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Advances 1in healthcare wearable devices
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Wearable devices have found numerous applications in healthcare ranging from physiological diseases, such as cardiovascular
diseases, hypertension and muscle disorders to neurocognitive disorders, such as Parkinson’s disease, Alzheimer’s disease and other
psychological diseases. Different types of wearables are used for this purpose, for example, skin-based wearables including tattoo-
based wearables, textile-based wearables, and biofluidic-based wearables. Recently, wearables have also shown encouraging
improvements as a drug delivery system; therefore, enhancing its utility towards personalized healthcare. These wearables contain
inherent challenges, which need to be addressed before their commercialization as a fully personalized healthcare system. This
paper reviews different types of wearable devices currently being used in the healthcare field. It also highlights their efficacy in
monitoring different diseases and applications of healthcare wearable devices (HWDs) for diagnostic and treatment purposes.
Additionally, current challenges and limitations of these wearables in the field of healthcare along with their future perspectives are

also reviewed.
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INTRODUCTION

Continuous and real-time monitoring is essential for better
management of patients with chronic illnesses, including,
cardiovascular diseases, diabetes, and neurological disorders.
According to the World Health Organization (WHO), chronic
diseases account for three quarters (75%) of all deaths around the
world and impose high economic burdens’. Therefore, different
strategies are required for the monitoring and diagnosis of such
diseases and an effective strategy in this regard is HWDs
Wearable devices are defined as devices, which are worn on the
human body or on clothing®. They consist of a target receptor and
a transducer. A receptor recognizes the target analyte and
responds accordingly”®. The transducer then convert the receptor’s
response into a useful signal®. Several studies have reported
applications of wearable devices in different fields; as a result,
these devices have shown promising results in the field of
healthcare due to their ability of deformability and compliance.
These HWDs provide a better understanding of the changes inside
a human body and can help in preventing and treating diseases.

Biosensors were initially used as invasive devices for controlled
lab settings before their integration into wearable sensors. In 1956,
Leland C. Clark, known as the “father of biosensors”, was the first
to use electrodes for the detection of the level of oxygen in
blood”. This device was meant for the continuous and real-time
detection of oxygen in operating room settings during the
cardiovascular surgery. The introduction of electrodes for health-
care purposes later led to the discovery of potentiometric
biosensor for the detection of urea in 1969 by Guilbault and
Montalvo, Jr°. The introduction of electrodes for healthcare lead to
the commercialization of the first glucose analyzer in 1975 based
upon Leland C. Clark’s electrochemical biosensor®. With the
miniaturization of electronics that leads to the micro and
nanoelectronics and advancements in material sciences, inte-
grated HWDs came into existence. These HWDs consists of
electronic devices for the acquisition, processing and sharing of

data. Conventional rigid and heavy electronic devices, for
example, Printed Circuit Boards (PCBs) are not a suitable choice
for HWDs therefore, significant advancements have been made in
recent years in electronic devices in terms of their material,
fabrication techniques, processing circuits and transceivers to
enhance their compliance with HWDs. Recent advancements in
HWD materials include biocompatible flexible materials for
example, polyethylene naphthalate, polyethylene terephthalate
(PET), Ecoflex, and Polydimethylsiloxane (PDMS), silicone-based
materials, and thin film polymers for example, parylene®”®, These
materials have high flexibility and stretchability, which makes
them suitable substrates for HWDs. Ecoflex and PDMS have
elongation limits of 900% and 400%, respectively, where Ecoflex
has Young's modulus close to human skin’. In comparison to
conventional devices, these flexible electronic devices are not only
low cost but are also power efficient in their consumption, which
allow uninterrupted acquisition of data over long time. With
emergence of communication modules like Bluetooth, Near Field
Communication (NFC), Wi-Fi and Wireless body area networks
(WBAN), visualization and sharing of the data in real time has
become possible with HWDs®. These HWDs help in measuring
different parameters and biopotentials. These biopotentials
include electrocardiogram (ECG), which is a measure of heart
performance, electromyogram (EMG) which is a measure of the
activity of muscles in response to nerve stimulation, electro-
encephalogram (EEG), which is a measure of the performance of
brain activity and electrooculogram (EOG), which records eye
movements. These HWDs are extensively employed as noninva-
sive devices and particularly in point-of-care (POC) settings.
Furthermore, the noninvasive nature of wearable devices has
made therapeutic procedures simple and has decreased the risk of
infection, which was previously related to blood'®.

The POC wearable devices have revolutionized the healthcare
system by decreasing the load on hospitals and by providing more
reliable and timely information'®'". For this purpose, different
types of wearable devices have been employed, e.g., epidermal-
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based wearables, flexible wearables, and textile-based wear-
ables®®. Wearables can be employed for different body parts,
e.g., head-based wearables, eye-based wearables, and wrist-based
wearables'?. These wearables monitor different psychological and
physiological parameters that can be used for the diagnoses of
different diseases'>. In fact, wearable devices can be integrated
with different sampling platforms for sensing different chemical
parameters from bodily fluids e.g. saliva, blood, urine, sweat,
etc.5”. Additionally, these HWDs can be used for the delivery of
drugs in a more controlled and efficient manner in comparison to
traditional drug delivery systems'*'®,

This paper reviews different types of wearable devices
including different noninvasive wearables (including skin-based
wearables), biofluidic-based wearables (including saliva, urine,
and tears), and applications of wearables for drug delivery
systems. Skin-based HWDs are further discussed as textile-based
HWDs and tattoo-based HWDs as shown in Fig. 1. It highlights
their efficacy in monitoring different diseases and applications of
HWDs for the diagnostic and treatment purposes. The paper also
compares some important commercially available HWDs. Addi-
tionally, current challenges and limitations of these wearables in
the field of healthcare along with their future perspectives are
also reviewed.

SKIN-BASED WEARABLE DEVICES

As skin covers most of the human body, it serves as an optimal
mode for noninvasive healthcare wearable devices. Skin-based
wearable devices can be used for physiological and psychological
monitoring essential for the treatment of different diseases, for
example cardiovascular and neuromuscular diseases. Additionally,
it can also be used for the diagnosis of different diseases using
qualitative and quantitative analysis of skin secretions, such as
sweat. Based on the type of skin contact skin-based wearable
devices can be either textile based or epidermal based. Textile-
based wearable devices involve embedding essential sensors in
clothes whereas epidermal-based wearable devices involve the
direct attachment of wearables to the skin like a tattoo, generally
known as electronic skin (e-skin). The following sections highlight
the applications of textile-based HWDs and tattoo-based HWDs for
the monitoring and diagnosing of different diseases.

