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Cardiovascular diseases are currently the leading cause of death globally and are projected to remain
the leading cause in 2040, making heart rate an important physiological indicator that should be
regularly monitored. Current heart rate monitoring techniques, including photoplethysmography and
electrocardiography, are inconvenient for continuous biomonitoring in a wearable way. With a collection
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of compelling features, such as light weight and high sensitivity, triboelectric nanogenerators (TENGs)
have become an emerging and cost-effective biotechnology for long-term and continuous heart rate
monitoring in a wearable manner. In this review, we systematically discuss the biomechanics of heart beat,
working mechanisms of TENGs, and exemplary applications of TENGs for self-powered heart rate monitoring.
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Introduction

As an important part of vital biological parameters, heart rate
reveals one’s physical status, including sleep state, infections,
medications, the state of the heart, and blood-related issues
(such as anaemia)." Using heart rate data, heart rate variability
(HRV) can be determined, which is a measure of how well the
heart responds to stress, with a high HRV corresponding to a
healthy heart.> From 2018 to 2020, the top two leading causes of
death in China and US, namely, ischaemic heart disease and
stroke, were of cardiovascular origin.>* To further emphasize
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Finally, we conclude with a discussion of the potential for technology development in the future.

the impact of heart-related diseases, the forecasted top two
leading causes of death in 2040 were still ischaemic heart
disease and stroke.” To monitor the heart status and ensure
body health, heart rate is an important indicator that has to be
monitored constantly, which can be achieved through wearable
pulse monitors. Furthermore, regular medical care to monitor
the heart may not be available to everybody, as only 56.9% of
the world’s population today can walk to a healthcare facility
within 60 minutes.® This lack of widespread accessibility to
regular check-ups makes technology such as wearable heart
rate sensors extremely important to maintain health.”

Most modern heart rate sensors use one of two technologies,
photoplethysmography (PPG), which utilizes light to detect
blood flow through arteries,® and electrocardiography (ECG),
which utilizes the body’s own electrical signals to measure
heart rate.”'® However, there are limitations with both PPG
and ECG that make them unideal as a method for regularly
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monitoring heart rate. Though PPG is convenient, since it is
light-based, factors such as ambient light, skin colour, and
distance from the artery can vastly affect the accuracy of the
results."* On the other hand, ECG is very accurate because it
uses multiple electrodes to directly measure the electrical
activity of the heart, but it is not very convenient to use due
to the multiple electrodes needed.”>"® In addition to these
limitations, neither PPG nor ECG is self-powered, which means
that any portable versions cannot be continuously worn as they
need time to charge.

To combat all the limitations that come with the mainstream
wearable heart rate monitors, triboelectric nanogenerators
(TENGs)" are a rapidly expanding technology that can serve
as a self-powered device."”™® By converting mechanical energy
into power, TENGs can reach voltage outputs of more than
1000 V, and have high signal-to-noise ratios and
pressure sensitivity that allows for accuracy in heart rate
measurements.”*>" Moreover, they are light-weight due to their
small structure and can be made using a variety of materials,**
such as synthetic polymers,> silicone rubber,®* silk,*® and
cotton.?® Additionally, as they are relatively small, TENGs are
a suitable wearable device for regular use.'®*"*” Besides,
harvesting energy from human movement to drive other
devices by TENGs is also fast emerging.”*>° In fact, many
wearable TENG-based heart rate monitors have already been
developed, each with their own unique design.*'**

In this paper, we will first examine the mechanics behind
heart rate and give an introduction to the working principle of
TENGS. Next, we will review both various thin-film and textile-
based self-powered wearable TENGs for heart rate monitoring
and the use of TENGs as a power source. Finally, we will
end with a summary of the future prospects of wearable
TENG-based heart rate sensors and why wearable TENGs have
the potential to be an extremely popular method of pulse
monitoring.
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Biomechanics of heart beat

Heart rate can be measured in various locations on the human
body where arteries are located, as illustrated in Fig. 1a.
For example, when measuring heart rate from the wrist area
such as in devices like a Fitbit or an Apple Watch, it is the pulse
from the radial artery that is being measured.®® When the heart
beats, it sends electrical signals that allow the heart to undergo
two phases—systole and diastole, shown in Fig. 1b and c,
respectively.***® During systole, the heart contracts and causes
vasoconstriction to occur, which pumps blood throughout the
body. Then, during diastole, the heart relaxes and allows blood
to flow back to it, causing vasodilation. This blood flow is what
is used to measure heart rate in PPG, while the electrical signals
sent throughout the body are monitored in ECG.

