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Abstract

Wearable and textile-based technologies are transforming health monitoring by enabling 
continuous, non-invasive, and context-aware assessment of physiological and biochemical 
signals in daily life. Advances in flexible electronics, conductive fibers, smart materials, and 
artificial intelligence have driven a shift from rigid, device-centric wearables toward textile-
integrated and garment-based systems capable of distributed sensing, actuation, energy 
harvesting, storage, and communication. This roadmap provides a textile-centric overview of 
the current state and future trajectory of wearable technologies for healthcare, with electronic 
textiles positioned as a distinct and strategically important class within the broader wearable 
ecosystem. We synthesize progress across textile-integrated sensing, therapeutic and 
protective garments, textile body-area networks, energy-autonomous systems, and 
embedded computing, while critically examining challenges related to signal reliability, 
manufacturability, scalability, data governance, regulation, and equity. Market trends and 
adoption patterns are discussed to contextualize translational pathways from laboratory 
prototypes to clinically deployable and scalable textile systems. By identifying key scientific, 
technological, and societal priorities, this roadmap outlines actionable directions to 
accelerate the integration of textile-based wearable technologies into preventive, 
personalized, and decentralized healthcare.
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Section 1: Introduction 
Mohamed Elgendi1,2

1Department of Biomedical Engineering and Biotechnology, Khalifa 
University of Science and Technology, Abu Dhabi, UAE
2Health Engineering Innovation Group (HEIG), Khalifa University of Science 
and Technology, Abu Dhabi, UAE
[mohamed.elgendi@ku.ac.ae]

Status
Wearable and textile-based technologies have undergone a profound transformation over the past 
two decades, evolving from discrete, device-centric sensors into integrated, garment-based systems 
that support continuous health monitoring, diagnostics, and rehabilitation. By bridging engineering, 
materials science, and medicine, these technologies enable real-time, non-invasive, and context-
aware assessment of physiological signals in everyday environments. Early developments were 
largely limited to fitness trackers and basic biometric devices; however, recent advances in flexible 
electronics, conductive fibers, and smart materials have driven the emergence of textile-integrated 
wearables, including smart garments capable of measuring electrocardiography (ECG), 
electromyography (EMG), respiration, motion, and sweat-based biomarkers with high wearability 
and long-term user compliance [1,2].

Electronic textiles (e-textiles) constitute a specialized subset of wearable technologies in which 
sensing, actuation, energy, and communication elements are structurally integrated into textile 
substrates such as fibers, yarns, or fabrics. Unlike conventional wearable devices that are attached 
to the body as discrete components, e-textiles enable seamless, body-conformal integration while 
preserving flexibility, breathability, and user comfort. Accordingly, this roadmap places particular 
emphasis on e-textile systems, as they offer unique advantages for continuous, unobtrusive, and 
long-term physiological assessment in real-world and clinical settings.

The significance of wearable and textile-based health monitoring has been further underscored by 
the growing demand for decentralized and preventive healthcare models. The COVID-19 pandemic 
further highlighted the need for contactless and continuous monitoring systems—an area where 
wearables and smart textiles are uniquely positioned. Advances in sensor miniaturization, flexible 
electronics, energy harvesting, and machine learning have opened doors for applications across 
cardiovascular, neurological, metabolic, and mental health domains [3].
Yet, despite promising developments, full integration into clinical workflows remains limited. 
Challenges such as signal reliability, user comfort, data security, and clinical validation persist. 
Nevertheless, the field continues to thrive, driven by interdisciplinary collaboration, growing 
investment, and societal demand. Continued innovation promises to shift healthcare from reactive 
treatment to proactive prevention and real-time personalized care [4].

From a temporal perspective, as shown in Figure 1, the evolution of wearable and textile-based 
health technologies can be viewed through successive milestones. Early developments (2000–2010) 
focused on rigid, device-centric wearables primarily targeting activity and fitness monitoring. The 
subsequent decade (2010–2020) saw the emergence of flexible electronics, conductive yarns, and 
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early electronic textile prototypes capable of continuous physiological sensing. Since 2020, the field 
has rapidly advanced toward multifunctional smart garments integrating sensing, wireless 
communication, energy harvesting, and embedded artificial intelligence. Looking ahead, the next 
phase (2025–2035) is expected to emphasize large-scale manufacturing, regulatory approval, clinical 
validation, and integration into digital health ecosystems, marking the transition from laboratory 
prototypes toward clinically deployed e-textile systems.

