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Abstract: Wearable and ultraportable electronics coupled with pervasive computing are
poised to revolutionize healthcare services delivery. The potential cost savings in both
treatment, as well as preventive care are the focus of several research efforts across the
globe. In this review, we describe the motivations behind wearable solutions to real-time
cardiovascular monitoring from a perspective of current healthcare services, as well as
from a systems design perspective. We identify areas where emerging research is
underway, namely: nanotechnology in textile-based wearable monitors and healthcare
solutions targeted towards smart devices, like smartphones and tablets.
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1. Introduction

Advancements in pervasive computation and communication technologies, coupled with micro- and
nano-electronics have created opportunities for the seamless integration of electronics and flexible
sensors. These flexible sensors made of textiles or possessing a clothing-like texture and flexibility
result in functionalized textiles, commonly referred to as e-textiles or smart textiles. Tao [1] describes
smart textiles as a class of smart materials and structures that sense and react to environmental
conditions or stimuli. Depending on the degree to which intelligence is imparted into these textiles,
they may be passive, active or very smart. Passive textiles only acquires information about the
environment [2]; active textile reacts to its environment and adapts in different ways [3]; and very
smart textiles may be context-aware and adapt their responses based on the context [4]. These three
components may be confined to the presence of sensors, actuators and controlling units. For instance, a
passive material requires sensors to detect signals. Constituents of an active material may require the
coupling of an actuator or a controlling unit with a sensor. Similarly, for very smart textiles, a
combination of sensors, actuators, controlling units and a context-aware material that functions as a
processing unit may be essential. Context-aware intelligent materials are formulated by combining
conventional textiles with novel materials, mechanics, processing techniques and the chemistry and
biology of materials [5].

In biomedical applications for long-term physiological signal monitoring, textiles are the preferred
platform for sensors, because they are the most natural materials close to the skin. Traditionally,
long-term ambulatory systems that perform biomedical monitoring use adhesives to hold the electrodes
or sensors in place against the skin and use a conductive gel to make low impedance electrical contact
with the skin. Advancements in analog front-end electronics with very high input impedance and a
high common mode rejection ratio (CMRR) have enabled the use of dry electrodes without the need
for gels [6]. These dry electrodes when made on textiles can be seamlessly integrated into clothing to
achieve an intuitive and comfortable alternative to currently available long-term monitoring systems.
However, these dry electrodes have been known to have an initial settling time, wherein the contact
impedance slowly drops to a value adequate to acquire signals with minimal noise from the
environment [7]. One approach to alleviate this problem is to use nanostructured sensors, which have
significantly higher surface area, as compared to planar sensors, so that the desirable low contact
impedance can be achieved sooner. In this paper, our focus is on the use of nanomaterials and
nanostructures in textiles for wearable biomedical monitoring systems for cardiovascular health.

The review is organized as follows: First, we present the motivations for a textile integrated
wearable system from a healthcare perspective for patients who have already been diagnosed with a
cardiovascular disease (CVD) and for occult conditions that pose sudden and high risk to individuals
under physical exertion. Second, we describe the research performed thus far on the use of
nanostructured sensors and nanomaterials on textiles for cardiac monitoring. Finally, we present
examples of end-to-end system implementations for multi-parameter monitoring through smart devices,
namely the e-bra for women and the e-bro for men.
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1.1. Cardiovascular Disease Patients

In the U.S., the cost of healthcare has increased by over 90%, from $1337 billion in 2000 to $2594
billion in 2010. It is projected to reach $4,487 billion in 2020 [8]. Public spending on health and
long-term care in Organization for Economic Co-operation and Development (OECD) member
countries and BRIICS (Brazil, Russia, India, Indonesia, China, South Africa) is 6% of the gross
domestic product (GDP) and is projected to increase up to 14% in the next 50 years [9]. Chronic
disease diagnosis and treatment are the primary causes for this increase. Patients suffering from
chronic diseases need to repeatedly visit the hospital, which can be expensive. As a solution to this,
remote point-of-care (POC) systems and remote patient monitoring (RPM) systems can be used.
Remote patient monitoring for point-of-care facilitates the monitoring of a patient’s health condition at
local or remote places without the need for hospital admission or visits. In the case of high risk patients,
it can provide the patient with real-time feedback from a medical center.