Additionally, heart rate can also be measured in another
manner, as vasoconstriction and vasodilation not only cause
blood to flow but also alter arterial pressure. Vasoconstriction
causes arterial vessels to tighten and decreases their radius in
order to push blood away from the heart, and as a result,
increases arterial pressure. In contrast, vasodilation causes
arterial vessels to loosen and increases their radius, which
causes a decrease in arterial pressure.’® These changes in
arterial pressure can be measured and plotted on a graph, as
depicted in Fig. 2a.

Mechanism of TENGs

TENGs are a rapidly developing technology that uses the tribo-
electric effect along with physical movement to generate
electricity.’’*® As shown in Fig. 2b, the triboelectric effect
requires the use of two materials with different electron affinity.
When in close proximity with each other, electron transfer can
occur between the materials. After separation, the two surfaces
remain charged, creating a voltage difference between the two
materials.*® This cycle then repeats when the two are brought
together again.”°

Using this basic principle, as demonstrated in Fig. 2c, there
are currently four working modes of TENGs that are used:
vertical contact-separation, linear sliding, single-electrode,
and freestanding triboelectric layer.*’ The vertical contact-
separation mode functions through repeated contact and
separation between two oppositely charged materials.*® The
linear sliding mode uses the displacement between the two
materials to create a flow of electrons, creating an alternating
current.”” The single-electrode mode does not require
connection of the two materials; rather, one material is attached
to the load and ground, while the other material is free to slide
as in the linear sliding mode, drawing electrons to and from the
ground in order to create current.**** Lastly, the freestanding
triboelectric layer requires the use of a pair of symmetric
electrodes, which generates an alternating current between due
to electrostatic induction.*

These four working modes of TENGs can be used to measure
arterial pulse waves by utilizing the aforementioned pressure
changes associated with vasoconstriction and vasodilation.

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Detectable arterial sites on the human body with pulse waves from actual measurements results and their biomechanics analysis. (a) TENG
devices mounted at various arterial sites for real-time heart rate monitoring. (b) Schematic of blood vessel vasoconstriction. (c) Schematic of blood vessel
vasodilation.
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Fig. 2 Arterial pressure induced electricity generation via wearable TENGs for heart rate monitoring. (a and d) Comparison of pressure within large
arteries during a cardiac cycle with the voltage signals recorded during a respiration rate monitoring test, showing the high reliability of TENG heart rate
monitoring.*® (b) The atomic-scale electron-cloud potential-well model of electricity generation via the conversion of biomechanical motions into
electricity.*® (c) The device-scale illustration of electricity generation.

As seen in Fig. 2d, the resulting voltage plot generated from a  characteristic P-wave, D-wave, and valley.*® This demonstrates
wearable TENG heart rate sensor is very similar to the arterial the feasibility and accuracy of using wearable TENGs as heart
pressure wave shown previously in Fig. 2a, containing the rate sensors.
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Self-powered HR sensors

Thin-film based wearable TENGs

The first wearable TENGs developed for heart rate monitoring
were thin-film based and were used by attaching the TENG
directly to the skin. In 2014, a membrane-based triboelectric
sensor (M-TES) was developed for use in both surveillance and
healthcare monitoring (Fig. 3a).”” Relying on air pressure
changes to induce triboelectric charges, the M-TES utilizes a
latex membrane layered on top of a layer of fluorinated ethylene
propylene (FEP) and two layers of copper electrodes separated
by acrylic. Pressure changes from a through air-conducting
channel in the centre cause the membrane to expand and
contract, resulting in potential differences between the two elec-
trodes. The M-TES reports an average sensitivity of 0.04 V kPa™"
(and higher sensitivity with smaller size) and stability even
after 10 000 cycles, accurately measuring a heart rate of
72 beats per minute (Fig. 3a).

