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Introduction
The development of wearable electronics has 
advanced significantly since the early 1980s 
with the release of the Sony Wristwatch Radio 
(Model: WV-1). The Sony Wristwatch Radio is one 
of the earliest examples of combining electronic 
apparatus with personal wearables, leading the 
way in miniaturizing electronics and creating 
compact devices directly affecting the usage of 
electronic devices for the coinciding customers 
deemed as innovators. Prior to this innovative 
product launch, portable radios were bulky and 
difficult to handle, but the wristwatch radio made 
entertainment accessible on the go, offering a 
more portable and convenient form of media 
consumption. The Sony Wristwatch Radio, despite 
offering only the function of listening to the radio, 
helped lay the foundation for the multifunctional 
wearable devices we now use today, such as 
smartwatches and fitness trackers. However, one 
can argue that since the early 2000, it is the late 
majority developer and consumers that have been 
adopting the rapid development and deployment 
of wearable electronics. Today’s wearable devices 
leverage elements such as sensors, electronics, 
artificial intelligence (AI), and live connectivity 
capabilities to enable health monitoring, augmented 
performance, real-time diagnostics, and seamless 
communication.

The global wearable technology market is 
estimated to be worth USD 193.91 billion in 2024 
and is projected to reach USD 764.22 billion by 
2032, according to Data Bridge Market Research. 
This market is expected to grow at a CAGR of 
18.7% during the forecast period (2025-2032). 
According to a report by Grand View Research 
(2024), the global wearable medical device market 
alone is estimated at USD 42.74 billion in 2024 and 
is projected to reach USD 168.29 billion by 2030, 
growing at a CAGR of 25.53% from 2025 to 2030. 

Wearable electronics have and will continue to 
transform our relationship and capabilities in relation 
to electronics, from niche gadgets such as the Sony 
Wristwatch Radio, to life-sustaining and enhancing 
tools that ensure health monitoring, communication, 
and personal convenience. From fitness trackers and 
smartwatches to advanced medical devices, these 
technologies are increasingly integrated into daily life 
and professional practice. Their growing importance 
is reflected in the global market, which is expanding 
at an unprecedented rate, not least with the recent 
advances in sensors and artificial intelligence.

https://en.wikipedia.org/wiki/Diffusion_of_innovations
https://en.wikipedia.org/wiki/Diffusion_of_innovations
https://en.wikipedia.org/wiki/Diffusion_of_innovations
https://www.databridgemarketresearch.com/reports/global-wearable-devices-market
https://www.grandviewresearch.com/industry-analysis/wearable-medical-devices-market
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This paper aims to explore innovations, challenges, 
and future trends in wearable electronics. 
Specifically, it examines innovations in areas such 
as remote patient monitoring, home healthcare, 
fitness and healthy living, biometric monitoring, 
aesthetic expression, and productivity optimization. 
The paper also investigates the role of AI-driven 
health monitoring, energy harvesting technologies, 
5G/6G connectivity, and sustainable design as 
key enablers of the next generation of wearables. 
Finally, the paper considers the industries most 
affected by these trends, including healthcare, 
sports, defense, fashion, and enterprise, to 
contextualize how wearable electronics are 
moving from novelty items to indispensable tools 
across professional and personal domains.  These 
innovative trends constitute the enhancement of the 
delicate balance between software and hardware 
for wearable electronics.

To support this transformation, electronics product 
development platforms like Altium play a key role 
in aligning technology with company strategy and 
development goals. Altium provides advanced 
capabilities for designing compact, flexible, and 
high-density circuits that are essential for modern 
wearable electronics. Real-time collaboration 
features, 3D visualization tools, and support for 
rigid, flex, and rigid-flex PCB layouts empower 
engineers to innovate and bring next-gen 
wearables to the market.

Despite progress, wearable electronics face 
significant challenges, including technical 
limitations such as battery life and data accuracy, 
as well as broader concerns around user privacy, 
security, and ethical data use. This paper explores 
key innovations shaping the wearable electronics 
industry, examines challenges hindering the future 
development, and discusses future trends that are 
likely to define the next generation of wearable 
technologies.

https://altium.com/
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Innovations in Electronics 
Design, Materials, and AI 
of Wearables

This chapter explores the synergy between advanced electronics design, innovative materials, and AI 
integration, highlighting how these combined innovations are enabling the next generation of wearable 
devices. By examining developments in flexible circuits, smart materials, and AI-driven functionality, the 
chapter provides insight into the technologies that are pushing wearables toward greater autonomy, 
adaptability, and integration into everyday life.

Innovations in Electronics Design

Modern wearable electronics rely on Flexible 
Hybrid Electronics (FHE) and Printed Electronics 
(PE). Flexible Hybrid Electronics (FHE) is a 
developing domain that combines traditional rigid 
printed circuit boards (PCBs) with the inherent 
flexibility found in Printed Electronics, which allows 
you to combine the lightweight, adaptable form 
factors of flexible substrates with the performance 
of traditional rigid components. These technologies 
facilitate the creation of wearables that conform 
to the human body, allowing for more comfort and 
longer usage durations.