1.2. Athletes: Football and Soccer

The sudden and fatal failure of an individual’s heart function is referred to as sudden cardiac death
(SCD). It is well known that the risk of SCDs and acute myocardial infarctions (AMI) increase during
and immediately after strenuous exercise [10]. Nearly 58% of SCDs reported between 1980 and 2006
have been reported in basketball and football athletes. Recent studies have shown that the incidence of
SCDs in young athletes in the U.S. at the high school and college level have been underestimated in
previous studies [11]. The most prevalent causes of SCD in young athletes are CVDs and
sports-related injuries. Among CVD causes, the most prevalent are hypertrophic cardiomyopathy
(HCM) (36% of cases) and coronary artery diseases (CAD) (17% of cases). Among sport injuries,
commotio cordis and blunt trauma injuries together account for 25% of all SCDs recorded between
1985 and 2006 [11]. The current strategy for the prevention of SCDs in young athletes is to prescreen
them and diagnose any cardiovascular diseases that may put them at high risk for SCDs and promptly
disqualify them from participation if diagnosed. The proven approach implemented in Italy has
involved a mandatory prescreening with detailed history, physical examination and a 12-lead ECG
with guidelines and criteria for the identification of cardiovascular abnormalities that may put the
athlete at high risk for SCD [12]. The American Heart Association (AHA), however, does not
currently recommend the inclusion of 12-lead ECG as a part of the prescreening [13—15] for several
reasons: the high direct costs of the tests, a lack of dedicated trained athletics personnel to perform the
prescreening in place of physicians, the sheer number of athletes to be screened and the reported low
specificity, high false positives and false negatives of ECG interpretations [16]. Although the positive
diagnostic value of including a 12-lead ECG in prescreening has been identified by both the European
Society of Cardiology (ESC) and the AHA [17,18], consensus panels for recommendations on
cardiovascular screening of young athletes, the cost-effectiveness of including this test in the U.S.
athletic prescreening protocol is still a subject of wide debate.

Despite the evidence suggesting the effectiveness and initial success of prescreening with ECG in
Italy [12], there are four limitations to the prescreening approach that need to be addressed:
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First, there is still a wide debate on the differential diagnosis of HCM from the ECG changes
brought on by training in many athletes with otherwise normal hearts (athlete’s heart) [19,20].
Reported differences in training-induced cardiac remodeling between athletes of African origin and
others have made diagnoses based on ECG findings equivocal [21]. Moreover, the remaining two
prevalent causes for SCD (CADs and blunt trauma injuries) cannot be diagnosed during prescreening,
as CADs do not manifest as ECG abnormalities and blunt trauma injuries are non-pathological and can
occur in any athlete with an otherwise healthy heart.

Second, recommendations [22] suggest that for the differentiation of HCM from athlete’s heart,
Brugada-like ECG abnormalities, arrhythmogenic right ventricular cardiomyopathy or dysplasia and
features, like prolonged PR intervals, short PR intervals, early repolarization and inverted or biphasic T
waves, can be further evaluated using an exercise test to improve the specificity. However, this is to be
done in addition to the preliminary ECG screening at an added cost.

Third, from the perspective of secondary prevention, i.e., through the adoption of strict guidelines
on sudden cardiac arrest (SCA) resuscitation, it is imperative that an SCA is promptly recognized,
cardiopulmonary resuscitation (CPR) is started immediately and a defibrillating shock is applied as
soon as possible [23]. The target resuscitation time recommended by the AHA is between 3 and 5 min,
from the time the athlete’s collapse was witnessed to the application of the defibrillating shock. It has
been shown that survival chances may drop by 7%—10% for every minute that defibrillation is delayed.
In the absence of a real-time ECG, the emergency responder or rescuer has to first identify an SCA
with accurate pulse or respiration assessments, while the athlete may be gasping or having myoclonic
jerks or seizure-like activity, which may be inconsistent with an SCA.