In 2015, Yang et al. reported an eardrum-inspired bionic
membrane sensor (BMS) that can be used for health monitoring
(Fig. 3b).*® The BMS is an oval, multi-layered structure, which
contains an indium tin oxide (ITO) electrode and a nylon
electrification layer supported by a thin layer of poly-ethylene
terephthalate (PET), all attached to an outwardly tented layer of
polytetrafluoroethylene (PTFE). The BMS acts as a single-
electrode mode TENG, generating electricity upon compression
of the PTFE layer during vasoconstriction and vasodilation of the
arteries. With a pressure sensitivity of 51 mV Pa~ " and consistent
performance over 40 000 cycles, the BMS can accurately monitor
heart rate when attached to the carotid artery, chest, and wrist
(Fig. 3c).
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The self-powered ultrasensitive pressure sensor (SUPS),
developed in 2017, is based on the vertical contact-separation
mode (Fig. 3d).** The SUPS is made of a nanostructured Kapton
(n-Kapton) film as one triboelectric layer with an ultrathin
layer of Cu as its electrode, while a nanostructured Cu film
developed using n-Kapton serves as the both the other tribo-
electric layer and its electrode. This design results in a sensor
with a high signal-to-noise ratio of 45 dB and a long-term
performance of 10 million cycles, ideal for regional artery
PWV measurement. Even when pressed on the radial artery at
two locations 4.5 cm apart, it results in an accurate measurement
(Fig. 3d).

Similar to the SUPS, the TES functions through the vertical
contact-separation mode and is a skin-inspired triboelectric
sensor developed in 2018. Similar to human skin, the TES has
gradient stiffness along with interlocked and microridged
polymers, with a stiff layer of poly(vinylidenefluoride-co-
trifluoroethylene) (P(VDF-TrFE)) and a soft layer of poly
(dimethylsiloxane) (PDMS), as shown in Fig. 3e."® This micro-
ridge structure also creates a variation in the gap distance and
contact area that removes the need for bulky spacers. In
addition, it is packaged with laminating tape to create a
humidity-proof heart rate sensor. The TES is extremely flexible
and has a pressure sensitivity of 0.55 V kPa~*, which allows for
reliable measurement of even the weak radial artery pulse
waves (Fig. 3f).

TENGs can also be created through heating, such as the
expandable microsphere-based TENG introduced in 2019.*°
This TENG consists of two layers of FEP films with Cu electrodes,
where one layer has an additional coating of a PDMS and
microsphere mixture that is heated to allow for microsphere
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Fig. 3 Thin-film based TENGs as self-powered sensors for heart rate monitoring. (a) Output voltage signals of the M-TES as a heartbeat monitor,
inset: setup of the M-TES as a heartbeat monitor.*’ (b) Schematic illustrations of the BMS. (c) The pulse waves acquired using a BMS from three
different sites of a participant: carotid artery, left wrist, and the chest.*® (d) Schematic structure and radial artery pulse signal output generated by the
SUPS.33 (e) Schematic illustration of humid-insensitive TESs worn on the wrist. (f) Radial artery pulse waves detected by ultra-flexible TESs attached on the
wrist.*°
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expansion. The deformation of microspheres in response to
pressure is what drives this TENG, as increasing pressure results
in larger contact area due to deformation. With a maximum
pressure sensitivity of 150 mV Pa ' and no performance
degradation after 5000 cycles, it is able to accurately measure
heart rate from both chest and wrist areas.

Thin-film wearable TENGs as heart rate sensors are a
reliable, small, and low-cost alternative to the heart rate sensors
widely available today. However, as wearable heart rate
monitors are devices that are designed to be worn long-term,
comfort is an aspect of the design that needs to be considered.
Owing to their different materials and fabrication processes,
thin-film based TENGs are not as wearable as the textiles in
clothing. To bridge this gap, a possible alternative is to create
textile-based wearable TENGs.

Textile-based wearable TENGs

Owing to their superior comfort during long-term use, textile-
based wearable TENGs as heart rate sensors are a quickly
expanding field.>® As early as 2017, a highly stretchable
energy-harvesting textile (SEHT) was developed to monitor
heart rate (Fig. 4a).>' The SEHT is a single-thread based TENG,
created with a multi-twisted stainless-steel conducting thread
acting as an electrode with a soft silicone rubber coating as the
triboelectric layer. In order for a single-thread based TENG to
be possible, it is designed to be worn against the skin, which
acts as the other electrode. The SEHT is then sown in a
serpentine shape onto both sides of a portion of an elastic
textile, generating electricity upon deformation due to skin
contact when worn. Attaching a single thread to the wrist
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generates a wrist pulse, demonstrating its use as a heart rate
monitor (Fig. 4b).