Some companies focusing on and enhancing 
the FHE development are Flex and NetFlex, 
partnering with government agencies and 
research institutions to push the boundaries of the 
technology in areas like aerospace and healthcare. 
NextFlex, in particular, focuses on advancing 
U.S. manufacturing of FHE and is a leader in the 
Manufacturing USA network. 

DuPont Teijin Films is a key player in providing 
materials for FHE applications and is a leading 
manufacturer of polyester films. 

General Electric is involved in the FHE market, 
leveraging its expertise in various industries to 
develop and integrate FHE technologies. 

Lockheed Martin, an aerospace and defense 
company, is also active in the FHE space, utilizing 
the technology in its products and systems. 

These companies are leading efforts to scale up FHE 
production, while Printed Electronics enable cost-
effective mass manufacturing. Thin-film transistors, 
roll-to-roll printing, and organic semiconductors have 
become foundational in the development of wearable 
displays, sensors, and antennas.

The development of next-generation wearable 
devices demands design tools that can keep pace 
with rapidly evolving materials and integration 
techniques. Modern PCB and flexible circuit design 
software, such as Altium’s, offer comprehensive 
support for advanced substrates, high-density 
layouts, and hybrid assemblies. These tools 
streamline the design-to-manufacturing pipeline by 
enabling real-time collaboration, 3D visualization, 
and precise control over rigid, flex, and rigid-flex 
configurations. As a result, engineers can accelerate 
prototyping, reduce errors, and push the boundaries 
of miniaturization and functionality in wearable 
electronics.

https://resources.altium.com/p/what-is-printed-electronics-design
https://resources.altium.com/p/what-is-printed-electronics-design
https://www.altium.com/
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Innovations in Materials

To ensure durability and prolonged functionality, 
researchers are increasingly developing self-
healing materials for wearable electronics, including 
ionically conductive hydrogels, elastomers, 
and polymer composites. These materials can 
autonomously repair minor mechanical damage, 
such as cuts, scratches, or stretching, restoring 
their electrical conductivity and structural integrity 
without manual intervention. For instance, ionically 
conductive hydrogels can re-establish ionic 
pathways within seconds after being torn, enabling 
continuous operation of skin-mounted sensors 
and electronic tattoos that monitor vital signs such 
as ECG, hydration, or temperature. Elastomeric 
polymers with embedded conductive fillers, such 
as silver flakes or carbon black, allow the circuit to 
maintain performance even after repeated bending 
or compression, which is essential for wearable 
devices subjected to dynamic motion in daily 
activities or athletic training.

In addition to self-healing polymers, stretchable 
conductors are critical for wearables that conform 
to the human body. Materials such as silver 
nanowires, carbon nanotubes (CNTs), and liquid 
metal alloys can endure significant mechanical 
strain (sometimes exceeding 50% elongation) 
while maintaining electrical conductivity. These 
conductors have been successfully integrated into 
smart clothing, flexible wristbands, and adhesive 
skin patches for continuous health monitoring.  

For example, stretchable CNT-based circuits have 
been embedded in garments to measure motion, 
posture, and muscle activity in athletes, enabling 
real-time performance feedback without restricting 
mobility. Similarly, silver nanowire networks are used 
in flexible displays and wearable sensors, offering 
high conductivity with the flexibility to bend, twist, or 
stretch along the contours of the body.

Researchers are also exploring hybrid approaches 
that combine self-healing polymers with stretchable 
conductors, creating electronic systems capable 
of recovering from both mechanical deformation 
and accidental damage. This synergy is particularly 
valuable for skin-mounted biosensors that require 
high reliability over long-term use, such as continuous 
glucose monitors or wearable ECG monitors. By 
integrating these materials, engineers are extending 
the operational lifespan of wearables, reducing 
maintenance, and improving user experience, critical 
factors for both consumer and medical applications.

Overall, self-healing and stretchable materials 
represent a cornerstone of next-generation wearable 
electronics, enabling devices that are not only more 
durable but also more adaptable to the human form. 
Their development is bridging the gap between 
fragile electronics and resilient, everyday wearable 
technology, paving the way for reliable, long-term 
monitoring and interactive garments.

https://www.researchgate.net/publication/228022107_Self-Healing_Materials_Fundamentals_Design_Strategies_and_Applications
https://www.researchgate.net/publication/228022107_Self-Healing_Materials_Fundamentals_Design_Strategies_and_Applications
https://www.sciencedirect.com/org/science/article/pii/S2635099824001110
https://www.sciencedirect.com/org/science/article/pii/S2635099824001110
https://www.sciencedirect.com/science/article/pii/S0956566325000077
https://www.sciencedirect.com/science/article/pii/S0956566325000077
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Innovations in Sensors  
and Power Storage

Recent advances in nanomaterials are transforming 
wearable electronics by enabling ultra-sensitive 
sensors and high-performance energy storage 
devices. Materials such as graphene, molybdenum 
disulfide (MoS₂), and MXenes offer exceptional 
electrical conductivity, mechanical flexibility, and 
surface area, making them ideal for integration 
into compact, body-conforming devices. For 
instance, graphene-based nanosensors can detect 
minute biochemical markers in sweat, blood, or 
interstitial fluid, such as glucose, lactate, or cortisol, 
with unprecedented sensitivity. This capability is 
particularly valuable in continuous health monitoring 
applications, including non-invasive glucose 
monitoring for diabetics or hydration tracking for 
athletes.