Textile-based HWDs

Textiles have been around for centuries and are readily available.
Traditionally, textiles and clothing have been perceived as keeping
humans warm and for esthetics. Due to their accessibility and
comfortability, they can be used for sensing important para-
meters, such as body temperature, heart rate, and respiration
rate'”"'®. Such HWDs are commonly known as electronic textiles or
e-textiles. E-textiles are clothes embedded with sensors and
conductive materials. The stretchable nature and large-scale skin
contact make textiles an optimal medium for HWDs'®. With the
emergence of graphene, carbon nanotubes, and nanowires, a
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number of efforts have been made to incorporate sensors into
clothing for continuous monitoring®®=22. One such effort is by
Yapici et al. who have developed an intelligent textile-based
HWD for the monitoring of ECG**. Traditionally, ECG is monitored
by using gel-based Ag/AgCl electrode cables, which are not
comfortable for the wearer. For textile-based ECG monitoring,
graphene functionalized cloth has been embedded with ECG
sensors”>. Graphene has been used for this purpose because of its
excellent material properties and high correlation with conven-
tional gel-based ECG monitoring?*. A comparison of the traditional
Ag/AgCl electrodes with the ECG HWD is shown in Fig. 2a®>. It can
be seen that graphene functionalized textile electrodes highly
correlates with the conventional Ag/AgCl ECG electrodes with a
maximum correlation of 97.0%23. However, the graphene functio-
nalized e-textile electrodes for ECG has higher electrode-skin
impedance (87.5-55 kQ) than the conventional Ag/AgCl electro-
des (50.9-20 kQ), which distorts the ECG and requires additional
components like buffer amplifiers and adaptive filters?>. Similarly,
Arquilla et al. have tested textile electrodes for ECG monitoring
using HWDs?>. They have developed a chest-based ECG system by
sewing ECG electrodes into the textile instead of using gel
electrodes. This sensor system has been applied on eight different
subjects (five males and three females) to validate the accuracy of
textile-based ECG with the traditional gel-based ECG electrode.
Differences between the heart rate and R-R intervals of ECGs from
both systems were minimal and are shown in Fig. 2b-d. The
statistical parameters for differences in heart rate are t=—0.70
and p>0.5 and t=1.43 and p>0.1 for R-R interval and with a
high correlation coefficient of 0.94%°. However, this ECG sensor has
not been tested during movement, which imposes considerable
challenges in maintaining the skin-electrode contact and hence is
mandatory for continuous ECG monitoring®>.

Moreover, Wicaksono et al. have also developed an electronic
textile comfortable suit (E-TeCS), as shown in Fig. 2e*°. The E-TeCS
provides temperature sensing of skin with a precision of 0.1 °C as
well as heart and respiration rates at a precision rate of 0.001272
using inertial sensing?®. Additionally, washability and degradability
tests were also conducted for the E-TeCS and high rigidity along
with confirmation for no flakes or discoloration up to ten cycles of
washing were observed, which makes it suitable for everyday use.
Likewise, the use of HWDs can also be extended for other
bipotential signals like EEG and EOG, which are required to be
monitored for the treatment and diagnosis of different diseases?’.
Gao et al. have developed a multisensory textile-based HWD for
the simultaneous detection of EEG from the forehead and sweat
rate?®. This wearable utilizes silver (Ag) as a conductive material
embedded inside the textile electrode to record an EEG as shown
in Fig. 2f*®. The multisensor wearable consists of an EEG recording
module and SHT20 chip for the relative humidity measurement. It
has eight channels that allow independent recording of the EEG
using different electrodes and the relative humidity is used to for
the indirect measurement of the sweat rate. The multisensory
HWD was compared with traditional Ag based wet electrodes
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Fig. 2 Textile-based HWDs for measuring vital bio signals for example ECG, EEG, and EMG. a Comparison of ECG signals from Ag/AgCl
electrodes and ECG HWD. Reproduced with permission from Yapici et al.**> Copyright © Sensors, 2017. b Textile-based ECG electrode ¢, d ECG
vs time graphs of the textile-based ECG electrode. Reproduced with permission from Arquilla et al.>> Copyright © Sensors, 2020. e E-TeCS
wearable with sensors on the shirt. Reproduced with permission from Wicaksono et al.>® Copyright © npj Flexible Electronics, 2020.
f Multisensor textile-based electrode for EEG and sweat rate measurement. g Comparison of textile-based electrode, as illustrated in f, with
traditional EEG electrode for alpha rhythm detection during eyes closed. Reproduced with permission from Gao et al.*® Copyright © IEEE

Sensors Journal, 2020. h Wearable shirt for the monitoring of EMG.

Reproduced with permission from Pino et al.>° Copyright © IEEE

Conference of the IEEE Engineering in Medicine and Biology Society, 2018.

used for EEG measurement and was highly correlated. Figure 2g
shows results for alpha wave acquisition and their power spectral
density (PSD) with eyes closed. Alpha rhythm is a standard
electrical brain response with frequencies ranging from 8 to 15 Hz
and usually more evident while eyes are closed. Correlation
coefficients of 93.04% and 81.69% between the two electrodes
have been found, in closed and opened eyes conditions,
respectively. However, the skin-electrode impedance of the
multisensory HWD decreases in the presence of sweat from
30-20 to 6 kQ in comparison to standard Ag wet electrodes that
maintains small skin-electrode impedance irrespective of sweat?®,
Moreover, electrodes embedded inside the textile can also be
used for EMG, which measures the electrical activity of muscles in
response to nerve stimulation and is used for the detection of
muscle or motor neuron abnormalities?®. Pino et al. have
proposed a wearable shirt to monitor EMG that provides essential
feedback during exercise®®. The wearable shirt is shown in the
Fig. 2h and consists of six dry electrodes embedded inside the
shirt to measure EMG signals. These EMG signals are then sent
to monitoring system using Bluetooth for signal processing.

Published in partnership with Nanjing Tech University

The system sends an alert in case of a muscle fatigue, which is
calculated using Dimitrov fatigue index (FI)*'.

Textile-based HWDs experience distortion in their results due to
loose contact between skin and HWD. This requires additional
signal processing techniques on raw data for acquiring clean
signals. Moreover, textile-based HWDs provide comfortability
along with real-time and continuous monitoring of the wearer,
but their stability decreases with repeated washing due to the
involvement of bio-recognizable molecules. The instability
involved with textile-based HWDs may be partially resolved with
tattoo-based HWDs.

E-skin or tattoo-based HWDs

Traditionally, tattoos have been perceived as a form of body art
because of its pliability and compliance. These properties can be
used for monitoring and diagnostic purposes. Currently, e-skins
are widely used for the detection of electrical and physical
parameters such as ECG, EEG, and EMG. Of these, the ECG is
easiest to detect because of its high amplitude, of the order of

npj Flexible Electronics (2021) 9
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Fig. 3 E-skin-based HWDs. a A graphene electronic tattoo (GET) embossed on the forearm. b A comparison of ECG acquired using GET and
commercial ECG monitor from chest. ¢ EMG signals using GET from forearm. d EEG values using GET from forehead and frequency response of
EEG during open and closed eyes condition highlighting the presence of alpha waves during eyes closed. Reproduced with permission from

Ameri et al.>® Copyright ® ACS Nano, 2017.

