
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Figure 5.19: ECG samples collected from adult volunteer by GE B450 when the
monitor was powered by Lithium battery.
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Setup Average SNR Average SNR
without DRL with DRL

Mains power 2903 256

Battery 31.5 34.7

Table 5.4: The signal to noise ratio (dBs) of ECG signals that were collected using
GE B450 monitor. Four different combinations were used from placing the DRL and
changing the power source of the ECG monitor.

5.6 Experiment Four: Fabric ECG Sensors on Ba-
bies

5.6.1 Experimental Setup

The aim of the previous adult experiments using the GE B450 ECG monitor was to
investigate the best placement of ECG sensors. The outcome of these experiments
suggested that the DRL should be placed further from the forearm sensor. For the
babies experimental setup, three bands were used to hold the sensor: headband for
the forehead sensor, armband for the arm sensor and wrist band for the DRL as shown
in Figure [5.20] The left arm was used because the right arm is usually used to place
the pulse oximeter during the delivery room resuscitation . The setup was
applied to four babies of 9 — 34 weeks of age.

The ECG signals were collected using the GE B450 from four different babies
using two types of fabric sensors, Medtex P130 and Laird 3080-500. The sensors
were sewn on a headband to hold the forehead sensor, a stretchy armband to hold the
arm sensor, and additional wrist band to hold the DRL as shown in Figure[5.20] The
gender and age of the babies at the time of the experiment were: Female 9 weeks,
Female 20 weeks, Male 27 weeks and Female 34 weeks. Another volunteer of the
age of 65 weeks had been eliminated from the results because she had more motion

artefacts due to bigger muscle and better movement abilities.

121



To and from
GE B450

Figure 5.20: Proposed fabric placements on newborn babies in the delivery room.
The headband used to hold the forehead sensor, while the armband used to hold the
arm sensor, and the wrist band was used to hold the DRL.

5.6.2 Results

The experiment was initially planned to use a pulse oximeter on the right wrists of the
babies as a comparator but was later withdrawn in order to make the experiment more
comfortable to the babies. Samples of ECG recordings using both types of fabrics:
Medtex P130 and Laird 3080-500 are shown in Figure [5.21] The figure shows that
the ECG signal was successfully collected from the forehead and arm of the babies
using the GE B450 monitor with both types of fabric sensors-Medtex P130 and Laird
3080-500. Table shows the QRS detection accuracy of the ECG signals collected
from the four volunteer babies. As the baby gets older, his motor skills improve,
which affects the dry contact of the fabric sensors negatively. The detectable ECG
signal decreases with age as the motion artefacts increase. The above results indicate
that, in general, the ECG signals collected using Medtex P130 had better quality than
ECGs recorded using Laird 3080-500. In order to investigate this, another experiment
was carried out to understand the skin interface impedance of both types of fabrics.
A bio-impedance experiment, discussed in the next section, was designed to measure
the dry contact impedance to a better understanding of the results obtained from the
baby and adult volunteers.

One of the babies was excluded from these calculations; she was much older than
other babies (65 weeks), and the motion artefacts were significant in her signals.
Figure[5.22) shows sample of the artefacts. only 28% of her ECG signal was detectable

due to her active movements during the data collection.
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Figure 5.21: Samples of ECG recordings from babies using Medtex P130 and Laird
3080-500 fabrics.
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Figure 5.22: Sample of ECG recorded from 65 weeks baby. The signal was heavily
affected by the baby’s movements.
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QRS accuracy QRS accuracy

(Medtex P130) (Laird 3080-500)
97.5% 95.5%

Female OW

621/637 625/654
95.9% 93.2%
589/614 567/608
94.2% 94.6%
541/574 556/588
92.7% 88.7%
502/542 492 /554
95.1% 93%

Table 5.5: The QRS accuracy of ECG signals that were collected from four babies by
GE B450 monitor connected to mains power using Medtex P130 and Laird 3080-500
as ECG fabric sensors. Samples of the yellow colour row data were shown in this
chapter.
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5.7 Experiment Five: Bioimpedance measurements
on Adults

The ECG results from baby volunteers in the previous section indicated that both
Medtex P130 and Laird 3080-500 fabrics sensors had successfully collected ECG
signals from forehead and arm. However, the ECGs collected by Medtex P130 from
both adult and babies had higher SNR and better QRS detection. The resistivity of
both fabrics are almost the same according to their data sheet; both of the fabrics’
resistors are less than 2 §2/square. In order to understand the reason behind this
slight difference, the skin interface for both fabrics has been investigated.