Fourth, the various mechanisms for SCD have been studied extensively at the cellular process and
ionic channels level [24]. This work needs to be augmented with real-time studies on the mechanism of
SCD using non-invasive techniques, like ECG, which are lacking. The ECG is rarely or never
available during a sudden cardiac arrest episode. Therefore, a system for the real-time monitoring of
cardiac electrophysiology during exertion, which puts the athletes at higher risk of SCDs, is an
important step in the prevention and treatment of sudden cardiac arrest in athletes.

1.3. Military Recruits under Training

Among U.S. military recruits between the age of 18 and 25 years, the incidence rate of
non-traumatic SCDs were found to be 11.1:100,000 in a 25-year period [25]. Recently, a cohort study
of active military personnel who died on duty showed that 92% of the sudden death occurrences during
military training were during organized physical training. According to the same study, 31.6% of the
sudden deaths occurred during running, which was part of the organized physical training. The study
further concluded that among persons >35 years of age, more emphasis should be placed on evaluating
the risk of atherosclerotic coronary disease [26].

Based on the three scenarios described above, we can formulate a system requirement as follows:

* An ergonomic, intuitive and wearable, fully-integrated platform to acquire ECG and blood
pressure in real time.

* Wireless communication to transfer the acquired biomedical signal in real time to a data logging
device or a computational device that does real-time analysis.
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2. Sensors on Textiles

Smart textile (fabric) can be made from materials ranging from traditional cotton, polyester and
nylon, to advanced Kevlar with integrated functionalities. However, in the scope of the present review,
fabrics with electrical conductivity are of interest. There are two kinds of smart textile (fabric)
products that have been developed and studied for health monitoring fabric with textile-based
sensor electronics [27-31] and fabric that envelopes traditional sensor electronics [32,33]. Pioneering
research work, done by Jayaraman and co-workers [27,28], showed that weaving can be used to
incorporate electrically-conductive yarn into fabric to obtain a textile that can be used as a
“Wearable Motherboard”. It can connect multiple sensors on the body, such as wet gel ECG electrodes,
to the signal acquisition electronics. Later research has shown that conductive yarns can be
instrumental in the fabrication of textile-based sensors made of fabric [29,30] or metallic meshes [31]
coated with silver or conductive metal cores woven into the fabric [34].

There are two broad approaches to the fabrication of garments with ECG sensor electrodes in research:

* Finished garments through functionalization or integration of finished garments with sensor
elements. This approach involves the integration of finished electrodes into finished garments by
simply stitching the electrodes at the appropriate locations on the garment or using deposition
techniques to transfer the functional materials at the appropriate locations.

* Unfinished garments—the introduction of smart materials during the garment fabrication
process. This approach entails the use of textile fabrication techniques to form woven or
non-woven fabrics with the inclusion of functional materials.

2.1. Incorporation in Finished Garments

Several flexible and rigid materials have been fabricated and evaluated for use as electrodes.
Among resistive electrodes are flexible polydimethylsiloxane (PDMS) [35], CNT array electrodes
named ENOBIO [36], carbon nanotube (CNT)/PDMS nanocomposites [37], flexible polymeric dry
electrodes [38] and vertically-aligned metallic nanowires on flexible substrates [39].

Among capacitive electrodes are Ti/TiN electrodes [40], IrO-coated electrodes [41] and MEMs
spiked electrodes [42]. A comprehensive review of these contact and non-contact dry electrodes has
been presented in [43]. Smart textile implementations can be achieved by stitching these electrodes
onto finished garments.

2.2. Textiles as Electrodes: Unfinished Garments

The smallest units of the textile are fibers or filaments. Innumerable combinations of these units can
result in many textile materials with varying length, cross-section areas and shapes and surface
roughness. The intelligent functionality, conductivity in this case, can be introduced into textiles at
different levels. At the fiber level, a coating can be applied or conductive threads can be added to make
a composite textile. Fibers of different types can be arranged at random or in a strictly organized way
in yarns or fabrics to form even 3D structures. These structures can be metallized or functionalized to
fabricate a conductive textile electrode and other functional surfaces with micro- or nano-rods, or
micro- or nano-coil arrays. Accordingly, there are two strategies followed to make fabrics conductive:
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inclusion of thin conductive filaments in the yarns used to make the fabric or coating of the finished
fabric with conductive materials by various coating techniques.