~TmV. This allows an accurate, noninvasive detection of heart
signals through the skin®% In cardiovascular arrhythmias like
tachycardia and bradycardia, ECG is the first point of reference for
diagnosis and treatment. As mentioned, earlier, conventional ECG
monitors require the attachment of gel-based electrode cables
along with external electronic instrumentations for signal acquisi-
tion and can be uncomfortable for the wearer. Furthermore, these
ECG monitors are mostly used in controlled lab or hospital settings
and therefore cannot be carried with the wearer at all times. Many
patients suffering from heart disease would benefit from
continuous monitoring of their heart rhythm but a daily visit to
a hospital poses an economic and scheduling burden. Moreover,
tattoo-based ECG monitoring systems can resolve the instability
and sensitivity issues of textile-based ECG monitors, due to their
miniaturization and stretchability. They are also more flexible and
comfortable for the wearer. A notable example of a tattoo-based
HWDs ECG monitor is described by Ameri et al. and shown in
Fig. 3a3. It consists of miniaturized electronic components built on
a graphene/polymethylmethacrylate (Gr/PMMA) bilayer substrate.
The graphene electronic tattoo (GET) is fabricated using a wet
transfer, dry patterning method and has 463 + 30 nm thickness
with ~85% optical transparency and more than 40% stretchability.
The high stretchability and optical transparency make it light
enough to be embossed on skin, like a tattoo. It binds to the skin
using Van der Waals forces, which makes it mechanically invisible
for the wearer. The GET is a comprehensive epidermal electronic
system that is effective for different biopotentials like ECG, EMG,
and EEG as shown in Fig. 3a-d*3. This HWD reports a clean ECG
with high signal to noise ratio, comparable to conventional bulk
gel-based electrodes. The module also works for other electro-
physiological parameters, for example, EEG and EMG by emboss-
ing it on different parts of the body. Figure 3a-d shows the
acquisition of ECG from the chest, EMG from the forearm and
detection of the presence of alpha rhythms in EEG from the
forehead. Moreover, it has low skin impedance, comparable with
Ag electrode, for 52 h, however, 96 h after its application, crack
starts to appear during the test, which increases its skin
impedance, making it unsuitable for further use®,

Moreover, Dae et al. used a self-powered piezoelectric sensor
for the continuous and real-time monitoring of the arterial
pulse**. The arterial pulse is a measure of heart’s contraction rate,
which is a component of cardiac output (heart rate x stroke
volume)?**°, A piezoelectric sensor converts the pressure created
due to arterial pulses into electrical pulses. In-time detection of
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the abnormalities in atrial pulses could lead to the prevention of
serious cardiac diseases. Monitoring arterial pressure may
potentially help in the diagnosis of cardiac and blood dis-
eases>®*’. This self-powered tattoo-based HWDs is POC in nature
and mitigates the high-power consumption required by conven-
tional arterial monitors. Moreover, data are shared wirelessly in
case of any abnormality detected in arterial pressure signals using
smartphone modality. It utilizes BaTiO3 and Pb [Zr,, Ti;,] Os (PZT),
active materials for the microelectromechanical sensors, due to
their high piezoelectric coefficients. A thin layer of plastic was
covered with PZT using laser lift-off technique (ILLO), which is an
inorganic based technique for transferring polymers on surfaces®®.
The ultrathin layer of PZT adheres to the epidermis and responds
to changes in arterial pulses. The self-powered PZT sensor was
used for the detection of arterial pulses before and after the
exercise. Before exercising, V,, of the arterial pulse is 81.5mV
whereas after exercising its amplitude is 100 mV, an increase of
~22% due to the increase in heart rate after the exercise. The
same wearable was used for experiments in monitoring human
respiratory activities, trachea movement and heart rhythm. These
experiments have shown a sensitivity of =0.018kPa ' and
response time of =60 ms with excellent mechanical stability.
However, the self-powered tattoo requires biocompatible piezo-
electric material for clinical trials®*.

Furthermore, it is estimated that over one billion people
worldwide have hypertension, or elevated blood pressure (BP).
Out of 1 billion, two-thirds are in developing countries who also
lack adequate healthcare facilities®®. Daily monitoring of BP is
essential for these patients as hypertension is often asymptomatic.
Due to the lack of monitoring, hypertension is one of the major
causes of premature death across the world®. Traditionally, BP
monitors are based on auscultative techniques with an inflatable
cuff and on first and fifth Korotkoff sounds™. This measures
systolic blood pressure (SBP), a number that represents the
pressure in arteries when the heart muscle contracts, and diastolic
blood pressure (DBP), a number that represents the pressure when
the heart muscle relaxes®. Accurate BP measurement requires
trained technicians, which adds to the challenge to meet the WHO
target to reduce hypertension by 25% by 2025. However, HWDs
can provide a suitable wearable for the POC setting to help
achieve the aforementioned target. One such wearable is
described by Luo et al. who has developed a cuff-less BP
measuring device for real time, continuous measurement of blood
pressure using tattoo-based HWD*'. The HWD integrates a thin

Published in partnership with Nanjing Tech University
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Fig. 4 Other competitive skin-based HWDs. a Schematic of the Heart Failure Prediction System. Reproduced with permission from Hafid
et al.*® Copyright © IEEE Journal Of Biomedical and Health Informatics,2018. b Oura Ring with miniaturized sensors on it to diagnose different
illnesses. Reproduced with permission®® Copyright © Oura Ring, 2020. ¢ Position of sensors for the detection of bradykinesia and tremor
features of PD. Reproduced with permission from Lonini et al.”' Copyright © npj Digital Medicine, 2018. d Earphones for the portable
acquisition of EEG with reference and ground electrodes on left earphone and source electrode on right earphone. e Power Spectral Density
(PSD) for the differentiation of the state of drowsiness and awake state using EEG from HWD as illustrated in d. Reproduced with permission
from Lee et al.”® Copyright ® ACS Applied Materials and Interfaces, 2018.

flexible piezoelectric sensor (FPS) with epidermal ECG sensor for
the cuff-less measurement of BP, which is much more comfortable
than its conventional counterpart. The patch uses beat-to-beat BP
measurements from ECG along with a parametric model, which is
very sensitive to minute changes in physiological signals in the
epidermis. The epidermal signals and ECG signals were obtained
using the piezoelectric patch along with SBP and DBP. Average BP
values for conventional cuff-based BP monitor and cuff-less BP
HWD were evaluated, and they were found to be comparable. The
conventional cuff-based BP monitor showed SBP=123.8+
5.7 mmHg and DBP = 86.8 + 4.4 mmHg, while cuff-less BP HWD
showed SBP=130.3+0.5mmHg and DBP =286.5+0.5 mmHg.
These results indicate that cuff-less BP wearable provides high
correlation with a conventional BP monitor for both SBP and DBP
values. Additionally, the patch utilizes only 3nW of power, in
comparison to photoplethysmogram (PPG) based devices that
consumes tens of milliwatts of power, making it more efficient and
optimal for home-based settings in low and middle-income
countries®' ™,

Other competitive skin-based HWDs including wearable vests,
smart rings, and earphones