As discussed in the previous Chapter, Section [£.7.2], the interface between the dry
contact ECG electrodes and the skin could be modelled by a half cell with a paral-
lel resistor and capacitor. The dry interface impedance measured from the adult’s
wrists in the previous chapter was 7.89 M) at 1 Hz. In this section, a bioimpedance
measurement experiment has been carried out on an adult volunteer to find out the
interface impedance of the Medtex P130 and Laird 3080-500 from the forehead and
left arm. Solartron impedance analyser (1260) was used with the bio-impedance in-
terface (1294) to measure the skin impedance interface using Medtex P130 and Laird
fabrics, as shown in Figure [5.23]

IEC 60601
Triaxial cables 1294 Interface: 2A

wom LTI )
— ...l

—

Figure 5.23: The fabric sensors with area of 2.5cm*3cm were applied on adult volun-
teer head and forearm to measure the skin interface bio-impedance.
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The fabric sensors with the area of 2.5cmx3cm were attached to the forehead and
forearm of the adult volunteer using stretchy bands. The sensors were connected to
the bio-impedance measurement system using triaxial cables which were manufac-
tured according to IEC 60601 safety standards. The system analysed the skin/sensor
interface impedance in the frequency domain. The first experiment was to measure
the interface bio-impedance of fabric Medtex P130 and then the experiment was re-
peated using Laird 3080-500. The impedance measurement system was discussed in
further detail in Chapter three, Section [3.4] and shown in Figure [3.14]

The bio-impedance measurements of Medtex P130 and Laird 2080-500 fabrics are
shown in Figure[5.24] The figure shows that the interface impedance of Medtex P130
was lower than Laird 3080-500, which explains the slight difference in the quality of
collected ECG signals. The impedance at 1 Hz is 418 k{2 for Medtex P130 and 740
k2 for Laird 3080-500.
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Figure 5.24: The Impedance of Laird vs Medtex P130.

The measurements of the interface impedance were very low compared to the dry
contact impedance of M()s in the previous chapter. In the literature, it was reported
that the bio-impedance from the head is typically low compared to other parts of the
body such as chest, legs and arms [134].
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5.8 Fabric Sensors Results Summary and Discussion

5.8.1 Overview

In Chapter Four, capacitive ECG sensors, EPIC PS 25101, were investigated as a
possible method of heart rate monitoring in the delivery room. The EPIC sensors
did not work well on babies when used capacitively through thick cotton sheets and
plastic bags that used to wrap babies in the delivery room.

This Chapter discussed the use of conductive fabric sensors in dry contact for the
delivery room HR monitoring. These sensors are flexible and can be easily attached to
the exposed and accessible skin area of the wrapped babies (forehead and forearms).
Three experiments were performed on adult volunteers, as illustrated in the previous
sections, to test the performance of fabric sensors when collecting ECG signals from
the forehead and forearms in different arrangements. The sensors were placed on
four babies of age 9-34 weeks, where the ECG signals were successfully coupled from
forehead and arm. The flow chart of this chapter experiments is shown in Figure[5.25]
where three experiments were carried out on adults, green boxes, and one experiment

on babies, orange box.

5.8.2 Results Summary

Table summarises the five experiments performed in this chapter. The first row
shows the results for the first experiment, where an in-house wireless ECG recorder
was used to record ECG signals. The second, third and fourth experiments were per-
formed using an approved ECG/PPG monitor (GE B450). The fifth experiment was
to measure the bioimpedance of the fabrics skin interface using impedance analyser
1260 by Solartron and 1294 bioimpedance interface.

The first experiment has tested the possibility of detecting the ECG signal from
the forehead and forearm and compared the results to the conventional arms’ ECG
(lead I). Medtex P130 and Laird 3080-500 have successfully coupled ECG signals
from the adult volunteers with high QRS detection of more than 99%, using an in-
house ECG recorder. However, SP31 fabric recorded poor quality ECG signals and
was excluded from the rest of the chapter experiments.