In addition to single-thread based textile TENGs which are
sown onto other materials, textile-based TENGs can also
include TENGs where the entire textile is a TENG. For example,
the weaving constructed self-powered pressure sensor (WCSPS)
is a multilayer-structured TENG created in 2018 with interlaced
PTFE strips above a layer of PET and ITO, which serve as an
electrification layer and electrode, respectively, all under a
protective layer of PDMS.>* Due to the interlaced PTFE strips, the
WCSPS shows a pressure sensitivity of 45 mV Pa~'. With high
pressure sensitivity and no performance degradation after 40 000
cycles, the WCSPS can consistently and reliably measure heart rate
at various locations, such as the fingertip, wrist, ear, and ankle.

Many clothes made today involve the use of sewing
machines, so it is reasonable to suggest that perhaps a
textile-based TENG could be fabricated using a sewing machine
as well. In fact, in 2018, polyvinylidene fluoride (PVDF) fibres
with a sewing machine were used to make a textile-based TENG
with programmable patterns.® Combined with a supportive
PET thread, the PVDF was sewn onto a fabric consisting of a
conductive electrode fabric sandwiched between two layers of
supportive fabric. When the PVDF threads come in contact with
nylon fabric on an aluminium electrode from pressure changes
such as that from carotid arterial pulse, the resulting voltage
waveform can be used to track heart rate in real time.
Additionally, the use of a sewing machine allows for custom
PVDF-based embroidery on clothing, increasing its aesthetic appeal.

The aesthetic appeal of textile-based TENGs is highly
important as they will be worn, but sometimes custom patterns
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Fig. 4 Textile based TENGs as self-powered sensors for heart rate monitoring. (a) Schematic illustration of the SEHT. (b) Measurement result of pulse
signals from a 32-year-old female using SEHT.> (c) Schematic illustration of the as-fabricated TS. (d) The acquired pulse wave signals of a 22-year-old
woman using TS.>* (e) Schematic illustration of the combination of TATSA and clothes. (f) Measurement of the pulse using TATSA at the (el) neck, (e2)

wrist, (e3) fingertip, and (e4) ankle.%”
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are not feasible. As a result, TENGs can be designed with
aesthetics in mind, such as the textile-based sensor (TS)
developed in 2019 (Fig. 4c).”® The TS consists of a flower-shaped
textile made up of 3-ply-twisted polyester-metal hybrid fibres
embossed on a silver-coated fabric. The TS has a sensitivity of
3.88 V kPa~' and maintains its durability and reliability after
80000 cycles, making it capable of monitoring heart rate when
sown onto wristbands, headbands, and clothes (Fig. 4d).

Another method to create custom designs using textiles is
through weaving with yarn. In 2020, a triboelectric sensing textile
was created by weaving together core-shell yarns.> The weft yarn
contained a stainless-steel core wrapped by either a nylon or
PTFE filament, while the warp yarn was comprised of a pure
nylon or PTFE filament. Electricity is generated upon contact
between the yarns upon deformation. With a pressure sensitivity
of 1.33 VkPa ' and 0.32 V kPa™ ' in the pressure ranges of 1.95-
3.13 kPa and 3.20-4.61 kPa and consistent performance after
4200 cycles, this sensing textile can consistently measure heart
rate from the carotid artery.’® When weaving yarns together, it is
important to consider not only the materials used but also the
pattern of weaving (Fig. 4e). The triboelectric all-textile sensor
array (TATSA) was introduced in 2020 and involves the knitting
of a conductive yarn and a nylon yarn together into a full
cardigan stitch.>” This results in a higher contact area for
the triboelectric effect, leading to a pressure sensitivity of
7.84 mV Pa~ ! and stability after more than 100 000 cycles. When
sewn into fabric and attached to various parts of the body, the
heart rate can be measured, as seen in Fig. 4f.