There are other skin-based biosensors, which are not textile or
tattoo based. Various wrist bands, such as smartwatches,
wearable vests, skin patches, and implantable HWDs, use different
monitoring biomarkers. Schreiner et al. and Leonard et al. have
monitored respiratory rate, an essential parameter for many
respiratory and cardiovascular diseases by using alternative
wearable technologies®>**. Schreiner et al. proposed a chest-
based wearable to monitor respiratory rate using pulse oxime-
try*. Similarly, heart failure is another clinical syndrome, which
requires continuous monitoring. A structural abnormality, which
hinders heart from not pumping sufficient blood to fulfill the
needs of the body, heart failure affects about 26 million people
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globally®. Heart failure requires real time, continuous monitoring,
which increases the economic burden; HWDs can facilitate the
daily monitoring of such patients. A number of HWDs have been
reported that go beyond diagnosing or monitoring heart failure
but can predict it days before it even occurs®'**¢~%8 Hafid et al.
proposed a wearable system to predict heart failure using
multiple parameters, such as thoracic impedance, heart rate,
ECG, and blood oxygen level®®. All of these parameters are
measured noninvasively using electronic circuitry, a schematic of
which is shown in Fig. 4a. The most important parameter may be
the thoracic impedance, which is the measure of the resistance to
the flow of ions due to the retention of fluid in the thoracic region
of the human body*®. Days before heart failure symptoms such as
shortness of breath are noted by the patient, fluid is retained in
the lungs, which decreases thoracic impedance*®. The wearable
system tracks the thoracic impedance and other parameters
including heart rate, ECG and level of oxygen in the blood. If the
respective values exceed the safe threshold, the HWD generates
an alert using wireless transmission over a cloud server to the
wearer and to the medical provider. The clinician can then make
necessary interventions. However, the prognosis module has
inefficient power consumption taking it 8 h to charge and can
only measure continuously for 5 h, which limits its utility as a HWD
for continuous monitoring at all times?®. Similarly, another HWD,
Oura Ring monitors key physiological parameters to help the
wearer have a restful sleep®®. Oura Ring is a metallic ring, as
shown in Fig. 4b, with miniaturized sensors to monitor
physiological parameters, such as heart rate, body temperature,
and breathing’'. These parameters can be monitored for illnesses
like cold, flu, and even the novel Coronavirus 2019 (SARS-CoV-2).
Severe acute respiratory syndrome (SARS) outbroke in 2003 and
the Middle East respiratory syndrome (MERS) in 2012; SARS-CoV-2
is the third and the most recent of coronaviruses®>>3, SARS-CoV-2
has currently become a global pandemic with 66 million cases
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and 1.54 million deaths worldwide®*. Oura Ring utilizes the
aforementioned parameters to potentially detect symptoms of
SARS-CoV-2 in home settings. The wearable ring detects common
SARS-CoV-2 symptoms such as fever, cough, fatigue, and difficulty
breathing with 90% accuracy”®. Moreover, the ring has a battery
life of 4-7 days, depending upon the usage, and takes only
20-80 min to recharge®®.

There are also HWDs for use in the oral cavity. Kim et al. have
developed a mouthguard for the monitoring of saliva uric acid®’.
Similarly, Mannoor et al. have developed an oral cavity HWD for
the detection of bacteria on tooth enamel®®. The HWD is based on
graphene because of its high strength (42Nm™') and Young’s
Modulus (~1TPa)>°. Antimicrobial peptides (AMPs) were probed
on graphene for the detection of bacteria at a single cell level.
Moreover, the resonant coil excludes the need of an external
power source making it miniaturized and power efficient. Results
have been reported for the Escherichia coli (E. coli) bacterium, a
foodborne infection. E. coli is commonly found in the intestines of
humans and warm blooded animals®. If food is contaminated
with E. coli, it can cause severe diseases such as gastroenteritis
(food poisoning)®’. The graphene-based nanosensor is attached to
the tooth and can remotely monitor respiration and bacteria from
the saliva based upon the change in its resistance®. Odorranin-HP
AMP has been probed for the detection of E. coli because of its
strong activity towards this organism. As soon as E. coli binds with
the AMP immobilized graphene, the resistance of graphene
decreases and helps in detecting E. coli with a limit of detection of
1 bacterium pL™" *8, Results are justified with fluorescent images
for the presence of E. coli. Similar experiments were performed for
the detection of helicobacter pylori (H. pylori), a gram-negative
bacterium usually found in saliva, and stomach. H. pylori is one of
the leading cause for over 90% of stomach cancers and duodenal
ulcers®%3, The lower limit for the detection of H. pylori is ~100 H.
pylori cells using tooth enamel HWD and shows linear relation
with its logarithmic concentration.

Furthermore, neurological diseases can also be managed
efficiently with continuous monitoring. EEG, EOG, and motion
monitoring can be used to diagnose and keep track of severe
neurological diseases, like epilepsy, Parkinson’s disease (PD) and
Alzheimer’s disease (AD). HWDs like ocular wearables can be used
for the indirect detection of neurological diseases using EOG®*.
Wearable sensors have been used for the monitoring of patients
with PD®>%5, PD is a neurological disease that involves muscular
rigidity and marked by bradykinesia or slow movement®’. It is the
second most common degenerative disease after Alzheimer’s,
and it is estimated that 10 million people around the world are
affected with PD®*%°, Lima et al. have used body fall sensors for
quantifying the probability of falling in PD patients in home-
based settings. The study shows that the ratio of falling nearlg
doubles in PD patients in comparison to healthy individuals”®.
Similarly, Lonini et al. have also developed an intelligent system
based on machine learning algorithms for the detection of PD
symptoms like bradykinesia and tremor (involuntary move-
ments)”"72. Different motion sensors like, accelerometers, gyro-
meters, electromyography, and inertial sensors, are used as
shown in Fig. 4c’'. For the detection of aforementioned
symptoms, subjects performed different tasks like, typing and
walking, over a course of time. Using machine learning algorithms
based on statistical ensembles along with convolutional neural
networks the clinician could detect bradykinesia and tremor.
However, the study was conducted on a limited number of
participants (19) and therefore was unable to infer generalized
conclusions about the detection of dyskinesia (impaired voluntary
movement), another significant symptom of PD”'7. Similarly,
dementia is another neurological disease, which is characterized
by memory loss and difficulty in solving problems. There are 50
million cases worldwide and every year there are 10 million new
cases of dementia’*”>. Alzheimer’s disease is the most common
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form of dementia. Almost 60-70% of dementia patients are
diagnosed with Alzheimer's disease’*. Monitoring of significant
moments can help to support the care of dementia patients and
HWDs can be employed for this purpose. Kwan et al. proposed a
wearable, based on intelligent assistive technology (IAT) where
IAT is an adaptive and assistive technology, integrated with
advanced environment techniques of artificial intelligence
(A)’6. The wearable is tailored to an individual’s physiological
responses’’. These physiological responses consist of heart rate,
electrodermal activity-responsible for the emotional arousal and
skin temperature. These signals are extracted using the auto-
nomic nervous system (ANS) and using a triple point sensor (TPS),
which can be worn on the fingertips using a Velcro strap. The IAT
detects significant emotional events based upon their physiolo-
gical response and provides feedback to dementia patients.
Considering the importance of EEG in daily routine, portable, and
flexible earphones have been developed by Lee et al. for the
acquisition of EEG’®. The earphones consist of three electrodes
(Reference, Source and Ground) made up of a mixture of carbon
nanotubes (CNTs), polydimethylsiloxane (PDMS) and silver
nanowires (AgNW), as shown in Fig. 4d78. The earphones are
incapsulated in a plastic frame containing electronics, for
example, conductive elastomers, signal transducers, and metal
strip with soft earbuds for the convenient recording of EEG along
with listening music at the same time. The earphones successfully
differentiated the state of drowsiness from the awake state using
the three-electrode system and results were communicated to a
smartphone using a Bluetooth circuit as shown in Fig. 4e.
However, as the earphones measure the EEG in crosstalk with
music, EEG signals have low signal to noise ratio (SNR) and
therefore requires additional amplifiers with post signal proces-
sing techniques for signal enhancement”®,