In the second experiment, the GE B450 ECG monitor was used with the fabric
sensors to record the ECG from adult volunteers in three different setups. This exper-
iment aimed to find out the best sensor placements within the restriction of newborns
body size. The average measurement of newborns forearm is 62 mm, restricting the

distance between the wrist DRL and forearm sensor. After analysing the collected
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Expef‘iment Materials Volunteers Findings
aim
Vil fabric Medtex, A Good ECG by
ECG from Laird adults Medtex and Laird,
FH and LFA? and SP31 poor ECG by SP31
Setup of DRL
placed further,
DRL Medtex, has the
placement Laird 10 highest SNR,
and ECG/PPG and PO adults Medtex was better
comparison than Laird,
ECG was better
than PPG
Should DRL Ciose DR%
acemen
be used .whep Med 4 repduces SNR
the monitor is edtex adults when connected
ted t
COI.meC ¢ (?? to mains power
mains power?
ECG from Medtex 4 Medtex is better
babies and Laird babies than Laird
Measure the .
bioimpedance Medtex one Mfite;;if;ﬁzce
of skin-fabric and Laird adult less I‘zhan laird’s
interface

Table 5.6: Summary of Chapter Five experiments, where: LA is left arms, LFA is
Left forearm, LL is Left Leg and FH is Forehead.
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EXP 1 EXP 2

1
Can fabricsensors yes Is it possible to place
collect ECG from DRL and forearm sensor

Forehead and forearm? L in a single armband?

Applied to four adults Applied to ten adults

EXP 5
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than Liard? Bio-
impedance
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SNR than Laird four babies: 9-17 weeksJ

EXP 4 EXP3

Figure 5.25: Diagram shows the experiments’ flow chart; four experiments were con-
ducted on adults (green) and one experiment on babies (orange).

signals, it appeared that the DRL placement had decreased the SNR of the signal
when applied close to the forearm sensor (1 cm). However, the placement of DRL
has increased the SNR when applied 5 cm from the forearm sensor.

In order to further investigate the DRL placement issue, a third experiment was
designed to study the effect of DRL placement on the interference when the monitor
was connected to mains power and when it was working on batteries. The results
showed that the close placement of DRL reduced the SNR of the ECG when the
monitor was connected to mains power. However, when the monitor is working on
batteries, the DRL placement increased the SNR. This behaviour means that the DRL
have coupled 50 Hz noise in the differential mode of the ECG differential amplifier. In
the literature, the DRL was effective and necessary when the biomedical devices were
not isolated, but with the current safety standards, many papers have discussed the
undesirable effect from the DRL especially when using dry contact sensors [142144].
One of the literature review papers had concluded that the DRL could couple
50 Hz noise in the differential mode in an unpredictable way when that amplifier is
isolated for safety standards.

The PPG signal was collected from the adult volunteers for comparison. The ECG
signal was more robust to the introduced motion artefacts than the PPG signal as

shown in the previous samples and the recordings in Appendix C. On average, 91%
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of the PPG signal was detectable, and the rest of the signal was heavily affected by
the motion artefacts. On the other hand, 99.3% of the Medtex ECG and 98.6% of
Laird ECG were detected by the QRS algorithm.

From the above results, the arm sensor and the DRL should not be placed close
to each other, and hence, the proposed placement was changed to left arm sensor
instead of the forearm, and the DRL was placed on the wrist. The sensors were
applied on four babies of age 9-34 weeks and recorded good quality ECG signal from
babies with an average QRS detection accuracy of 95.1% by Medtex and 93% by
Laird. The last experiment was designed to find out the skin interface measurement
of both fabrics. The impedance of Medtex P130 was less than Lairds despite that
both of them were silver plated. The lower impedance enabled better signal coupling
and less attenuation. The reason for the interface impedance might be caused by the
difference in the fabric base components, Elastomer in Medtex P130 and Spandex in
Laird.