The use of machines in the design of textile-based TENGS is
limited to creating custom patterns alone. The sensor textile,
reported in 2020, utilizes a facile electrospinning technique to
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create a sensor made with a layer of PVDF/Ag nanowire nano-
fibrous membrane (NFM) and a layer of ethyl cellulose NFM
between two layers of conductive fabric.”® The rough structure
of the nanofibers allows for the sensor textile to have a pressure
sensitivity of 1.67 V kPa™' in the pressure range of 0-3 kPa
and 0.20 V kPa~' in the range of 3-32 kPa, with stability
after 7200 cycles. As a result, when placed on the neck, the
sensor textile can measure the real-time heart rate of the
carotid artery.

All of the heart rate sensors mentioned previously require a
form of direct measurement from the artery; however, sometimes
this may not be feasible. The single layered ultra-soft smart
textile, presented in 2020, is a non-invasive method of monitoring
physiological symptoms during sleep.>* Similar to the SEHT,
the textile consists of a single thread of fibre woven into a
serpentine shape. The fibre was formed by twisting polyester
yarns around a stainless steel rod, which was then inserted
into a hollow silicone fibre. Using the commercial fabric as the
substrate, the single-layered ultra-soft smart textile shows a
pressure sensitivity of 10.79 mV Pa~'. With the assistance of a
bandpass filter, the pulse waveform can be clearly obtained for
heart rate measurement. By incorporating a smaller portion of
the textile directly into clothing, it can be worn as a wearable
heart rate monitor.

Textile-based wearable TENGs are a comfortable, reliable,
and fashionable means for long-term heart rate monitoring.
However, many studies do not focus much on verifying the
results of the pulse measurement with verified forms of heart
rate measurement, such as the use of ECG. With further
validation of these results, textile-based wearable TENGs could
become a device available for commercial and professional use.
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Sustainable power sources for HR
sensors

The lack of research on the accuracy of wearable TENGs that
directly monitor heart rate means that they are an alternative to
modern heart rate monitors that may take a while before they
can be commercially available. However, long-term monitoring
is more effective the earlier it begins, so it is ideal to first have a
device that can simply be adapted to commercially available
pulse sensors. As a result, the use of a TENG as the power
source for wearable heart rate sensors allows for a device to
have both the accuracy of a commercial heart rate sensor and
the self-powered, low-cost qualities of TENGs. Developed in
2017, the downy-structure-based TENG (D-TENG) is a TENG
that can serve as a power source for heart rate sensors.>® The
D-TENG, whose structure is shown in Fig. 5a, is created with
grids that are composed of PTFE and copper thin films that are
able to slide past each other. It is able to harvest vibrational
energy from activities such as walking through the freestanding
triboelectric layer mode upon sliding of the PTFE and copper
thin films. As the D-TENG is responsible for powering the heart
rate sensor, it is important that it produces the highest power
possible. This can be done by varying the number of grid
numbers and testing the output power under consistent
mechanical excitation, which in this case was 10 Hz. As shown
in Fig. 5b, the use of four grids led to the maximum power
output and was thus chosen for the D-TENG. Upon integration
of the D-TENG with a body sensor network (BSN) that includes
a heart rate sensor, an accurate pulse waveform can be
generated that contains the distinguishing markers of an
arterial pulse waveform (Fig. 5c). The voltage waveform
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contains all the characteristic peaks of an arterial pulse wave-
form, such as Ps, the systolic peak that is part of the P-wave,
and Pi, the point of inflection.

What differentiates the D-TENG from the previously discussed
wearable TENGs is its integration in a power management
circuit to supply power to the commercial heart rate sensor
(Fig. 5d). The circuit serves to improve both the storage efficiency
and the compatibility between electrical outputs of the D-TENG
and commercial electronics. In this way, the heart rate sensor,
Bluetooth module, and controller can function as if powered by a
battery, able to work together to display the pulse waveform on a
cell phone via Bluetooth (Fig. 5¢). The D-TENG and BSN is a viable
method to combine both TENGs and pre-existing heart rate
monitors for an accurate and self-powered heart rate sensor.
The further development of similar devices serves as a viable
solution to the immediate and increasing need for regular heart
rate monitoring.