BIOFLUIDIC-BASED HWDS

Body secretions like sweat, saliva, tears, and urine contain
important biomarkers that are essential for monitoring and
diagnostic purposes. HWDs can be used directly or through their
integration with other platforms, for example, microfluidic plat-
forms can be integrated for the extraction of useful information
from different biofluids’®. Microfluidic platforms of different
materials can be used in HWDs for example, polymer-based
microfluidic devices, paper-based microfluidic devices, and micro-
sized needles known as microneedles®®®'. The following sections
highlight recent efforts in biofluidic-based HWDs classified
according to the type of biofluids.

Sweat-based HWDs

Epidermal biofluids like sweat is an important indicator of changes
taking place inside human body and hence can serve as an
important parameter for the chemical and biological sensing.
Sweat is composed of different biomarkers, for example,
metabolites (e.g., glucose, lactate, urea etc.), proteins, nucleotides,
and electrolytes such as chlorine, sodium etc. which have
important diagnostic implications®2. Sweat is readily available for
chemical sensing and is distributed across the skin with more
than 100 glands cm™2 32, Therefore, sweat can be used for the
extraction of different chemical and biological parameters using
HWDs to provide monitoring and diagnostics in POC settings®?.
Koh et al. have developed a flexible, soft, and stretchable device,
based on microfluidics, for the colorimetric sensing of sweat
biomarkers as shown in Fig. 5a®3. This HWD is capable of
quantifying electrolytes, like chloride and hydronium ions, that are
essential for monitoring in cystic fibrosis, a chronic inherited
disease that affects the respiratory and digestive systems, by
forming a thick mucus that can block lungs and can obstruct the
pancreas®®. People with cystic fibrosis tend to have a shorter life
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Fig. 5 Biofluidic-based HWDs. a Colorimetric analysis of sweat from the image captured using smartphone. b Quantification of the
concentration of chloride, hydronium ions, and glucose and lactate levels using HWD as illustrated in a. Reproduced with permission from Koh
et al.®¥ Copyright © Science Translational Medicine, 2016. ¢ A skin-like soft wearable microfluidic platform for the detection of different
analytes from sweat. d Concentrations of sodium, potassium, and lactate at different body locations and at different chambers of the HWD

illustrated in c. Reproduced with permission from Choi et al.*°

Copyright © Advanced Healthcare Materials, 2017. e Smart contact lens for the

monitoring of diabetes using smartphone. Reproduced with permission from Lin et al.”® Copyright © Sensors, 2018.

span than healthy individuals®>. The microfluidic HWD can also
provide quantification of glucose and lactate levels, which are
essential for diabetic patients along with the loss of pH, sweat rate,
and total sweat loss. When the perspiration starts, the sweat is
transferred into microfluidic reservoirs, where chromogenic
reagents, like a mixture of glucose oxide and horseradish peroxide
(HRP) for glucose level, respond to aforementioned biomarkers.
Images of the change in color of the chemical analytes can be
captured using a smartphone for the quantification of the
concentration of chloride, hydronium ions, glucose, and lactate
levels, as shown in Fig. 5b**#587 The HWD continuously measures
the concentrations of aforementioned electrolytes in excellent
agreement with the laboratory analysis of the sweat. They have
demonstrated the flexible microfluidic HWD for human studies on
the fitness cycle in a controlled environment and for long distance
bicycle racing in outdoor settings, to justify the absence of the
leakage of fluid and any discomfort due to the microfluidic HWD
during real life arid conditions. The microfluidic device is
fabricated using the soft lithographic technique with PDMS as a
material®3. Soft lithography offers high resolution, of the order of
submicrometers, and due to its simplicity and flexibility it has
been a widely used technique for fabricating biosensors®>#38°,
However, it is a labor intensive and manually operated process®.
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A similar soft microfluidic based HWD was developed by Choi
et al. that uses microreservoirs for the detection of sodium,
potassium, and lactate concentrations from sweat along with their
temporal variations®. This wearable is a skin-like soft microfluidic
platform that takes 1.8 uL volume of sweat from an area 0.03 cm?
of skin in 0.8 min of sweating at 0.60 uL min~" rate as shown in
Fig. 5¢c. The Fig. 5d shows different concentrations of sodium,
potassium, and lactate at different body locations and at different
chambers of the wearable. Concentrations of these analytes show
variations at different times and at different spatial positions on
the body and propose optimal spatial positions for the attachment
of the wearable for sweat analysis. Paper-based microfluidic
devices, commonly known as microfluidic paper-based analytical
devices (UPADs), are another promising technique for fabricating
biofluidic-based HWDs. uPADs are biocompatible, low cost and
offer high capillary action®?2. The multisensing patch for sweat
monitoring by Anastasova et al. is a uPADs®". The patch consists of
microneedles of 50 um diameter and measures the concentration
of lactate, pH using sodium ions and temperature using
amperometric sensing. The HWD demonstrates sensitivity of
71.90+0.8mV unit™' and 56+ 1mV unit™' for pH and sodium
ions respectively with a response time of around ~90s. The
wearable transmits data wirelessly for real-time monitoring of
sweat in home-based settings. Moreover, the HWD ensures user
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compliance with overall thickness of as low as 180 um with double
sided adhesion to ensure firm adhesion of the patch to skin.
Another notable uPADs is a Smart Wearable Sweat Patch (SWSP)
sensor®?. SWSP consists of paper substrates, fluorescent sensing
probes and microchannels®’. The microchannels are made up of
cotton to absorb sweat from the skin and to transport them to
sensing probes to quantify analytes. The HWD measures the
concentrations of glucose, lactate, and chloride ions from the
sweat by quantifying the intensity of the fluorescent from each
analyte, using a smartphone®>. The device offers excellent
statistical results for the identification of aforementioned analytes
from sweat with limit of detection of 7 pm, 0.4 mM, and 5 mM and
correlate coefficients of 0.990, 0.988, and 0.994 for glucose, lactate,
and chloride ions, respectively. The device is low cost (~$0.3) but
cannot be used to measure concentrations of aforementioned
analytes in real time®2.