To conclude these experiments, there was evidence from the adults ECG recordings
that the DRL has coupled more 50 Hz noise to ECG signal when placed closer to the
forearm sensor. Therefore, the conductive fabric sensors were placed on the forehead
and the arm of the babies, with the DRL placed on the wrist. Medtex and Laird
fabrics had coupled good quality ECG signal with QRS detection percentage of 95%
and 93% respectively. The fabric ECG was robust to motion artefacts when compared
to the PPG signal. Medtex P130 fabric is recommended to be used over Laird 3080
500 fabric because Medtex has lower skin interface impedance and coupled ECG

signals with a higher signal to noise ratio and higher QRS detection accuracy.
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Chapter 6

Conclusions

6.1 Overview

Medical guidelines advise medical staff to assess the HR of the newborns immediately
after birth. Around 10% of the newborns need an intervention in the first few minutes
of life, where the staff should perform a resuscitation to help them breathe. A heart
rate re-assessment is needed every 30 seconds during the resuscitation procedure in
order to evaluate the process [1|, and the assessment is usually done by palpation or
auscultation. In the recent neonatal resuscitation guidelines [1,27], the ECG has been
introduced as another potential method for HR assessment with more measurement
accuracy. However, the standard ECG sensors available in the hospitals can scar
the fragile skin of the newborns, especially the preterms. Additionally, a relatively
long time is needed for skin preparation before the application of wet ECG sensors
[19]. Therefore, this research has investigated two technologies for the application of
newborns HR monitoring in the delivery room, namely, the EPIC capacitive sensors

and the conductive fabric sensors.

6.2 Capacitive Sensors

The first part of the research has evaluated the performance of EPIC PS25101 capaci-
tive sensors when coupling the ECG signal through the cotton towels and plastic bags,
which are typically used for swaddling the newborns. The initial proposal of capaci-
tive sensors placement was to be arranged as an array of eight sensors and embedded
in the mattress of the resuscitation table in order to cover the baby’s back area. This
arrangement would collect four ECG signals, process them and choose the best signal,
which increases the detection accuracy and efficiency. A pair of EPIC sensors were

used in a pilot stage to record one ECG signal from adults wrists (seven volunteers)
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and babies backs (three volunteers) in dry contact, and capacitively through: cotton
towels of 2000 pum, vinyl plastic bag of 10 um and polyethylene plastic bag of 10 pum.
It has also been noticed that the capacitive ECG took five to ten seconds, in the
beginning, to settle in, due to the high pass filter effect of the capacitive sensors. The
bandwidth characteristics of the EPIC capacitive sensors are similar to a high-pass
filter with a low cutoff frequency of 0.2 Hz. The dry contact ECG was successfully
coupled without any skin preparation from all the adult and baby volunteers with
different qualities. On average, the QRS detection accuracy was 99.8% of adult dry
ECG signals and 89% of babies’. That is because parts of babies signals were highly
affected by the motion artefacts; especially to older babies. On the other hand, the
capacitive ECG signal was only coupled through the vinyl plastic bags from five adult
volunteers, and no capacitive ECG was collected from the newborns through any of
these three materials.

Additional experiments were conducted to test if the EPIC sensors could couple
capacitive ECG signals through thinner cotton layers of clothing. These tests were
performed to look at capacitive ECG applications in neonatal intensive care (NICU),
where the babies are placed inside the incubators; either without clothing or with
thin layers of cotton clothing in order to control their body heat [19].

In these experiments, a pair of EPIC sensors were used to collect ECG signals
capacitively through a cotton sheet of 254 um and a cotton sheet of 355 ym. The
adults’ ECG was successfully coupled through the two cotton sheets, but the babies’
ECG was only coupled through the thinner sheet. Pan and Tompkins’s algorithm was
used to detect the QRS complex of the collected ECG signals, the accuracy of the
detection was calculated by visually counting the missed QRS peaks and the duration
where the ECG is undetectable. The average QRS detection accuracy of the adult
capacitive ECG was 99.4% through 254 pym and 93.3% through the 355 pm sheet. On
the other hand, the average QRS detection accuracy of the babies” ECG was 73.4%
through the 254 pm sheet.

An additional experiment was performed to test the array arrangements on adult
volunteers while they were fully clothed. Eight EPIC sensors were used to couple
four ECG signals from the backs of seven adult volunteers through cotton clothing of
different layers. The eight sensors were distributed in a yoga mat where the volunteers
were asked to lay down with their back. Four ECG signals were collected from the
shoulders, mid-back, waist and lower back. The ECG signals were successfully coupled
from the upper part of the body; shoulders, mid-back and waist of the volunteers,

who were wearing one or two cotton layers. However, no ECG signals were collected
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from the lower back where the volunteers were wearing thicker layers of clothing. On
average, 92.5% of the ECG signals were detectable from the shoulders, mid-back and
waist.