The former approach has been studied using stainless steel [44]. Mechanical, as well as conductive
property enhancement has been documented with the absorption of single-walled carbon nanotubes
(SWCNT) in cotton [45].

The latter approach uses deposition and coating techniques, like sputtering, screen printing,
electro-spinning, carbonizing and evaporation deposition. Conductive coatings on fabric result in
higher conductivities, but are less durable, especially through wash cycles [34].

Nanotextiles are formed by the fabrication of nanostructures on textile fabrics or forming
nanoscale filamentous structures on fabric, rather than incorporating nanomaterials into fabrics.
InOh et al. [46] have fabricated electrospun silver-plated polyvinylidene fluoride (PVDF) nanofibers
for use as long-term dry electrodes. Vertically aligned nanostructures using a fabric flocking technique
have been fabricated and tested by Rai et al. [47].

2.3. Nanocomposite Inks for Conductive Traces and Connections

Implementations of wearable systems on textile require a cost-effective, as well as scalable way to
form interconnects between the various components. One approach to achieving this goal is to have
functional inks that can be printed onto a textile to essentially form printed circuit boards on textile. In
the case of ECG smart textiles, this involves the formulation of conductive inks or printable capacitive
structures on fabric. Polymer thick film (PTF) technologies have been used to form conductive traces
and transmission lines on a non-woven fabric in [48]. Alternatively, inks with conductive fillers and
polymer binders have been used in the formulation of several inks that are stretchable and resistant to
wear and tear. Stretchable conductive inks on textiles have been demonstrated through
conductive traces using silver flakes in polyurethane-based binder by Araki et al. [49].
Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) films have been successfully
deposited on rubber latex substrates using ink-jet printing by Romaguera et al. [50].

Multi-wall carbon nanotubes (MWCNTSs) and polyaniline nanoparticle (PANP) core shell-based
nanocomposite conductive inks were synthesized and successfully screen printed on woven cotton by
Rai et al. [51]. Conductive traces drawn from inks with silver flakes in an acrylic binder have been
used to make connections between ECG electrodes and flexible printed circuit boards (PCBs) [52].

In addition to conductive materials for resistive-type ECG electrodes, a flexible capacitive-type
ECG celectrode structure consisting of conductive CNT-acrylic nanocomposite inks sandwiched between
two layers of acrylic inks has been fabricated and tested for ECG acquisition by Kumar et al. [53].

3. Examples of Systems Implementation

Wearable systems for monitoring physiological signals have been reported in previous studies.
Some of them are in the form of wearable accessories, such as wrist watch for cuffless blood pressure
monitoring [54]. Systems can be off-the-shelf electronics with dry electrodes fabricated on FR4
boards [55] that can be embedded/encapsulated in clothing, such as a cap or shirt. The systems either
display only or transmit to a remote location through Bluetooth-enabled cellular phone/Zigbee-enabled
PC and wireless data transmission or the Internet for remote patient monitoring (RPM) [56,57].
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The systems can be microelectronics fabricated on flexible substrates, which are easy to incorporate
into the textile [58—60]. These electronics can accomplish multiple biometric monitoring, such as
sweat rate, temperature, ECG, blood oxygen level, etc., along with wireless transmission.
In combination with global positioning technology, they can facilitate medical intervention and
augment ubiquitous healthcare [59].

Sensors that are encapsulated, enmeshed or textile-based are predominantly electrical, optical or
piezoelectric monitor physiological signals close to the body. Dry electrodes are the most popular type
of sensors for biopotential measurement in wearable systems. These electrodes have varying designs,
which include fabric made of woven conductive thread, an array of metalized needles, a conductive
surface and an Ag/AgCl back electrode (conductive gel free) [61] and capacitively-coupled dry
electrodes [62]. They have been shown to acquire biopotential signals. In addition to that, they have
been proposed for cardiac, as well as neural stimulation. The textile-based dry electrodes have also
been demonstrated as bioimpedance spectroscopy devices for plethysmography monitoring [63].
Optical sensors are mainly off the shelf microelectronics or optical fiber-based sensors. The
piezoelectric sensors are off-the-shelf microelectronics, flexible piezoelectric membranes or
functionalized piezoelectric yarn.