Tears-based HWDs

Tears are another important biofluid for the purpose of diagnosis
and monitoring of different diseases. One such disease is diabetes
and a number of HWDs have been developed for its diagnosis.
Diabetes is a chronic metabolic diseases, with elevated levels of
glucose or blood sugar, which can lead to serious damage to the
heart, eye, kidneys, nerve, and blood vessels®®. Globally, patients
with diabetes have increased from 108 million to 463 million in
2020 and if necessary interventions are not taken then it is
expected to increase, especially in middle and low-income
countries”***, Prevention of the complications of diabetes, as
proposed by WHO, includes a healthy lifestyle with continuous
monitoring of glucose levels. Traditional portable glucometers
were developed to measure the concentration of glucose in
blood. However, it involves finger sticks that is uncomfortable for
the patient and can lead to infections related to blood pathogens.
Urine can also be used for blood glucose measurement, however,
it is difficult to handle and can impose limitations when used at
home-based settings. HWDs provide a convenient and comfor-
table wearable for measuring the blood sugar and instead of
blood and urine, tears can be used for the glucose measurement.
Sen et al. measured the concentration of glucose in tear samples
and related it to the concentration of glucose from blood samples,
which justified the efficacy of tears for glucose measurement®, It
was shown that levels of glucose were much higher in tears for a
diabetic patient as compared to blood and urine samples in
healthy individuals. Therefore, several other HWDs have been
developed in the past for the measurement of glucose using tears.
Notable examples are commercialized products, like Triggerfish
that monitors the intraocular pressure of glaucoma patients and
Google lens for the diagnosis of diabetes by Google in
collaboration with Novartis®*“’. Lin et al. have developed a smart
contact lens for the diagnosis and continuous monitoring of
diabetes using tears®®. The lens is made up of phenylboronic acid
(PBA), a non-enzyme, and Hydroxyethyl methacrylate (HEMA), a
monomer. It utilizes the reversible covalent interaction of the PBA-
HEMA-based contact lens with glucose for the monitoring of
diabetes. The PBA-HEMA based contact lens swells in the presence
of glucose and thereby increases its thickness. The contact lens
thickness increases simultaneously with the increase in glucose
level, at a linear rate, as shown in Fig. 5¢°. The HWD has shown an
excellent agreement in sensing the glucose®. It can be seen that
the thickness of the lens increases linearly as the concentration of
glucose increases from 0 to 20 mM within 15 min. The contact lens
does not require embedded power circuits and additional
photosensors; however, it only utilizes a smartphone for the
detection of the change in thickness of lens. The smartphone
captures the light reflected by the light-emitting diode on the
smart lens. Images captured are then analyzed using an inbuilt
software for the detection of glucose levels, as shown in Fig. 5e%.
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The noninvasive nature of the lens and integration with a
smartphone, makes it a suitable sensor for monitoring diabetes
at home settings. The lens is lightweight, flexible, and transparent
to ensure the patient’s vision without obstruction. Moreover,
integration with smartphone ensures the portability of the HWD
to enhance the patient’s compliance with HWD®.

As discussed, microfluidic based devices offer low cost and
suitable platforms for biofluidic-based HWDs; however, they have
inherent limitations®>'%°. These limitations include fluid leakage,
contamination, and blockage due to debris and limited flexible
materials make them inconvenient for the wearer®®. However,
with more flexible materials along with adequate flow rate
optimization, these challenges can be overcome to fabricate low-
cost microfluidics based HWDs.

WEARABLE DRUG DELIVERY SYSTEMS

As previously discussed, biodegradable and biocompatible
materials are available due to advancements in materials. Such
materials can be used for drug delivery systems, which can deliver
drugs in a controlled manner'®'%%, One application of drug
delivery, is bimatoprost, using an ocular ring made up of
polypropylene for the treatment of glaucoma'®'. Glaucoma is an
eye condition that damages the optic nerve and is the leading
cause of blindness worldwide'®. Bimatoprost is a medication
generally used for the treatment of glaucoma, but fluctuations in
its usage can minimize its efficacy. Therefore, the ocular ring,
which is covered with silicone-bimatoprost matrix, slowly releases
bimatoprost in a controlled manner, as shown in Fig. 6a. Similarly,
Al-Shahbazi et al. have developed a self-healable and moldable
gum for the personalized drug delivery'®*. The gum is made up of
two materials, polyvinyl alcohol (PVA) and tannic acid (TA),
collectively referred to as PATA, which belongs to a human
friendly group of materials and makes it a bioactive material. The
polymeric gum developed, as shown in the Fig. 6b, has high
strength, stretchability, flexibility, toughness, and self-healing
properties. The gum has been found to display antibacterial and
anti-inflammatory properties and is flexible enough to be molded
into any shape suitable for using it in wearables.

Similarly, Kim et al. have developed a touch actuated
transdermal delivery (TATD) wearable for controlled drug deliv-
ery'®. The TATD provides quantitative permeation control of the
drug delivery in accordance with the force exerted by the touch
on a wearable patch. The HWD consists of drug reservoirs that are
refillable in nature, strain sensors for force detection, and
microneedles for drug release as shown in Fig. 6d'%. With
mathematical models between the force exerted and the quantity
of drug released, a controlled drug delivery has been observed,
which enables a real-time drug regulation. Similarly, Di et al. have
also developed a mechanical force based drug delivery system'°®,
This HWD consists of a stretchable elastomer with drug reservoirs
in the form of polymeric nanoparticles loaded with drugs. These
nanoparticles can be loaded with antibacterial drugs or anti-
inflammatory drugs. Likewise, the HWD produces encouraging
results with anticancer therapy. The drug is released in a
controlled manner by applying tensile strain on the elastomer
and the rate of release of drug is per Poisson’s ratio. The HWD is a
skin mountable device and can be administered by the motion of
muscles or joints, tendons or by external force using hands.

Moreover, T. Ly et al. have utilized the Bluetooth technology for
the controlled release of insulin’®”. The Bluetooth enabled insulin
pump is tubeless in nature and can hold up to 200 units of U-100
insulin. It consists of cannula insertion and automated priming
along with a personalized diabetes manager, portable for the
remote control of insulin delivery. In another report, Keum et al.
have developed a smart contact lens for the detection of glucose
levels from tears and for delivering drug for diabetic retinopathy
therapy”’. The contact lens is 14mm in diameter, 200 pm in
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Fig. 6 HWDs for drug delivery. a Ocular Ring for the treatment of glaucoma. Reproduced with permission from Brandt et al."®' Copyright ©
American Academy of Ophthalmology, 2017. b Self-healable gum made from PATA biomaterial. ¢ Gum, as illustrated in b, filled with a drug and
treated in an oral cavity. Reproduced with permission from Al-Shahbazi et al.'®* Copyright © Journal of Materials Chemistry B, 2020. d Working
principle of touch actuated transdermal drug delivery. Reproduced with permission from Kim et al.'® Copyright © Sensors and Actuators, 2018.
e Smart contact lens for diabetic retinopathy therapy by detecting glucose level. f comparison of glucose levels in blood and tear for normal and
diabatic person. Reproduced with permission from Keum et al.®” Copyright ©, Science Advances, 2020. g Working principle of wirelessly controlled
smart bandage. Reproduced with permission from Derakhshandeh et al.'®® Copyright ©, Advanced Functional Materials, 2020.