MoS₂ nanosheets are widely used in wearable 
photodetectors and chemical sensors due to their 
tunable electronic bandgap, which allows for high 
selectivity and low power consumption. Similarly, 
MXenes, a family of 2D transition metal carbides and 
nitrides, provide excellent charge storage capacity 
and mechanical flexibility, making them suitable 
for both sensors and next-generation flexible 
supercapacitors. These materials can be incorporated 
into skin-mounted patches, smart textiles, and 
stretchable electronics, supporting continuous 
real-time monitoring without the need for bulky, rigid 
components.

On the energy side, graphene-based batteries and 
supercapacitors are enabling wearables to operate 
for extended periods while maintaining a slim, 
flexible form factor. Graphene’s high conductivity and 
surface area allow rapid charge and discharge cycles, 
supporting devices such as continuous ECG monitors, 
smart rings, or flexible displays (IDTechEx, 2024). In 
addition, hybrid nanomaterial electrodes, combining 
graphene with conductive polymers or MXenes, can 
further enhance energy density and mechanical 
resilience, allowing devices to withstand bending, 
twisting, or stretching without losing performance.

By leveraging these nanomaterials, wearable 
devices can now deliver continuous monitoring 
and energy storage in a compact form factor that 
conforms to the human body. This combination of 
ultra-sensitive sensing and flexible power solutions 
is critical for the next generation of wearables, 
supporting applications from personalized 
healthcare to real-time fitness tracking and 
interactive smart textiles. The integration of 
nanotechnology ensures that devices are not only 
high-performing but also practical for everyday use, 
bridging the gap between laboratory prototypes and 
commercially viable consumer products.

PowerWatch by Matrix Industries, 
which uses thermoelectric 
energy harvesting combined with 
graphene-enhanced storage to 
power the device from body heat.

Graphene-based flexible 
supercapacitors embedded in 
sportswear to power real-time 
heart rate and motion sensors for 
athletes during intensive training.

MXene sensors integrated into 
smart bandages that monitor 
wound healing by detecting pH, 
temperature, and moisture levels 
continuously.

Practical examples of 
nanomaterial-enabled 
wearables include:

https://pubs.rsc.org/en/content/articlehtml/2024/ma/d4ma00234b
https://pmc.ncbi.nlm.nih.gov/articles/PMC12190207/
https://pmc.ncbi.nlm.nih.gov/articles/PMC12190207/
https://www.sciencedirect.com/science/article/abs/pii/S1226086X24004593
https://www.sciencedirect.com/science/article/abs/pii/S1226086X24004593
https://www.caltech.edu/about/news/graphene-boosts-flexible-and-wearable-electronics
https://www.caltech.edu/about/news/graphene-boosts-flexible-and-wearable-electronics
https://www.sciencedirect.com/science/article/pii/S2211715623005313
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Innovations in E-Textiles

This chapter explores key innovations in e-textiles, 
including conductive and stretchable materials, 
embedded sensors, energy-efficient designs, and 
integration with wearable electronics platforms. It 
highlights both current commercial applications and 
experimental research, demonstrating how e-textiles 
are blending fashion, functionality, and technology 
to create the next generation of wearable devices 
that are seamless, comfortable, and capable of 
continuous interaction with the user and environment.

Textile-based electronics, commonly referred to as 
e-textiles or smart fabrics, represent one of the most 
transformative areas of wearable electronics. Unlike 
traditional wearables, which are often rigid devices 
worn on the wrist or clipped to clothing, e-textiles 
integrate conductive fibers, yarns, and fabrics with 
embedded sensors, microcontrollers, and sometimes 
even energy storage elements. This allows the 
electronics to be fully embedded into garments, 
making them lightweight, flexible, and comfortable 
for continuous wear.

Key research initiatives are driving innovation in this 
field. For example, MIT’s BioLogic project focuses 
on creating fabrics that can monitor vital signs such 
as heart rate, respiration, and body temperature. 
By weaving conductive fibers into standard textiles 
and integrating microelectronics, these garments 
can continuously collect physiological data without 
restricting movement, enabling real-time health 
monitoring for patients, athletes, and military 
personnel. Similarly, the EU’s SmartX initiative 
explores interactive clothing capable of temperature 
regulation, motion detection, and environmental 
sensing. SmartX combines sensor arrays, flexible 
circuits, and energy-efficient controllers to produce 
garments that adapt to the wearer’s activity, 
environmental conditions, and health status.

