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Abstract.This paper reviews innovative methodologies in the realm of
renewable energy harvesting and storage from ambient sources. One focal
area is the untapped potential of water wave energy, a globally distributed
renewable energy source. Current technologies, primarily reliant on
electromagnetic generators, face challenges, especially in irregular
environments and at low frequencies. However, the advent of the
triboelectric nanogenerator (TENG) offers a promising solution, especially
for low-frequency water wave motions. TENG technology not only
presents a new avenue for large-scale blue energy harvesting but also
signifies a shift towards the era of the Internet of Things, where energy is
derived from various sources including human motion and vibrations.
Another domain delves into the history and evolution of energy harvesting,
tracing back to traditional methods like water wheels and windmills. The
modern era witnesses a resurgence in interest due to advancements in low-
power electronics, wireless standards, and miniaturization. Lastly,
wearable biosensors, poised to redefine personalized healthcare and
telemedicine, necessitate innovative power solutions. Wearable energy
harvesters, capable of converting ambient energy sources into electricity,
are emerging as pivotal components in self-powered wearable sensors,
paving the way for real-time health monitoring and human-machine
interfaces.
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1 Introduction

The exploration for sustainable and renewable energy sources has become increasingly
paramount in the face of rising global energy demands and the detrimental environmental
repercussions of fossil fuel consumption. Covering an expansive 70% of our planet's
surface, the oceans present a largely untapped reservoir of renewable energy. Estimates
suggest that the global potential of ocean energy exceeds a staggering 75 TW. Amongst the
myriad forms of ocean energy, such as tidal, ocean current, temperature gradient, and
salinity gradient, it is the water wave energy that is particularly noteworthy due to its
impressive power density and broad distribution. Yet, the vast potential of this abundant
resource remains largely unexploited, primarily due to the absence of efficient and cost-
effective energy harvesting technologies [1].

Present-day methodologies for harnessing ocean energy, especially those employing
electromagnetic generators (EMGs), grapple with a plethora of challenges. These range
from prohibitive costs and suboptimal efficiency to vulnerabilities like corrosion. Such
hindrances have largely restricted advancements to the preliminary stages of prototype
development and testing. However, a beacon of hope in this landscape is the emergence of
triboelectric nanogenerators (TENGs). Since their inception, TENGs have showcased a
plethora of unique advantages, including superior power density, remarkable efficiency,
and cost-effective fabrication. Their versatility is further underscored by their applicability
in harvesting energy from diverse sources, encompassing everything from human motion
and mechanical vibrations to water waves [2].

Delving into the broader panorama of energy harvesting, one is reminded of its rich lineage
tracing back to age-old techniques like windmills and water wheels. The contemporary era,
marked by breakthroughs in low-power electronics, wireless communication standards, and
the miniaturisation of devices, has rekindled interest in this domain. Such innovations have
paved the way for dynamic optimisation strategies that significantly prolong the lifespan of
battery-operated electronics. Nevertheless, the inherent limitations of battery technology,
such as its constrained energy density and environmental concerns, necessitate the pursuit
of alternative, more sustainable energy sources.

On a parallel trajectory, the advent of wearable biosensors for bespoke healthcare solutions
has underscored the need for renewable and enduring power supplies. These cutting-edge
wearables, adept at real-time monitoring of a spectrum of physiological indicators, mandate
uninterrupted operation to ensure precise measurements. Recent strides in materials science
and nanotechnology have culminated in the creation of wearable devices adept at
harvesting energy directly from the human body and its immediate environment. The
seamless amalgamation of these energy harvesters with wearable biosensors heralds a new
era, one where fully self-sustained sensor systems could become the norm [3].

In essence, this review endeavours to traverse the multifaceted landscape of innovative
approaches to harvesting and storing renewable energy from ambient sources. By delving
into the untapped potential of ocean energy, the technological renaissance in energy
harvesting, and the burgeoning realm of wearable biosensors, we aim to shed light on
individual research frontiers that also intersect in ways poised to reshape our future energy
paradigms.