thickness with 8.0 mm radius curvature is based upon an ultrathin,
biocompatible polymer and contains miniaturized electrical
circuits along with a microcontroller chip for the continuous
monitoring of glucose level from a tear. The contact lens as shown
in the Fig. 6e, consists of an electrochemical biosensor, a drug
delivery system, a resonant inductive coupling to copper for
wireless transfer of power from an external transmitter coil, an
integrated microcontroller chip and a radio frequency (RF) system
for communication. The biosensor contains three electrodes:
Reference Electrode (RE), Working Electrode (WE), and Counter
Electrode (CE) for the detection of glucose. Results in Fig. 6f show
a comparison of glucose levels in blood and tears between
healthy and diabetic individuals and it can be seen that at all times
the difference in the level of glucose in both diabetic and healthy
individuals, for both tears and blood, are high enough to diagnose
diabetes from tears. Moreover, the contact lens has an integrated
drug delivery system that allows an on-demand, controlled
delivery of an antidiabetic drug. The delivery of the drug is
controlled by on/off control of voltage. Drug delivery is electrically
controlled using a gold (Au) membrane. Drug reservoirs are
covered with Au anode electrode, a thin layer of Au membrane,
which dissolves in phosphate buffer solution (PBS) in 40 s. When a
voltage of 1.8V is applied, the drug is delivered, and results are
then shared by the wireless transmission using an RF module,
which makes it a suitable HWD at POC. Furthermore, Derakh-
shandeh et al. have proposed a smart bandage for the treatment
of chronic wounds'%. The bandage consists of microneedles, as
shown in the Fig. 6g, for the delivery of pharmacological agents
and vascular endothelial growth factors (VEGF) on the targeted
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wound. The bandage delivers the drug in a controlled and wireless
manner. Moreover, the microneedles were fabricated using a 3D
printer on polymeric substrate and microchannels were fabricated
using PDMS. The smart bandage was experimented by delivering
VEGF to chronic dermal wounds of diabetic mice and showed an
increased closure of the wound and hair growth in comparison to
topical delivery of therapeutics'®,

As shown, structures like nanotubes, nanopores and nanopar-
ticles can be used in wearables to deliver drugs; however, their
size and structure is specific to a drug therefore, they are only
limited in administrating a specific drug. Moreover, wearable drug
delivery systems based on aforementioned carriers cannot be
administered in patients of all age groups as nanotubes and
nanoparticles have been found to be difficult to administer to
infants and older adults'®. Ocular wearable drug delivery systems
like the smart contact lens for diabetes treatment, have low
bioavailability and have limited volume of drug (~30pL) to
administer due to the limited precorneal surface area, which
decreases the efficacy of the drug''®. Furthermore, more
advancements in drugs are required in developing wearable drug
delivery systems with accurate targeted delivery of drug, as many
drugs are not been able to cross the blood brain barrier (BBB)'"".
Moreover, the limited biodiversity of drugs limits the effectiveness
of the wearable drug delivery systems''?,

COMMERCIALLY AVAILABLE HWDS

In recent times, a number of HWDs have been commercially
available in the market. Biocompatibility, accuracy, comfortability,
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Table 1. Motion based health and fitness trackers.

Misfit Shine Fitbit inspire 2 Withings pulse Apple watch
Charging 6 months 10 days 50 days 18h
Weight (g) 1729 30 7949 3059
Dimensions 5.24x1.97 x5.91 1.47 x 0.66 x 0.51 0.41x0.71x1.75 1.34x 1.57 x 0.41
Price $69.99 $99.95 $99.95 $399
Water resistant Swim-proof Resistant to 50 m Resistant to 50 m Resistant to 50 m

and uninterrupted battery performance are essential factors for
successful commercializarion of HWDs. This section highlights
some of the most recent commercially available HWDs for the
continuous monitoring of different biomarkers. The major focus of
the commercially available HWDs has been on the motion
trackers''®, Human movement assessment plays an important
role for the biomechanics and gait analysis and therefore can be
used for diagnosing neurological and psychological diseases.
Moreover, motion trackers can keep a track of step counts, which
helps in maintaining a record of calories burned. Therefore, a
number of such devices are available in the market for this
purpose and the most widely used are Misfit Shine, Fitbit Inspire 2,
Withings and Apple Smart Watch. Misfit, an American based
consumer electronics company, has introduced the Misfit Shine
that keeps record of steps count, sleep hours, distance covered,
and calories burnt. It has a nonchargeable battery that lasts for
6 months and needs replacement every 6 months. Fitbit, an
American based fitness company, has introduced a number of
fitness wearables''?. Fitbit Inspire 2 is one of the recent additions
for the real-time and continuous monitoring of vital signs like
heart rate, activity, and sleep monitoring. It allows 10 days of
charging capacity for continuous monitoring''®. Moreover, With-
ings Pulse, is a smart fitness tracker by Withings, a French
electronics consumer company''®. Withings Pulse allows 24/7
monitoring of heart rate and also keeps a track of sleep hours. Its
battery lasts for 20 days and is water resistant to up to 50 m''>. In
contrast to aforementioned fitness wearables, Apple watch comes
with features like irregular rhythm notifications, ECG application,
and blood oxygen application. Irregular rhythms in heart rate may
be suggestive of atrial fibrillation, where atrial fibrillation can lead
to stroke, heart failure, and other heart related complications''®.
However, Apple watch cannot constantly look for atrial fibrillation
and cannot detect all instances of atrial fibrillation. It only sends
notification if irregular rhythms are detected repeatedly''®. The
authenticity of the Apple watch for the detection of atrial
fibrillation was confirmed by a study conducted on 419,297
participants at Stanford''”. In this study participants were
monitored with Apple watch and on the reciept of a notification
for irregular rhythm, were monitored for 90 days for atrial
fibrillation using ECG patch. The study diagnosed 34% participants
with atrial fibrillation using the early detection by Apple watch
and 84% of irregular rhythm notifications were found in
accordance with the atrial fibrillation''”. Moreover, the ECG
application keeps a track of the irregular rhythm using a built-in
electrical heart sensor and provides notification of atrial fibrillation
or normal sinus rhythm. Moreover, it also records the level of
oxygen in blood, which helps in the continuous monitoring of
hypoxemia, and conditions like asthma, and emphysema''®''®,
However, the blood oxygen application is available only in
selected regions''®. Table 1 summarizes the aforementioned
health and fitness trackers based on human motion.