Commercial applications of e-textiles are already 
emerging. The Levi’s x Google Jacquard jacket 
allows users to control a smartphone with simple 
gestures on the sleeve, using conductive yarns 
woven into the fabric to transmit electrical signals to 
a microcontroller embedded in the jacket. Sportswear 
brands such as Adidas and Under Armour are 
incorporating stretchable sensors and conductive 
threads into performance clothing to monitor heart 
rate, movement, and posture, providing athletes with 
real-time feedback without bulky devices.

Beyond health and sports, e-textiles are also being 
used in industrial and defense applications. For 
example, military uniforms embedded with sensors 
can monitor a soldier’s vital signs and environmental 
exposure, transmitting data wirelessly to command 
centers for real-time situational awareness. In 
industrial settings, smart workwear can detect 
fatigue, posture, or hazardous conditions, alerting 
workers and managers to potential risks.

E-textiles are increasingly incorporating energy-
harvesting technologies such as piezoelectric fibers, 
thermoelectric materials, and flexible solar cells. 
These energy sources enable garments to power 
sensors and transmitters autonomously, reducing 
reliance on batteries and improving practicality 
for long-term use. For example, researchers have 
developed piezoelectric textiles that convert walking 
or stretching motions into electrical energy to power 
embedded sensors in smart shoes or clothing.

Overall, e-textiles bridge the gap between traditional 
clothing and functional electronics, providing 
continuous, comfortable, and adaptive monitoring. 
By combining flexibility, embedded intelligence, and 
energy-efficient design, smart fabrics are positioned 
to become a cornerstone of next-generation 
wearable electronics, with applications spanning 
healthcare, fitness, defense, and everyday lifestyle 
products.

https://www.sciencedirect.com/science/article/pii/S259000642300025X
https://www.media.mit.edu/articles/sensors-woven-into-a-shirt-can-monitor-vital-signs/
https://www.textile-platform.eu/innovation-hub-smartx
https://www.techmonitor.ai/technology/levis-jacket-goes-smart-with-style-in-google-wearable-tech-tie-up-4900667
https://www.fibre2fashion.com/industry-article/10427/energy-harvesting-smart-textiles-a-new-era-of-self-powered-fashion-and-home-textiles
https://www.fibre2fashion.com/industry-article/10427/energy-harvesting-smart-textiles-a-new-era-of-self-powered-fashion-and-home-textiles
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Innovation in AI and  
Wearables

Artificial intelligence (AI) is rapidly transforming 
wearable electronics, enabling devices to move 
beyond passive tracking toward intelligent, 
predictive, and adaptive systems. By combining 
advanced sensors, real-time data processing, and 
machine learning algorithms, wearables can now 
interpret complex physiological, behavioral, and 
environmental signals, providing actionable insights 
that were previously impossible in a compact, 
body-worn form factor.

AI-driven wearables are enhancing personal health 
monitoring, allowing early detection of conditions 
such as arrhythmias, stress, sleep disorders, 
and metabolic imbalances. In addition, these 
devices are increasingly integrated into workplace 
safety, sports performance, mental health, 
and rehabilitation, using predictive analytics to 
anticipate issues and optimize outcomes. Beyond 
human health, AI is enabling wearables to interact 
seamlessly with smart environments, IoT devices, 
and connected ecosystems, transforming them 
into hubs of continuous information exchange and 
decision support.

This chapter explores innovations in AI-driven 
wearable technologies, examining how predictive 
analytics are shaping the next generation of 
devices. It also highlights practical applications and 
future possibilities, demonstrating how AI is not 
just enhancing wearables but redefining their role 
in daily life, industry, and healthcare.

AI-Driven Health Monitoring and 
Predictive Analytics

Modern wearable electronics increasingly rely on 
artificial intelligence (AI) to transform raw sensor 
data into actionable health insights. AI models 
embedded in wearables can interpret data from 
ECGs, accelerometers, photoplethysmography 
(PPG) sensors, and other biosensors to detect 
early signs of arrhythmia, stress, dehydration, and 
sleep disorders. For instance, continuous heart rate 
monitoring combined with AI can identify abnormal 
rhythms that may precede atrial fibrillation, allowing 
early intervention and remote clinician notifications.

AI algorithms trained on large, anonymized 
datasets also enable predictive health analytics. 
Wearables can now anticipate asthma attacks, 
epileptic seizures, or migraines by analyzing 
patterns in physiological signals, environmental 
data, and user activity. Companies such as 
Empatica have developed wrist-worn devices that 
detect seizure onset in real time and send alerts 
to caregivers or healthcare providers. Similarly, 
WHOOP and Oura Ring use AI-driven algorithms 
to monitor recovery, sleep quality, and stress, 
providing personalized insights that guide lifestyle 
and fitness interventions.

https://healthsciences.arizona.edu/news/stories/smart-sensors-and-smarter-health-how-ai-and-wearables-are-reimagining-preventive-health-care
https://healthsciences.arizona.edu/news/stories/smart-sensors-and-smarter-health-how-ai-and-wearables-are-reimagining-preventive-health-care
https://www.empatica.com/embrace2/
https://www.empatica.com/embrace2/
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Neural Interfaces and Brain-
Computer Interaction (BCI)

Beyond conventional biosensing, wearable brain-
computer interfaces (BCIs) are emerging as a new 
frontier in human-computer interaction. Companies 
like Neuralink and Kernel are developing devices 
capable of decoding neural signals for control 
interfaces. Although these technologies are in 
early stages, they have the potential to enable 
communication for individuals with disabilities, 
hands-free control of computers and smart 
devices, and integration with AR/VR environments. 
Future wearable BCIs may combine EEG sensors, 
AI analytics, and wireless connectivity to create 
non-invasive neural wearables capable of 
interpreting cognitive states, attention levels, or 
mood for health, productivity, and entertainment 
applications.