Bioimpedance measurements were performed in order to understand the dry and
capacitive contact setups. The 1260 Impedance/gain-phase analyser by Solartron
was used with 1294 bioimpedance interface to measure the dry interface between
the skin and electrodes in the frequency range of 1 Hz to 100 kHz. They were also
used to measure the impedance of the different materials that were used in the above
experiments. The cotton towel impedance was out of the limits of the device, and
therefore, was not measured. The impedance of the polyethylene was higher than the
vinyl’s, which explains why some of the adults ECG signals were coupled capacitively
through the vinyl, and none of them was coupled through the polyethylene. Both of
the plastic bag’s impedances were mainly capacitive through the measurement fre-
quency range. The parallel resistivity component of the plastic is very high compared
to the capacitance, and thus, it worked as an open circuit. Moreover, the calculated
capacitance of the plastic bags using their dimensions and materials characteristics
have correlated with the impedance measurements, emphasising that the plastic bags
were mainly capacitive.

On the other hand, the impedance of cotton sheets (254 pm and 355 pm) was
dominated by the resistive component of the impedance in the low frequencies (<100
Hz). The capacitive component of the typical cotton fabrics is relatively large com-
pared to the cotton resistive component. The cotton capacitance does not contribute
within the ECG bandwidth unless the fabric is very thin <50 um. As a result, the
thicker cotton fabrics have a higher impedance, which explains why the babies ECG
signal was not coupled through the thicker sheet.

The interface impedance measurement at 10 Hz was used to simulate the electrical
model of the acquisition system of two EPIC sensors input in dry and capacitive
contact. The 10 Hz point was chosen because it represents the peak of the power of the
QRS complex that was used for HR detection. The output of the dry contact model
was similar to the dry contact ECG recordings. The morphology did not change, and
the amplitude of the QRS was about 0.8 mV. The output of the capacitive simulation
using cotton sheets values was also similar to the measured ECG signal. The signal
amplitude was attenuated by = 50% of the output of the simulation, but it was
reduced by ~ 25% of the recorded ECG signal. The QRS complex of the simulated
and recorded ECG were both distorted with wider R—S segment. This distortion was
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caused by the air gap capacitive effect, which was simulated as 5 pF, as suggested in
the literature [68].

The output of the plastic bag model was further attenuated with QRS amplitude
reduction of ~ 75%. In the ECG recordings, the reduction of the QRS amplitude in
adult’s ECG signals was ~ 25%. The output of the plastic model was more distorted
than the cotton model output. The R-S segment was wider, which was noticed in
the recorded ECG signal through the vinyl bag. Generally, the capacitive ECG signal
through the vinyl plastic was affected by the motion artefacts and friction, which was
not simulated or modelled.

To conclude, the findings suggest that EPIC capacitive sensors do not work
through the delivery room materials that are used for swaddling the baby. For this
reason, another technology was investigated for this application in the second part of
the research, the fabric sensors. However, the capacitive coupling might be applicable
for the NICU applications, where the baby is kept naked or in thin clothing most of

the time.

6.3 Fabric Sensors

In the second part of the research, the conductive fabric sensors were tested to couple
the ECG for the application of the newborns” HR monitoring in the delivery room.
The fabric sensors are flexible and could be attached to the forehead and arm of the
newborns. The initially proposed placement of fabric sensors was to attach three
pieces of the conductive fabric to the newborns using a hat and an armband.

Three types of conductive fabrics were firstly tested on adults to collect ECG
signals from the forehead and left arm using an in-house wireless ECG system. Two
of the fabrics (Medtex P130 by Statex Company and Laird 3080-500 by Laird Tech
Company) enabled the collection of high-quality signals. The third fabric (SP31 by
footfalls and heartbeats) was much less effective and therefore was withdrawn from
further experiments. Medtex P130 and Laird 3080-500 fabrics were used to collect
ECG signals from adult volunteers (forehead and left forearm) using the clinically
approved ECG monitor (GE B450).