Wireless sensor systems generate large amounts of data that require data management and post
processing. Research in database architecture has shown that database organization for the derivation
of medical parameters for diagnostics and archiving of diagnostic parameters solves the problem of
data volume [64]. In addition to that, data processing through cloud computing and remote access to
stored data improves the computing performance [65].

In the following sections, implementations of wearable systems with textile-based nanosensors and
state-of-the-art wireless communication systems are described.

3.1. E-Bro

The textile platform in this application is an inner vest that can incorporate nano-biosensors, such as
gold nanowire electrodes [66] or nanostructured textile electrodes [67] and composite piezoelectric
films [68,69]. It can also incorporate an infrared emitter-detection system for plethysmography and
temperature sensors. The e-bro system is an implementation of a multichannel wearable wireless
textile-based nano-biosensor that monitors ECG and blood pressure.

3.1.1. System Description

Figure 1 shows the overall system, which consists of four components: firstly, a compression inner
vest, referred to as the e-bro, with the textile electrode sensors and the printed connection traces that
connect the electrodes to a sensor electronics module (SEM); secondly, a photoplethysmography arm
band that has near-IR LEDs and photodiodes, which are connected to the SEM through conductive
traces printed from the left arm; thirdly, the SEM that consists of an amplifier, filter circuits, a
microcontroller and a ZigBee wireless radio; lastly, a software program running on a PC that receives
and plots incoming data from the person wearing it.
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Figure 1. Schematic showing overall system for the acquisition of ECG through the e-bro.
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The photoplethysmography arm band consists of two arrays of near-IR photodiodes and a central
array of three photodiodes. This assembly was described in detail in [52]. The electrodes and the arm
band are connected to the SEM through conductive traces, an ink formulation of silver nanoparticle
fillers in an elastic acrylic-based binder, printed on the vest, and snap buttons. The conductive traces
were made using conductive inks, and screen printing was used, which is textile manufacturing
compatible. The arm band is removable and simple snaps on to the vest through four snap buttons
(Figure 2). The removable SEM and arm band makes the e-bro washable.

Figure 2. E-bro and the photoplethysmography arm band. Reproduced with permission
from [47]. Copyright 2014, The Electrochemical Society.
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3.1.2. Sensor Electronics Module (SEM)

The amplifier, which is a part of the SEM, consists of four channels: three channels for the bipolar
limb leads, Lead I, Lead II and Lead III, and the fourth channel amplifies the potential difference
across the photodiode, which detects the reflected IR waves from the brachial artery. The amplifiers
used in the SEM had a band pass of 0.2 Hz to 70 Hz and a mid-band gain of 50 dB for the three ECG
channels. The gain was increased to 55 dB for the photoplethysmography sensors for a band of 0.2 Hz
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to 15 Hz. The amplified signals from the amplifier are digitized using the onboard microcontroller for
transmission; Figure 3.

Figure 3. (a) Schematic of the sensor electronics module (SEM); (b) actual SEM
used in e-bro system. Reproduced with permission from [47]. Copyright 2014,
The Electrochemical Society.
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The choice of the ZigBee radio module was motivated by two desired functions. Firstly, it has to
support data rates higher than 9,600 bps, because four channels of digitized ECG and BP signal have to
be transmitted in real time. Secondly, it provides communication ranges as high as possible for
applications in sports, military expedition and high risk work environments, such as firefighters.

3.2. E-Bra

The systems incorporated in the inner vest for men can also be integrated in an inner garment for
women, such as a brassier. The various sensors listed in the previous section can be incorporated in the
e-bra and the signals from the sensors brought to the eNanoflex [70] module through printed
conductive traces or conductive threads. Figure 4 shows a picture of the e-bra, the eNanoflex module
used for data acquisition and wireless transmission and the simple signal display interface that plots the
data received from the eNanoflex module.