Wearable ECG and Blood Pressure 
Monitoring

Wearable devices are now capable of medical-
grade cardiovascular monitoring. For example, the 
Apple Watch Series 9 and Withings ScanWatch 
provide single-lead ECG recordings approved by 
the FDA, allowing users to detect irregular heart 
rhythms at home. Blood pressure wearables, such 
as the Aktiia Bracelet and Omron HeartGuide, use 
optical sensors and inflatable cuffs to monitor 
blood pressure continuously throughout the day, 
offering insights into hypertension management 
and cardiovascular risk without traditional clinic 
visits.

Digital Therapeutics and Remote 
Patient Monitoring

The convergence of wearables, AI, and cloud 
computing has enabled digital therapeutics (DTx) 
and remote patient monitoring (RPM). Platforms 
like Biofourmis and Propeller Health leverage 
wearables to deliver prescription-grade software 
that complements or replaces medication, 
providing real-time guidance for chronic disease 
management. These systems collect continuous 
biometric data (such as respiratory rate, oxygen 
saturation, or heart rate) and use AI analytics to 
detect early warning signs of deterioration. This 
allows clinicians to intervene proactively, reducing 
hospital readmissions, emergency visits, and 
healthcare costs. For example, Propeller Health’s 
inhaler sensors track asthma patients’ adherence 
and trigger alerts when medication usage patterns 
indicate increased risk.

Together, these innovations demonstrate how 
AI-integrated wearable devices are revolutionizing 
personal health management. By combining 
real-time sensing, predictive analytics, neural 
interfaces, and cloud-based monitoring, 
wearables are not only enhancing clinical 
decision-making but also empowering users to 
take proactive control of their health, transforming 
wearables from passive gadgets into active 
healthcare tools.

Continuous Glucose  
Monitoring (CGM)

Continuous glucose monitors (CGMs) are a prime 
example of AI-enabled wearable health technology. 
Non-invasive and minimally invasive devices from 
Dexcom, Abbott, and Medtronic allow diabetics to 
track blood sugar levels in real time, integrating 
data with smartphones and insulin pumps for 
comprehensive disease management. Advanced 
CGMs employ AI to predict glucose trends, provide 
personalized alerts, and adjust insulin delivery 
via connected pumps, helping prevent hypo- or 
hyperglycemia. CGMs have become indispensable 
tools for chronic disease management, reducing 
emergency interventions and hospital visits.



Next-Generation Wearable Electronics: Innovations, Challenges, and Future Trends 10

www.altium.com

Wireless Charging  
and Energy Harvesting

One of the most persistent challenges in wearable 
electronics is limited battery life, which restricts 
continuous monitoring and multifunctionality. 
While traditional rechargeable batteries remain 
the standard, advances in wireless charging and 
energy harvesting technologies are providing new 
pathways toward autonomous operation. Wireless 
charging via inductive coupling, such as the widely 
adopted Qi standard, allows users to recharge 
devices without physically connecting them to a 
power source. For instance, smartwatches like 
the Apple Watch Series 9 and fitness trackers like 
the Fitbit Charge 6 support Qi-based charging, 
enabling convenient overnight or desk-side 
recharging.

Challenges with Power 
and Energy Solutions  
for Wearables

Power and energy management remain among the 
most significant challenges in the development 
of wearable electronics. Despite advances in 
miniaturization, sensor technology, and connectivity, 
the limited energy capacity of batteries continues 
to constrain device functionality, usage duration, 
and form factor. Wearables must balance high 
performance with low power consumption, often 
requiring compact designs that can conform to the 
body without compromising comfort or usability.

Current energy solutions, including conventional 
lithium-ion batteries, wireless charging, and emerging 
energy harvesting technologies, face technical 
limitations. Battery size, weight, charging time, and 
safety concerns restrict long-term and continuous 
operation, particularly for devices requiring 24/7 
monitoring or real-time data processing. Additionally, 
integrating autonomous power solutions such 
as thermoelectric generators, solar fabrics, or 
piezoelectric harvesters into flexible, wearable form 
factors presents material and engineering challenges.

This chapter examines key challenges associated 
with power and energy solutions for wearable 
devices, highlighting the limitations of current 
technologies, technical trade-offs, and areas 
where innovation is critical. By understanding these 
challenges, designers and engineers can develop 
strategies to improve energy efficiency, device 
longevity, and usability, enabling wearables to realize 
their full potential in healthcare, fitness, industrial, and 
consumer applications.