Three setups were tested on ten volunteers in order to decide if one armband is
enough to fit the sensor and the DRL: (1) No DRL was placed, (2) The DRL was
placed 5 cm away from the forearm sensor, and (3) DRL was placed 1 cm away from
the forearm sensor. The ECG collected from the second setup, where the DRL was

placed five cm from the forearm sensor had the highest SNR compared to the other two
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setups. The signals collected in the first and third setup had a significant contribution
of 50 Hz interference. Additional tests were performed for a better understanding of
the effect of the DRL. In these tests, the DRL placement was studied when the
GE B450 monitor was connected to the mains power and when it was working on
batteries. It was found that when the monitor was powered by the mains, the 50
Hz interference increased by placing the DRL 1 cm from the ECG sensor. However,
when the monitor is working on batteries, the interference decreased by placing the
DRL 1 c¢m from the ECG sensor. From these results, it was concluded that, when
the DRL is placed very close to the forearm sensor (1 cm), it can increase the 50
Hz noise. And when the DRL was placed further (5 cm), the 50 Hz interference was
decreased. Accordingly, the sensors arrangement was changed, enabling the longer
distance between the DRL and the sensor.

The PPG signal was collected using a pulse oximeter simultaneously in the pre-
vious experiment. The PPG recordings were collected as a comparison to the fabric
dry contact ECG signals in terms of robustness against the motion artefacts. On av-
erage, 91.2% of the PPG signal was detectable, and the rest of the signal was severely
distorted by the motion artefacts. On the other hand, the QRS detection accuracy
of the ECG signals, simultaneously recorded, was 99.3% for Medtex P130 fabric ,
and 98.6% for Laird fabric. This experiment has shown that the dry ECG signals
collected by the fabric sensors in the dry contact were more robust to the motion
artefacts than the pulse oximeter PPG.

Medtex P130 and Laird 3080-500 fabrics were then applied to four baby volunteers
to collect the ECG signals using a forehead sensor and left arm sensor, with the
DRL placed on the wrist. The ECG signals collected from the babies were of good
quality, and the average of detected QRS was >93%, and the signals collected by
Medtex P130 were of better quality than Laird’s in terms of SNR and QRS detection.
Hence, additional bioimpedance measurements were conducted to understand the
skin fabric interface. The 1260 Impedance/gain-phase analyser by Solartron was used
with 1294 bioimpedance interface to measure the dry interface between the skin and
conductive fabrics. Medtex P130 fabric was found to have lower electrode impedance
than Laird’s, and this explains the slightly better signals obtained using Medtex P130

fabric.

6.3.1 Future Work

The capacitive sensors are recommended to be applied for the NICU applications,

where the babies are usually naked or minimally clothed inside their incubators. The
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dry contact ECG is more practical for the delivery room, but the active dry contact
sensors are usually bulky compared to the standard wet sensors, which makes it harder
to maintain their physical attachment to the baby’s skin.

The fabric sensors tested in this research when placed on the forehead and arm,
and they produced good quality ECG signals from adults and babies. Their flexibility
makes them easy to strap and bend around the body contours. Also, they were easily
attached to standard clinical ECG monitors using the same leads and press studs
that are typically used with wet sensors. Because of these advantages, the conductive
fabrics are recommended for further investigation and clinical trial. The forehead
fabric sensor can be sewn on the babies hat, and the arm sensor and DRL can be
sewn to arm and wrist bands. Figure [6.1] shows a model of the newborn’s hat that
was designed by SurePulse Company for PPG measurements incorporating Medtex
P130 fabric sensor. This figure shows a proposed placement for a clinical trial where
both of the forehead PPG sensor by SurePulse and forehead ECG fabric sensor are
fit into the baby’s hat together.

PPG Sensor

Fabric Tail used
for ECG press studs

ECG Fabric Sensor

PPG sensor connection

Figure 6.1: Newborn’s hat designed by SurePulse company for PPG measurements.
MedteX P130 fabric ECG sensor was fit into the hat for a clinical setup.
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The University of

Nottingham

Study Information Sheet
Conductive Fabric ECG System: Experiment on limitations

Participants:
Number of participants: 30

Participant type: Healthy males/females, age 18+.

Recruitment: Staff/students within the department via research group bulk e-mail or via a
recruitment poster. The e-mail will contain a brief description of the study and the ‘Participant
Information Sheet’ (without reference number) as an attachment.