As discussed, ECG is a vital sign that plays an important role in
diagnosing and preventing cardiovascular diseases. A number of
smart wearables have been introduced in the market for ECG
monitoring of ECG. ePatch is an FDA approved, commercially
available ECG patch. ePatch is a 3 lead ECG sensor that consists of
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a sensor housed inside an adhesive patch''®. The patch can store
ECG recordings continuously for 72 hours and results can be
analyzed on computer software transmitted using a USB cable''®.
However, the recent advancements in ECG monitors are in
leadless acquisition of ECG and LifeTouch sensor is a one such
HWD'"®'2° It offers continuous measurement of respiration rate,
heart rate, and ECG for verification purposes. Moreover, Savvy is
another leadless HWD commercially available HWD for the real-
time monitoring of ECG'?". It is POC in nature and consists of a
sensor that attaches with the skin with two adhesive electro-
des'". These two electrodes are used for measuring ECG during
measurement mode and for charging the sensor in charging
mode. The battery life of Savvy is up to 20 days''®. The HWD is
housed inside a biocompatible and flexible plastic covering for
enduring user's movement. The ECG from the Savvy can be
visualized in real time on a mobile application (MobECG), which
also allows a summary of the ECG that can be stored or shared
with the patient’s medical provider''. Similarly, ZIO XT and SEEQ
are two other important commercially available HWDs for the
monitoring of ECG''®. However, unlike Savvy, ZIO XT, and SEEQ
cannot be reused and do not have rechargeable batteries. ZIO XT
does not report results in real time; however, it stores data for
14 days after which the ECG patch is returned to the company for
data analysis. Similarly, SEEQ, does not report data in real time
but instead data is transmitted with the company’s cloud and the
ECG reporting time depends on the processing time by the
company. Table 2 shows some of the commercially available
HWDs for ECG monitoring.

Considering the growing market of patients with diabetes, a
number of HWDs have been introduced for the continuous
monitoring of glucose. Such devices are generally known as CGM,
continuous glucose monitor'2, Notable CGMs are Dexcom G6,
Abbott's FreeStyle Libre System, and Medtronic Guardian Con-
nect'>>7'?>, Dexcom G6 consists of a sensor, transmitter, and a
receiver'>>'%3, With an automatic applicator, the sensor wire is
inserted just under the skin of wearer where sensor measures the
glucose readings. However, Dexcom G6 takes 2hours of
calibration after insertion. Readings from the G6 CGM are
transmitted to the receiver where they can be visualized by the
user in real time on the Dexcom mobile application. However, the
application is only compatible with selected mobile devices.
Dexcom G6 is one of the few CGMs commercially available along
with Abbott’s FreeStyle Libre System to measure accurate glucose
readings if the patient is taking acetaminophen. Acetaminophen
is an analgesic medicine that interferes with CGS and causes
inaccurate glucose readings'?*'?°, Abbott’s FreeStyle Libre comes
with a sensor and a reader where sensor is a small minimally
invasive device to measure glucose from blood and sends data to
the reader where the glucose levels can be visualized. Abbott’s
CGM placement can only work accurately if placed at the back of
the upper arm and unlike Dexcom G6 it takes 12h to
calibrate’®'?*, Similarly, Medtronic Guardian connect is another
CGM which like aforementioned CGMs consists of a sensor but
does not contain a reader. The sensor takes 12 h for calibration
and can send data directly to a mobile application instead of a
reader device. An important feature about Guardian Connect is its
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Table 2. Commercially available ECG HWDs.

ePatch Savvy ZIO XT SEEQ
Battery 72h 20 days 14 days
No. of ECG channels 3 1 1 1
Real-time analysis Using computer software Mobile application with cloud server No No
Symptom alert No Yes Yes Yes
Weight (g) 16 21 34 50
Dimensions (mm) 40x49x 10 130x35x%x 14 123 x53%x10.7 160x60x 15

Table 3. Commercially available glucometers.
G6 FreeStyle libre system Guardian connect Prime glucometer

Daily calibration Yes No Yes No

Sugar 1Q No No Yes No

Cost Subscription based with $299 $10-$75 per month depending on $50 per sensor $9 including 50 test strips
per month insurance per month

Company Dexcom Abbott Medtronic ReliOn

Sugar 1Q'*%. Sugar 1Q helps user in understanding the glucose
patterns based on their daily glucose trends along with insulin
intake. It is the only CGM to send predictive notifications
10-60 min beforehand. Table 3 below summarizes above men-
tioned CGMs along with their cost analyses. It can be seen that
these CGMs are costly in comparison to the widely used invasive
blood-based glucose meters and it is recommended to follow
blood-based glucose meters in case CGMs readings do not match
with the symptoms.

CHALLENGES AND FUTURE PERSPECTIVES

HWDs have extensively revamped the field of healthcare. As
discussed, they have proved to be efficacious in monitoring many
physiological parameters. However, there is still a plenty of room
for improvement in these HWDs due to their limitations that
include the stability, sensitivity, privacy, power source, and limited
applications for psychological diseases.

As most of wearables involve interactions with the epidermis,
the data received from the sensors in these HWDs may experience
distortion and noise. Reasons for the noise include constant body
motion and hairs on the skin that lead to minimum adhesion
between the skin and the wearable. It has been observed that
HWDs find extensive applications for monitoring purposes;
therefore, more efforts are required to make them suitable for
diagnostic purposes. This is because most of the diagnostic
techniques involve use of samples like blood, urine, and saliva and
HWDs find limited integration with these samples. Therefore, more
efforts are required for the integration of HWDs with the platforms
that can support the use of biological samples with HWDs and can
be used by the end user. Moreover, the use of Al algorithms for
example, supervised learning regression algorithm can be used for
keeping in track of the behavior of multiple parameters for
prognosis'?’. Similarly, security of the wearer is important and as
HWDs contain protected health information (PHI), an uncompro-
mised privacy is required'?*'%°, For this purpose, secure commu-
nication protocols in HWDs are essential in order to ensure
security and privacy of wearers'=°,

Furthermore, one of the major limitations that hamper the
utility of wearable devices, is a continuous power supply'3''33,
Batteries used in wearables have limited space as they are
required to align with the design of wearables. To overcome this
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limitation, efficient energy harvesters with better power manage-
ment are required. Self-powered sensors like piezoelectric
nanogenerator (PENG) and triboelectric nanogenerator (TENG)
are miniaturized energy harvesters. These self-powered sensors
involve the conversion of one form of energy, for example,
mechanical energy into electrical energy and ensure comfort and
miniaturization of HWDs'?“. It has also been observed that HWDs
find numerous applications for monitoring physiological diseases
like cardiovascular diseases, muscle disorders, blood, and glucose
levels. However, limited applications of HWDs for the psycholo-
gical diseases are available for example, PD, AD, and other
psychological disorders. Therefore, an increased utilization of
HWDs for psychological diseases can prove to be beneficial in
near future.

CONCLUSION

Wearables are widely used in healthcare for monitoring and
diagnostic purposes, because of the comfortability and daily care
they provide to the wearer. This paper reviews recent efforts in the
use of different HWDs for the monitoring of different disease
conditions and have also highlighted recent commercially
available HWDs. For this purpose, skin-based HWDs, biofluidic-
based HWDs, and other competing wearable technologies have
been discussed. The relevant techniques for noninvasive and
minimally invasive monitoring of different biological and chemical
parameters including blood pressure, heart rate, and perspiration
rate have been reviewed. Moreover, applications of HWDs for
monitoring of different physiological and psychological para-
meters have also been discussed. Furthermore, this review also
highlights the use of different materials for monitoring, diagnos-
ing, and treating of different diseases, as well as the techniques for
the application of HWDs as drug delivery systems including
transdermal drug delivery systems and touch actuated systems.
Inherent limitations with these wearable devices along with their
future perspectives have also been discussed.
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