Beyond convenience, energy harvesting 
technologies aim to reduce reliance on external 
charging altogether by capturing ambient energy 
from the environment or the wearer’s body. 
Piezoelectric generators convert mechanical 
motion (such as walking, running, or bending) 
into electrical energy. This principle has been 
applied in self-powered smart shoes and motion-
activated fitness wearables, where the wearer’s 
movement generates small currents sufficient to 
operate low-power sensors. Similarly, triboelectric 
nanogenerators (TENGs) leverage friction between 
materials to generate electricity, harvesting energy 
from daily activities or environmental motion, such 
as vibrations or airflow. TENG-based devices 
have been integrated into smart gloves, jackets, 
and backpacks, enabling continuous operation of 
sensors without bulky batteries.

https://www.sciencedirect.com/science/article/pii/S2211467X24001299
https://mnsl-journal.springeropen.com/articles/10.1186/s40486-025-00231-7
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Thermoelectric and Solar-Powered 
Wearables

In addition to mechanical energy harvesting, 
thermoelectric generators (TEGs) offer a passive 
method of energy generation by converting body 
heat into electricity. TEGs exploit temperature 
gradients between the skin and the environment 
to produce small but continuous currents, 
ideal for powering low-energy devices such as 
ECG patches, glucose monitors, and wearable 
temperature sensors. For example, PowerWatch, 
a commercial smartwatch, utilizes thermoelectric 
energy harvesting to operate continuously without 
traditional charging, drawing energy solely from the 
wearer’s body heat.

Solar energy harvesting has also become 
increasingly practical for wearables. Thin-film 
photovoltaic cells and solar-integrated fabrics 
can be woven into clothing, backpacks, or hats, 
enabling sustainable outdoor power generation. 
Companies like MATRIX are developing solar-
powered fitness devices and wearable sensors 
capable of charging during exposure to sunlight, 
extending device autonomy for outdoor activities. 
Researchers are exploring flexible organic solar 
cells that can bend, fold, and stretch with garments 
while maintaining power efficiency, allowing 
integration into smart jackets, sports apparel, and 
expedition gear.

Hybrid Energy Solutions

Modern wearables are increasingly combining 
multiple energy harvesting methods to maximize 
autonomy. For example, a single device might 
integrate piezoelectric layers for motion energy, 
TEGs for body heat, and thin-film solar cells for 
ambient light, creating a hybrid power system 
capable of continuous operation under diverse 
conditions. Such approaches are particularly 
valuable for medical wearables, where 
uninterrupted monitoring is critical, and for outdoor 
fitness or military applications, where access to 
charging points may be limited.

By leveraging wireless charging, piezoelectric 
and triboelectric harvesting, thermoelectric 
generators, and solar integration, wearables are 
moving toward energy autonomy, reducing reliance 
on conventional batteries and improving user 
convenience. These technologies not only extend 
operational life but also enable smaller, lighter 
form factors, facilitating the design of comfortable, 
body-conforming devices suitable for continuous, 
real-world use.

https://www.sciencedirect.com/science/article/pii/S2211467X23000743
https://www.riken.jp/en/news_pubs/research_news/pr/2024/20240201_4/index.html
https://www.riken.jp/en/news_pubs/research_news/pr/2024/20240201_4/index.html
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Overall, these next-generation energy storage 
solutions are paving the way for truly continuous, 
lightweight, and safe wearable electronics, 
complementing advancements in energy 
harvesting, low-power processors, and flexible 
circuit design. By combining high energy density, 
rapid charging, and flexible form factors, wearable 
devices can become smaller, more durable, and 
more user-friendly, supporting 24/7 monitoring and 
seamless integration into daily life.

Next-Generation Battery Technology

Battery technology remains one of the key limiting 
factors in the advancement of wearable electronics. 
Traditional lithium-ion batteries provide reasonable 
energy density but are often bulky, rigid, and prone to 
safety issues such as overheating or short-circuiting. 
To overcome these limitations, researchers and 
companies are developing next-generation battery 
technologies that are safer, more compact, and 
capable of faster charging, which is essential for 
continuous, body-worn applications.

One promising avenue is solid-state batteries, 
which replace the liquid electrolyte in conventional 
lithium-ion cells with a solid electrolyte. This design 
eliminates leakage risks, improves thermal stability, 
and allows for higher energy densities, making 
them particularly suitable for small, flexible, or skin-
mounted wearables. Solid-state batteries can be 
fabricated in thin, flexible layers, enabling integration 
into smart garments, medical patches, or wrist-worn 
devices while reducing the overall device thickness. 
Panasonic has also been actively developing solid-
state prototypes, targeting high-capacity wearable 
applications such as continuous glucose monitors 
and health-monitoring watches.