2 Review and discussion
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In a study by Zang et al. (2017), a comprehensive comparison was made between two
prominent technologies for ocean energy harvesting: the Electromagnetic Generator (EMG)
and the Triboelectric Nanogenerator (TENG). The key findings from this study are as
follows [4-6]:

e The operation principles, fundamental physics mechanisms, and output
performances of both EMG and TENG were systematically analysed.

e EMG operates based on resistive free electron conduction driven by the Lorentz
force, whereas TENG functions through capacitive displacement current resulting
from the polarization of surface electrostatic charges.

e TENG exhibits superior performance over EMG, especially at low frequencies,
making it particularly suitable for harvesting low-frequency water wave energy.

e Recent advancements in TENG technology for water motion energy harvesting
encompass the liquid-solid contact electrification TENG, fully enclosed TENG,
and TENG network.

e TENG is not intended to replace EMG but to complement it, addressing future
energy needs for both micro-grids and macro-grids.

e  The current power technology, predominantly based on EMG, necessitates a high
operation frequency. With the advent of TENG, the technological approach to
energy harvesting could undergo a paradigm shift.

e Networks of TENGs, comprising millions of interconnected spherical TENG units,
present a promising solution for large-scale blue energy harvesting from oceans.

e A multi-faceted energy harvesting panel, capable of simultancously harnessing
wave, wind, and solar energy, has been proposed.

e Numerous challenges lie ahead, including enhancing the efficiency and durability
of nanogenerators, integrating them into expansive networks suitable for open
oceans, and managing the harvested electricity.

The findings from Zang et al. (2017) underscore the transformative potential of TENG
technology in the realm of ocean energy harvesting. As our review article delves into
innovative approaches to harvesting and storing renewable energy from ambient sources,
the insights from this study provide a compelling case for the pivotal role of TENGs. Not
only do they offer a promising avenue for large-scale blue energy harvesting, but they also
signify a shift towards a more sustainable and interconnected energy future, especially in
the context of the Internet of Things and sensor networks. The vision of harnessing the vast
energy potential of our oceans, while ambitious, is gradually inching closer to reality, and
with continued research and collaboration, the dream of blue energy could soon materialise.

In another study conducted by Paradiso et al. (2005), there is a deep exploration into the
myriad possibilities presented by different energy harvesting mechanisms. This research
meticulously scrutinises their efficiency levels, potential applications, and the challenges
they might face. The primary focus of the study is to ascertain the viability of harnessing
energy from ambient sources. These sources encompass a range of elements including radio
signals, ambient light, variations in temperature, and even subtle vibrations. The objective
is to determine how these naturally occurring energy sources can be effectively utilised to
power a variety of electronic devices. To provide a concise overview, the subsequent table
offers a summarised account of the principal findings from this enlightening study by
Paradiso et al. (2005) [8-14].

Table 1. Energy Harvesting Mechanisms and Their Potential
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Energy Source

Description

Efficiency/Output

Applications/Examples

Radio Signals

Harvest energy
from ambient
radio signals

Limited power; requires
large collection area or
proximity to source

Crystal radios

vibrations

Energy derived
RF Power- 0.26 pW/cm”2 for an
Scavenging from.broadcast electric field of 1 V/m RFID tags (1-100 pW)
signals
Scavenee power 10-20% efficiency for solar Solar homes, solar battery
Ambient Light gep cells; 100 mW/cm”2 in chargers, PDAs, Citizen’s Eco-
from light X .
bright sun Drive watch
. Energy Carnot efficiency limits; | ATMOS clock, Seiko Thermic
Thermoelectric . . . .
C . scavenging via | 5.5% for body temperature wristwatch, Thermo Life
onversion
heat transfer to room temperature generator
Vibrational Harvest CNCTEY | Varies based on frequency Self-winding _watches_, shgke-
o from mechanical . powered flashlights, vibrational
Excitation and amplitude

microgenerators

Human Input

Windup magnetic-
generator-powered

500 joules of energy in a
spring from 60 turns (1

Windup cell phone chargers,

(Cranking) devices minute of cranking) radios
Human Input A ball tethered to
P a handheld 3-5W Cell phone charging
(Bettery)
generator
Ultrasound Space Commander . TV control
Remote remote control
Piezoelectric Device by Joe
Paradiso and Mark| 1 mJ at 3 V per 15N push Digital encoder and radio
Button .
Feldmeier