Figure 4. (a) Real-time data plotted on the laptop; (b) the eNanoflex module; (¢) the e-bra
worn by the test subject; (d) multi-channel signal smartphone display; (e) heart rate and
blood pressure (systolic and diastolic) smartphone display.
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3.2.1. Multichannel Data Acquired

The data acquired by the e-bro can be transmitted wirelessly to a PC. The data received by the PC
was then filtered using an adaptive filter algorithm to minimize the effect of motion on the ECG signal
baseline [71]. The data acquisition and adaptive filter were developed using MATLAB (Mathworks,
Natick, MA, USA). However, the same can be achieved on a JAVA platform and can be deployed on a
smartphone. Figure 4a,d shows the original three ECG signals, Lead I, Lead II and Lead III. It also
plots the pulse waveform, the heart rate and the estimated systolic and diastolic blood pressure.
Figure 4b shows the eNanoflex module used for data acquisition and wireless transmission. The
derived pulse transit time (PTT) values are then used to estimate the systolic and diastolic blood
pressure values (Figure 4e) based on the calibration equations previously obtained in [52]. Other
sensor systems can be incorporated to develop wearable applications to monitor respiration,
temperature and blood oxygen level.

Post processing of ECG can also calculate heart rate variability (HRV), which is a prognostic and
diagnostic tool. HRV is described as the sequence formed by concatenating the difference in heart rate
between consecutive beats (Figure 5a). It is calculated as the inverse of the difference in the intervals
between consecutive R-peaks. The R-peak detection algorithm used for the calculation of the RR
interval (RRI) was as given in [72]. The autoregressive (AR) power spectrum estimation technique was
used to obtain the power spectrum density (PSD) plot of the RRI sequence. The characteristic LF and
HF peaks were observed [73]. Figure 5b shows the AR PSD computed from the RRI series for the
standing-up case. Figure 5c shows the same for supine ECG. AR PSDs in both figures show a classic
shift in the power distribution between LF and HF components with respect to total power.

Figure 5. (a) R-R interval calculations from ECG; (b) plot of the autoregressive (AR) power
spectrum density (PSD) computed from the RR interval (RRI) series for the standing case;
(¢) plot of the AR PSD computed from the RRI series for the supine position.
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Thus, these implementations of the e-bro and e-bra systems can be used for the tracking of chronic
conditions related to autonomous nervous regulation of cardiac activity. Continuous multiple lead ECG
monitoring can be used for the detection of T-wave inversion, which is indicative of a change in
ventricular repolarization. Automated post processing of ECG by algorithm for the detection of T wave
inversion can serve as an alarm system that will trigger a subroutine to initiate the ECG signal relay
through a remote server to a doctor’s office for diagnosis.

4. Conclusions

The need for wearable solutions for continuous cardiovascular monitoring from a clinical perspective
was discussed in detail in this paper. Although research efforts have been underway over the past two
decades in the field of dry electrodes for biopotential electrodes, recent advances in the use of
nanomaterials and nanostructures in textiles have shown significant improvements in the performance
of dry electrodes. In this review, we have identified the most recent advancements in the areas
of nanotechnology in non-invasive cardiac biopotential monitoring systems that are wearable and
textile based.

Furthermore, we have briefly discussed the wireless communication architectures, which also play a
key role in the implementation of continuous wireless cardiovascular monitoring. Over the past few
years, several research efforts have been underway to determine the communication architectures that
could adequately support endeavors, like continuous remote patient monitoring and real-time analytics
of biomedical signals, in a massively scalable fashion through cloud computing and the Internet of
Things. Questions in this area are in areas such as data security, computational costs, sustainability in
terms of energy and infrastructure costs. In this regard, we have briefly discussed the work done by our
group, as well as alternative approaches to implementations.

Nonetheless, research on the communications technology perspective as well as the materials and
sensors perspective have made significant strides in this direction over the past decade. The ultimate
objective has been to design a truly personalized healthcare platform that can intelligently cater to each
unique individual’s healthcare needs. Recent trends in research are leading to this realization by
tapping the benefits of nanotechnology, like the large surface area of dry electrodes with a
small footprint.
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