Concluding remarks

Wearable TENGs made for heart rate monitoring are a cheaper
and more convenient method of long-term pulse monitoring
for cardiovascular diseases. They are able to combine various
elements essential for a modern-day portable healthcare system
(Fig. 6), such as Internet of Things (IoT), integrated chips (ICs),
artificial intelligence (AI), disease monitoring, and point-of-care
(POC). However, there are still many aspects of these elements
that need to be perfected before they can be used commercially.

The IoT was a term first created in 2006 and has since seen a
huge increase in popularity,’® and describes the system of
interconnected devices in our daily lives and their ability to

Fig. 6 Wearable TENGs for heart rate monitoring as part of the Internet of medical things. TENGs that combine elements of |oT, IC, Al, POC, diagnosis and
therapeutics into a high-efficiency and scalable healthcare system can open up a brand-new road for the future development of wearables and medical care.

This journal is © The Royal Society of Chemistry 2021

Chem. Commun., 2021, 57, 5871-5879 | 5877


https://doi.org/10.1039/d1cc02091a

Published on 21 1400. Downloaded on 08/11/1404 04.47:47 ..

Feature Article

connect with each other and transfer data among each other.®"
For example, the TATSA is able to transmit the measured heart
rate through Bluetooth to ones’ smartphone, allowing the user
to save their pulse information and track daily changes.’”
Future development of TENG-based self-powered bioelectronics
could further integrate the 10T.**"®* This includes features such
as securely and directly sending heart rate information to your
physician using the internet.

The integration of 10T into these sensors may be limited by
the physical hardware through its IC. As a wearable device, it
should be made as small as possible so as to not obstruct our
day-to-day life.®® Although the TENGs themselves are very
compact, they still need to transmit their data to an IC that
can process and transmit the data, and this IC reduces
the compactness of the TENG. With the emerging field of
nanoelectronics that can create smaller devices that consume
less power, integration of nanocircuits with wearable TENGs is
sure to create a truly nonintrusive device for long-term pulse
monitoring.

Without the proper IC, devices such as the BSM would not
be possible. In the BSM, the D-TENG could not be directly
connected to the commercial electronics to power them. It was
through the use of an IC that allowed the BSM to bridge this
gap and create a functioning heart rate sensor. However, there
are still many such design issues with wearable TENGs.
For example, their accuracy may vary when there is additional
signal noise, such as through walking or other movements
while wearing the device, which could result in false pulse
waveforms. Future improvements in the IC aspect of a TENG
could lead to reduction of signal noise.

To further improve user experience, the use of Al or machine
learning is a viable solution that, similar to IoT, has seen an
increase in popularity recently.”’’° For example, when the
body sweats, the slipperiness caused by this can lead to
inaccuracies during heart rate measurement since there is no
longer a precise fit of the TENG. However, a machine learning
algorithm that can determine the amount of slipperiness and
adjust the resulting output waveform can be implemented to
reduce the impact that sweating has on the pulse waveform.
With the use of AI and machine learning, future TENGs could
give an accurate pulse waveform in any situation.

Avital aspect of healthcare monitoring is the ability to detect
when there are abnormalities that could potentially point to
diseases. Currently, the wearable TENGs that are designed for
heart rate monitoring are able to assist in disease monitoring
through the measurement of pulse waves, but are unable to
determine their significance by themselves. As a result, a future
development of wearable TENG pulse sensors could be to
compare daily heart rate data and automatically notify the user
if an abnormal heart rate persists for a long period of time,
which can be indicative of a serious cardiovascular disease.

POC is a healthcare term that refers to when a healthcare
service is administered.”’ By gathering the most relevant
information at the POC, it allows physicians to efficiently find
the best treatment for a patient. Wearable TENGs for pulse
monitoring can contribute to the POC system by providing more,
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and thus more accurate and representative, HRV readings for a
physician to examine. In the future, development of wearable
TENGsS could allow for the automatic detection and treatment of
common, treatable cardiovascular diseases such as administration
of antiarrhythmic drugs.

In conclusion, TENGs are a rapidly developing technology,
as evidenced by the rapid increase in papers related to TENGs
(Fig. 6), that has a wide variety of applications. Wearable TENGs
for heart rate monitoring are a developing part of the Internet
of medical things that, with collaboration between engineers,
physicians, and the general public, shows much promise for
the future.
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