Payment: None.

Activities:

Number of activities: six.

Activity duration: 55 minutes (10 mins introduction+15 mins between the activity+ 30 mins actual
experiment).

Equipment and Procedure:
Equipment:
1. University computer (networked or stand-alone).
2. ECG monitor B450 (PO and ECG).
3. Three fabric pieces (2.5cm*2cm) of Medtex P130 (Biocompatible fabric).
4. Three fabric pieces (2.5cm*2cm) of Laird (Biocompatible fabric).

Procedure:

1. Re-iterate information provided in the 'Participant Information Sheet' to make sure the
volunteers and the babies' parents understand what is being asked of them. Explain the study
in more detail if the participant does not understand any terms or the procedures.

2. Ask them to sign the 'Participant Consent Form'.

Allocate a unique, random, seven-digit number to the participant as a reference number.

4. Ask the participant to sit down in a chair, while three fabric sensors from Medtex fabric will
be applied using starchy bands around the head, left forearm and left wrist (5 cm apart) as
shown in Fig 1 and Fig 2(b). The volunteer ECG signal will be recorded for 5 minutes. The pulse
oximeter is applied on the right index finger and is used only to get reference signals in order
to compare them to the signal from the sensors under test.

5. The left forearm sensors will be rearranged, and the distance will only be 1cm between them
as shown in Fig 2(C). Then, the volunteer ECG signal will be recorded for 5 minutes.

6. Afterthat, the fabric sensor around the wrist will be removed as shown in Fig 2(a) and the ECG
will be collected for an additional 5 mins.

7. Thesteps 9, 10, 11 will be repeated for Laird fabric sensors.

8. The total ECG recording will be saved to a USB flash memory drive under a directory titled
with the participants' reference number. Collected Data:

w
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Forehead Sensor

Forearm Sensor

DRL

Pulse oximeter

Figure 1: ECG sensors placement on forehead, forearm and wrist. Pulse oximeter is placed on the right hand index.

Setup (a): No DRL Setup (b): DRL placed5cm  Setup (c): DRL placed 1 cm

Forearm Sensor Forearm Sensor Forearm Sensor

Figure 2: Placement of the sensors on the left forearm.

Collected data
e Consent form containing name, date and signature which no one could associate with the
collected ECG recording data.
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e Thirty minutes of ECG recording and the age of the participant.

Ensuring confidentiality: No personal information will be collected about the participants (Name?*,
address, etc.) Only the age and sex will be required. Each participant will be given a unique,
random, seven digit number that is used to link the participant to the collected data.

e The student conducting the study will not contact the participants after the study has ended.
e The participants may contact the student conducting the study (using the reference number
to identify the particular participant) if they should wish for their data to be deleted.

* Each participant will sign a consent form which will contain their name and signature, but
not the reference number (i.e. the reference number and name are not linked).

Storage method: Original data will be stored directly to a portable flash memory drive (all participants’
data will be stored on the same drive, under different directories). Digital copies of the data
will be stored on the University’s network (requiring a username and password to login-to) for
processing and analysis. The student conducting the study will have direct access to the data.
The consent forms will be stored separately in safe cabin within the university.

Data usage: After the data (ECG recordings) have been collected, it will be analysed and the data will
be presented in the student’s PhD thesis and one or more journal publications. The
presentable data will be in the form figures or graphs (to demonstrate the collection method)
and the processed data. The consent forms data will not be published or used in any type of
publication outside or inside the university.

Identifying individuals: It will not be possible to identify a participant by the data that has been
collected from them.

After the study: The collected ECG data will be stored securely for seven years; then deleted (copies
too). The hard copies of the consent forms will be destroyed appropriately after 7 years. Data
will be passed on to a supervisor if/when the student leaves the university.
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The University of

Nottingham

Participant Consent Form
Conductive Fabric ECG System: Experiment on limitations

Please
initial

| confirm that | have read and understand the information sheet for the above
study:

| have had the opportunity to consider the information, ask questions and have
had these answered satisfactorily:

| understand that my participation is voluntary and that | am free to withdraw at
any time, without giving a reason, without my legal rights being affected:

| understand that relevant sections of the anonymised data collected during the
study may be looked at by responsible individuals from The University of
Nottingham and that sections of anonymised data might be used in publications:

| agree to take part in the study:

Name: . Date:

Signed:
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Laird

Smart Technology. Delivered.