Another area of innovation is graphene-enhanced 
lithium-ion batteries, which incorporate graphene 
or graphene oxide into the anode, cathode, or 
electrolyte. Graphene provides higher electrical 
conductivity, improved mechanical flexibility, and 
faster ion transport, resulting in batteries that charge 
more quickly, deliver more stable performance 
over time, and maintain flexibility for wearable 
form factors. For example, startups like ZapGo are 
developing graphene-based supercapacitors that 
can achieve ultra-fast charging and long cycle 
life, enabling wearables to operate for extended 
periods with minimal downtime. Similarly, Skeleton 
Technologies is advancing ultracapacitor-based 
energy storage for wearables, focusing on high-
power density and longevity while maintaining 
lightweight and flexible designs suitable for 
integration into smart fabrics or medical devices.

In addition to high energy density and flexibility, 
these next-gen batteries aim to reduce environmental 
impact. Solid-state and graphene-enhanced designs 
often use less toxic materials than conventional 
lithium-ion chemistries and can be manufactured in 
thinner, lighter layers, reducing the overall material 
footprint. This aligns with the growing trend toward 
sustainable and eco-friendly wearable electronics, 
which seek to minimize e-waste while maintaining 
performance.

Graphene-enhanced batteries 
power thin smartwatches 
and fitness bands capable of 
continuous heart rate and sleep 
monitoring, reducing the need for 
nightly charging.

Solid-state batteries are 
being prototyped for medical 
wearables, including implantable 
glucose monitors and ECG 
patches, where safety, reliability, 
and miniaturization are critical.

Supercapacitor-integrated 
wearables combine graphene 
or MXene electrodes with 
energy harvesting systems 
(thermoelectric or piezoelectric), 
enabling semi-autonomous 
devices that can operate for days 
without external charging.

Practical applications of 
these next-gen batteries 
are already emerging. For 
instance:

https://www.sciencedirect.com/science/article/pii/S2211285525005919
https://www.sciencedirect.com/science/article/pii/S2590048X24001201
https://pmc.ncbi.nlm.nih.gov/articles/PMC9798870/
https://pmc.ncbi.nlm.nih.gov/articles/PMC9798870/
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Examples of potential roles 
of wearable electronics in 
relation to industries

This chapter explores the diverse and evolving roles 
of wearable electronics across multiple industries, 
illustrating how these technologies are being applied 
in real-world contexts and how they are likely to 
reshape workflows, decision-making, and user 
interaction in the near future. By examining concrete 
examples and case studies, the chapter highlights 
both the opportunities and challenges associated 
with industrial adoption of wearables, emphasizing 
their potential to drive efficiency, safety, and 
innovation across sectors.

AI-driven health monitoring is transforming 
preventative care and chronic disease management. 
By 2025, it is expected that over 50% of wearable 
health devices will incorporate AI algorithms to 
enable early detection and personalized health 
insights. For the healthcare industry, this indicates 
real-time diagnostics, remote patient monitoring, and 
disease management. Examples include the Abbott 
FreeStyle Libre CGM, Dexcom G7, and Apple Watch 
with ECG capabilities.

Energy harvesting technologies, such as 
thermoelectric and piezoelectric systems, are 
empowering wearables to become self-sustaining. 
Industry projections indicate that by 2030, over 
30% of wearable devices could integrate some form 
of energy harvesting (particularly thermoelectric 
generation for body-worn applications) significantly 
reducing dependence on traditional batteries over 
the coming years. This development can significantly 
improve the Sport and Fitness industries capabilities 
of performance tracking, injury prevention, and 
training optimization. Products like WHOOP Strap 4.0, 
Garmin Forerunner series, and Polar H10 heart rate 
monitors exemplify this trend.

5G and 6G connectivity are unlocking high-
bandwidth, ultra-low latency communications 
essential for real-time monitoring and immersive 
applications. The integration of 5G in wearables 
like smartwatches and health monitors is already 
improving telemedicine, while 6G is anticipated to 
enable continuous holographic and tactile feedback 
by the 2030s. This development can allow the 
defense industry to have live biometric monitoring, 
communication, and environmental awareness. The 
US Army’s Tactical Assault Kit (TAK) and Hexoskin 
smart garments are used for physiological tracking in 
mission-critical scenarios.

Sustainable design has become a key of modern 
wearable development. Companies are increasingly 
using biodegradable polymers, recyclable batteries, 
and eco-friendly packaging, with the green wearable 
market expected to reach USD 20 billion by 2032. 
The Fashion & Lifestyle industry is continuously 
seeking to reduce its environmental footprint and 
aesthetic expression integrated with function. The 
Levi’s x Google Jacquard smart jacket and Ringly 
smart rings blend style with connectivity.

https://scoop.market.us/smart-wearables-statistics/
https://scoop.market.us/smart-wearables-statistics/
https://eureka.patsnap.com/report-thermoelectric-generator-design-for-wearable-electronics
https://eureka.patsnap.com/report-thermoelectric-generator-design-for-wearable-electronics
https://eureka.patsnap.com/report-thermoelectric-generator-design-for-wearable-electronics
https://www.mdpi.com/2073-431X/14/1/15
https://www.mdpi.com/2073-431X/14/1/15
https://www.mdpi.com/2073-431X/14/1/15
https://www.marketresearchfuture.com/reports/green-electronics-manufacturing-market-35620
https://www.marketresearchfuture.com/reports/green-electronics-manufacturing-market-35620
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Wearable electronics are moving beyond simple 
fitness tracking and notifications, entering a 
stage where devices are becoming smarter, more 
integrated, and more responsive to the needs of 
users. The next generation of wearables is expected 
to combine advances in artificial intelligence, 
materials science, energy efficiency, and human-
computer interaction to create devices that are not 
only functional but also adaptive and predictive.