Electric Shoes

Energy extraction
from human gait

Up to 7 W per foot at a 1-
Hz stride

Shoe-mounted

Powering artificial

250-700 mW (walking),

from shoe

Piezoelectric S -
Generator organs over 2 W (jogging)
Piezoelectric Energy from heel |8.3 mW (heel) and 1.3 mW )
Elements in Shoes | strike and toe-off (toes)
Electrostatic Energy extraction 800 mW per shoe -
Generators
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compression

Devices that attach
. e to hosts fi
Parasitic Mobility m(;)ve?rfe;t (;1 d - -

energy

In our recent review, we explored the diverse landscape of energy harvesting, drawing
heavily from the seminal work of Paradiso et al. (2005). Their study illuminated the
potential of harnessing ambient energy sources, from radio signals, reminiscent of crystal
radios, to the efficiency of solar cells in capturing ambient light, as seen in applications like
Citizen’s Eco-Drive watch. The promise of thermoelectric conversion, as exemplified by
the ATMOS clock, and the innovative realm of vibrational excitation, with applications
such as self-winding watches, underscore the breadth of possibilities. Notably, the human-
centric innovations, from windup devices to the potential of electric shoes, emphasize the
intertwining of human activity with energy harvesting. As we delve deeper into this field,
these findings serve as a foundational pillar, guiding our understanding and exploration.

Another study by Song et al. (2021) delves into the advancements in wearable biosensors
and energy harvesters. Key findings from this study include [15-21]:

e Bioelectronics and Wearable Biosensors: The rise of bioelectronics has led to
significant advancements in wearable biosensors. These sensors can monitor body
motion, electrophysiological signs, and biomolecular information. A major
challenge is ensuring a reliable power supply for prolonged use. Unlike traditional
batteries that need frequent replacement or recharging, wearable energy harvesters
offer a battery-free approach, scavenging energy from human motion and the
ambient environment.

e Types of Energy Harvesters:

o Triboelectric Nanogenerators (TENGs): These harvest mechanical
energy through contact electrification and electrostatic induction. They
are low-cost, biocompatible, and adaptable.

o Biofuel Cells: These cells harvest energy from body fluids, converting
chemical energy into electricity using redox enzymes as catalysts.

o Solar Cells: These cells convert freely accessible light into electrical
energy, making them ideal for wearable devices. Materials like
perovskite, dye-sensitized, and organic photovoltaics are particularly
promising.

o Hybrid Energy Harvesters: These systems convert multiple energy
sources into electricity either simultaneously or sequentially.

e Self-Charging Power Units (SCPUs): The integration of wearable energy
harvesters with energy storage devices, such as supercapacitors and lithium-ion
batteries, has led to the development of SCPUs. These units can harvest and store
energy, making them ideal for wearable electronics.

o Self-Powered Battery-Free Wearable Sensor Systems: These systems harvest
energy from renewable sources like human motion, light, body heat, and biofluids.
They can communicate with users through visual displays or wireless transmission
technologies, eliminating the need for bulky batteries.

e Challenges and Future Outlook: Despite significant advancements, challenges
remain in the practical application of self-powered wearable sensors.
Improvements in selectivity, sensitivity, repeatability, stability, and mechanical
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reliability of biosensors are essential. Innovations in materials, structural designs,
and system integration are crucial for scalable fabrication. Additionally, large-
scale human trials are vital to validate the usability of these systems in practical
applications.

In the context of our review article, these findings are highly pertinent. The evolution of
wearable biosensors and their integration with innovative energy harvesting mechanisms
underscores a significant shift towards sustainable and efficient health monitoring solutions.
As our article aims to provide a comprehensive overview of the latest advancements in
wearable technology, Song et al.'s research offers valuable insights into the integration of
bioelectronics with energy harvesting, a crucial aspect for the future of wearable health
devices. Their emphasis on self-powered systems aligns with the global push towards
sustainability and the need for devices that can operate efficiently over extended periods.
Furthermore, the potential of these devices in personalised healthcare resonates with the
overarching theme of our review, which is the convergence of technology and healthcare
for individualised solutions.