USA: +1.866.928.8181
Europe: +49.0.8031.2460.0
Asia: +86.755.2714.1166

www.lairdtech.com

3080-500 SilverTek Fabric
Silver Plated Stretch Nylon Knit

SILVER PLATED STRETCH FABRIC WITH ANTI-TARNISH COATING
Laird’s SilverTek is a unique fabric designed for todays Smart Textile applications. This fabric may
be suited for use in on-body medical sensors, antimicrobial wound care, performance monitoring
clothing for sports and military applications, and consumer wearable electronics.

FEATURES MARKETS
e RoHS/REACH compliant e Specialty e Performance Sportswear
¢ Halogen-free per IEC-61249-2-21 standard ¢ Medical ¢ Wearable electronics
* Surface resistivity of < 2 Q/ 1 (nominal) ¢ Military
PHYSICAL PROPERTIES

Substrate 78% Nylon / 22% Spandex Stretchable, Conformable

Metal Plating 999% Pure Silver Antimicrobial, Hypoallergenic

Fabric Weight (nominal) oz/yd? (g/m?) 4.0 (136) Light Weight

Thickness (nominal) inch (mm) 0.018 (0.45) Flexible

Temperature Range °C -40° to 90°

ELECTRICAL PROPERTIES

Surface Resistivity (ASTM F390) ohms/square <20
MECHANICAL PROPERTIES
Elongation*, MD (ASTM D4964 mod) (%) >250

*(@ 3 Ibf / inch width)

EMI-DS-FOF-3080-500 0214

Any information furnished by Laird Technologies, Inc. and its agents is believed to be accurate and reliable. All specifications are subject to change without notice. Responsibility for the use and application of
Laird Technologies materials rests with the end user, since Laird Technologies and its agents cannot be aware of all potential uses. Laird Technologies makes no warranties as to the fitness, merchantability

or suitability of any Laird Technologies materials or products for any specific or general uses. Laird Technologies shall not be liable for incidental or consequential damages of any kind. All Laird Technologies
products are sold pursuant to the Laird Technologies' Terms and Comﬁtions of sale in effect from time to time, a copy of which will be furnished upon request. © Cop'ynght 2013 Laird Technologies, Inc. All
Rights Reserved. Laird, Laird Technologies, the Laird Technologies Logo, and other marks are trade marks or registered trade marks of Laird Technologies, Inc. or an affiliate company thereof. Other product or
service names may be the property of third parties. Nothing herein provides a license under any Laird Technologies or any third party intellectual property rights.
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Technical Textiles Inc.

v

PN# 1150902130

Shieldex® Medftex P130

e Purpose: Antibacterial fabric for general use
o Description: Silver (Ag) plated knitted fabric
Raw Material: 78% Nylon + 22% Elastomer

e Plating: 99% pure silver

Guide

o Stretch: DS (double stretch direction —warp—weft)

e Total Thickness: 0.018” (0.44mm) * 10%

o Abrasion Resistance: 10,000 cycles

1cation

e Weight: 135 g/m?£10%

¢ Roll Widths: 52” (132cm) + 2”

e Master Roll Lengths: Average 30 Lm /32.5 Lyd

Technical Appl

o Temperature Range: -30°C to 90°C / -22°F to 194°F

PRODUCT APPLICATION
EXAMPLES

Uyl

Base material for
antibacterial products
Base material for fungicidal
products

Base material for mat-
tress/pillow covers for aller-
gen protection

Medical clothes
Compression wrap

Base material for wound
dressing

Accreditations:
RoHS: Compliant
Reach: Compliant

Acc. ISO 9001:2000
Oeko-tex Standard 100

;

V Technical Textiles, Inc
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Appendix B
EPIC Sensors Recordings

Pan-Tompkins QRS on Adult Dry Contact ECG using EPIC
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Pan-Tompkins QRS on Adult Capacitive ECG Through 254 pm Cotton using EPIC
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P?im—Tompkins QRS on Adult Capacitive ECG Through 355 pm Cotton Sheet using EPIC
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Appendix C

Fabric Sensors Recordings

Adult ECG(t) by Medtex - GE B450
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