Examples of future trends are wearables that can 
provide multi-factor biometric authentication, AI 
mental health tracking, and neural impact. 

Examples of future trends 
likely to define the next 
generation of wearable 
technologies

Multi-Factor Biometric 
Authentication

Next-generation wearable devices are increasingly 
incorporating multi-factor biometric authentication 
to enhance security and privacy. Unlike traditional 
single-factor methods such as PIN codes or 
fingerprint scans, these wearables leverage 
multiple biometric modalities simultaneously, 
including facial recognition via embedded cameras, 
iris scanning using smart glasses, and ECG-
based heartbeat recognition. For example, smart 
glasses developed by companies like Vuzix and 
North (acquired by Google) can authenticate 
users based on iris patterns and facial features, 
providing secure access to sensitive information in 
enterprise, medical, and financial applications.

ECG-based heartbeat recognition is another 
innovative modality, leveraging the unique 
electrical signature of an individual’s heart. Devices 
such as Nymi Band combine ECG authentication 
with continuous monitoring, enabling secure mobile 
payments, access to restricted areas, and device 
login without additional user intervention. Multi-
factor biometric authentication not only enhances 
security but also reduces reliance on passwords, 
making wearables a practical tool for secure daily 
transactions and enterprise environments.

AI Mental Health Tracking

Wearable technology is also transforming mental 
health assessment and intervention. Devices like 
Muse headsets and Flow Neuroscience headsets 
integrate EEG sensors and electrical stimulation 
to monitor brain activity and provide real-time 
feedback to users. AI algorithms analyze heart rate 
variability (HRV), sleep patterns, skin conductance, 
and neural signals to assess stress, anxiety, 
depression, and cognitive load.

These AI-powered systems can generate 
personalized recommendations for meditation, 
cognitive exercises, or behavioral interventions, 
enabling proactive mental health management. 
For example, Muse’s guided meditation program 
adapts in real time to a user’s EEG readings, 
helping reduce stress and improve focus. Flow 
Neuroscience’s headset combines brain stimulation 
with app-based therapy to alleviate symptoms of 
mild depression, illustrating how wearables can 
complement traditional mental health care.

https://pmc.ncbi.nlm.nih.gov/articles/PMC10486660/
https://pmc.ncbi.nlm.nih.gov/articles/PMC10486660/
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Neural Input Wearables

Neural input wearables represent a cutting-
edge approach to hands-free human-computer 
interaction. Devices like CTRL-Labs (acquired 
by Meta) decode electrical signals from motor 
neurons in the wrist, translating subtle muscle 
and nerve activity into precise digital commands. 
This technology allows users to control devices, 
type, or navigate virtual environments without 
physical touch, potentially replacing keyboards, 
touchscreens, or traditional controllers in AR/VR 
applications.

Emerging neural wearables may also integrate 
haptic feedback to create immersive interfaces, 
allowing users to feel virtual objects or simulate 
tactile sensations. Beyond gaming and virtual 
reality, these devices hold potential for assistive 
technologies, enabling individuals with limited 

mobility to interact with computers, smart homes, 
or medical devices independently. By combining 
neural decoding, AI signal processing, and 
wearable form factors, these devices exemplify 
the next generation of intuitive, adaptive, and 
personalized human-machine interfaces.

Collectively, these innovations in biometric security, 
AI mental health monitoring, and neural input 
wearables illustrate the expanding capabilities of 
wearable electronics beyond traditional fitness 
and health tracking. By leveraging multi-modal 
biometrics, continuous neural sensing, and AI-
driven analytics, wearables are evolving into highly 
secure, intelligent, and interactive devices that 
seamlessly integrate into personal, professional, 
and therapeutic contexts.
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Wearable technology is on the brink of an exciting 
leap forward, fueled by advances in AI, 6G, 
sustainable materials, and quantum computing. 
Imagine a future where your wearable can sense the 
tiniest biochemical changes in your body, giving you 
insights that could transform the way we approach 
health and diagnostics. With 6G on the horizon by 
the 2030s, devices will stay connected everywhere, 
exchanging data instantly and effortlessly.

Conclusion  
& Future Outlook

Looking ahead, wearables won’t just be gadgets. 
They’ll become personal, intuitive companions that 
integrate seamlessly into our daily lives. By combining 
digital health, environmental awareness, and even 
neural interaction, these devices could one day serve 
as our main connection to the digital world, making 
the line between technology and ourselves almost 
invisible.

https://resources.altium.com/p/wearable-technology-in-the-future-will-be-seamless-and-convenient