3 Future scope of research

The evolution of wearable biosensors and energy harvesting has opened up a plethora of
opportunities in the realm of health monitoring and diagnostics. As technology continues to
advance, there are several avenues that researchers can explore to further enhance the
capabilities and applications of these devices. The following are some potential directions
for future research:

e Self-powered Wearable Systems: Investigate the potential of merging energy
harvesting mechanisms with wearable biosensors. This could lead to devices that
don't require external power sources, making them more convenient and efficient
for users.

o Comprehensive Sweat Analysis: As sweat is a readily accessible biological fluid,
there's scope to delve deeper into real-time analysis of various biomarkers. This
could provide a non-invasive method to monitor health and detect potential
ailments.

e  Multi-analyte Epidermal Biosensors: Current epidermal wearable biosensors often
focus on single analytes. There's potential to develop devices that can
simultaneously monitor multiple analytes, offering a more holistic view of one's
health.

e Resilient Electronic Tattoos: Research into creating more durable electronic
tattoos or skins can ensure they remain effective even during rigorous physical
activity. This would make them more practical and reliable for daily use.

e Real-time Monitoring with Tattoo-based Sensors: There's potential in developing

sensors that can provide immediate insights into an individual's health and
physical exertion levels by monitoring critical sweat electrolytes and metabolites.

4 Knowledge gaps
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While wearable biosensors have made significant strides in recent years, there remain
certain areas where our understanding is limited or where the technology has yet to reach its
full potential. These gaps in knowledge present both challenges and opportunities for
researchers and innovators in the field. Here are some of the most pressing knowledge gaps:

e  Clinical Relevance of Sweat: While sweat offers a non-invasive medium for health
monitoring, its clinical relevance as a diagnostic fluid still needs further validation.
Establishing a clear correlation between sweat analytes and blood concentrations
remains a challenge.

e Analyte Dilution in Sweat: The dilution of analytes during sweat excretion can
vary based on several factors. This variability can lead to challenges in obtaining
consistent and accurate readings from sweat-based biosensors.

o Efficient ISF Analyte Extraction: Current methods to extract analytes from the
Interstitial Fluid (ISF) onto the skin's surface have limitations. Achieving
consistent accuracy can be challenging due to factors like extraction efficiency and
potential contamination.

o Consistent Skin Contact with Biosensors: Ensuring that biosensors maintain a
consistent contact with the skin, especially during physical activities, is crucial for
reliable readings. There's a gap in developing materials and designs that can
achieve this without causing discomfort.

5 Conclusion

The realm of wearable biosensors has witnessed significant advancements, with innovations
spanning from energy harvesting mechanisms to real-time health monitoring. As we reflect
upon the insights garnered from our comprehensive review, it becomes evident that the
integration of these technologies has the potential to revolutionise the way we perceive
health diagnostics and personal well-being. The following are the six key findings from our
review:

e Self-powered Systems: The integration of energy harvesting mechanisms with
wearable biosensors is paving the way for devices that are not only efficient but
also environmentally sustainable.

e Sweat as a Diagnostic Fluid: Sweat, being a readily accessible biological fluid,
offers a non-invasive avenue for health monitoring. However, its clinical relevance
and the correlation between sweat analytes and blood concentrations require
further exploration.

e  Multi-analyte Monitoring: The potential to simultaneously monitor multiple
analytes can provide a comprehensive view of an individual's health, moving
beyond the limitations of single-analyte devices.

e Durability of Electronic Tattoos: The development of resilient electronic tattoos
ensures that they remain effective even during rigorous physical activities, making
them suitable for diverse user profiles.
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e Real-time Insights: The ability to provide immediate feedback on an individual's
health and physical exertion levels can lead to timely interventions and better
health outcomes.

e Challenges with ISF Analyte Extraction: While the Interstitial Fluid (ISF) offers a
promising medium, the extraction of analytes onto the skin's surface presents
challenges that need to be addressed for consistent accuracy.

From these findings it is evident that the convergence of energy harvesting and wearable
biosensors has the potential to redefine the landscape of personal health monitoring. The
promise of a future where individuals can have real-time insights into their health, powered
by sustainable energy sources, is not just a distant dream but a tangible reality on the
horizon. As we continue to delve deeper into this field, it's imperative to address the
existing research gaps and harness the full potential of these technologies for the betterment
of society.
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