Current and Future Challenges
One of the main challenges in wearable and textile health technologies is ensuring signal quality 
across diverse users and dynamic conditions. Factors such as garment fit, sensor displacement, 
motion artifacts, and skin properties can degrade data integrity. Designing universal and adaptive 
sensing systems that account for these variables is critical for real-world deployment [1].
Manufacturability and scalability pose another significant challenge. While proof-of-concept 
prototypes demonstrate feasibility, producing cost-effective, durable, and washable smart garments 
at scale remains unresolved. Additionally, integrating complex electronics with fabrics while 
maintaining breathability, flexibility, and user comfort requires further breakthroughs in materials 
science and design [2].
From a data perspective, standardization of sensor outputs, cross-platform interoperability, and 
privacy-preserving data analytics are lacking. Furthermore, regulatory and ethical concerns—
particularly those involving AI-driven diagnostics and continuous biometric tracking—are 
underdeveloped, leading to barriers in clinical adoption and commercialization [5].
Finally, ensuring equitable access to wearable health technologies is a growing concern. Solutions 
must be affordable, accessible, and inclusive, addressing the needs of diverse populations, including 
the elderly, rural communities, and individuals with disabilities [3].

Advances in Science and Technology to Meet Challenges
Recent advances in conductive and stretchable textiles have shown promise in addressing the 
mechanical mismatch between human skin and conventional sensors. Developments in screen 
printing, embroidery with conductive threads, and coating techniques allow the fabrication of 
multifunctional textiles with embedded sensors for ECG, EMG, temperature, hydration, and 
movement [1,2].
Emerging AI algorithms—including lightweight neural networks and federated learning 
frameworks—enable on-device data analysis with reduced latency and privacy risks. These models 
can detect anomalies, personalize feedback, and adapt to individual baselines. Additionally, cloud-AI 
hybrid systems are enabling longitudinal health tracking and early detection of deterioration 
patterns [4,6].

Figure 1 – We allow at most two figures that are roughly the size of this box.

Figure 1.  Timeline illustrating the evolution and projected roadmap of wearable and electronic textile technologies in health. Early 
developments (2000–2010) focused on rigid, device-centric wearables for fitness and activity tracking. The subsequent period (2010–
2020) marked the emergence of flexible electronics, conductive yarns, and early electronic textile (e-textile) prototypes enabling 
continuous physiological sensing. Recent advances (2020–2025) emphasize multifunctional smart garments integrating artificial 
intelligence, wireless connectivity, and energy harvesting. Future developments (2025–2035) are expected to prioritize scalable 
manufacturing, clinical validation, regulatory approval, and integration into digital health ecosystems.
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In terms of energy autonomy, breakthroughs in triboelectric and thermoelectric generators 
integrated into garments are powering low-energy electronics without the need for frequent 
recharging. Combined with energy-efficient Bluetooth and Near Field Communication (NFC) 
protocols, this supports seamless, long-term data transmission and storage [4].
Cross-disciplinary platforms are also promoting translational research and rapid prototyping. 
Collaborative projects between clinicians, engineers, and designers are leading to clinically validated 
systems with improved usability and integration into electronic health record (EHR) systems [5,6]. 
These collective advances hold promise to bridge the current gap between experimental prototypes 
and real-world health solutions.

Concluding Remarks
The field of wearable and textile innovations is entering a pivotal phase, where interdisciplinary 
collaboration and technological breakthroughs are beginning to translate into practical health 
applications. While challenges remain in signal reliability, manufacturing, and regulatory 
frameworks, the trajectory is promising. By addressing these gaps, wearable and textile systems 
have the potential to transform healthcare delivery, making it more continuous, personalized, and 
preventive [1,4]. Table 1 provides a structured overview of the roadmap, mapping each section to its 
primary thematic focus. This organization is intended to guide readers through the manuscript, 
clarify the scope of each section, and highlight how materials, sensing modalities, system 
intelligence, healthcare applications, and translational considerations are integrated across the 
roadmap.

Table 1. Overview of the roadmap structure and thematic coverage.

Roadmap Theme Key Sections Focus

Foundations and Scope Sections 1–2
Scope definition, trends, quantitative 
context

Materials and Textile Integration Sections 3–5
Fibers, fabrication, durability, material–
system translation

Sensing Modalities Sections 6–7
Physiological, biochemical, and multimodal 
sensing

Systems and Intelligence Sections 7–8
Edge AI, body-area networks, embedded 
computing

Healthcare Paradigms and 
Applications

Sections 9–11
Healthcare 6.0, clinical use cases, 
interfaces

Translation, Regulation, and 
Ethics

Sections 12–14
Regulatory pathways, challenges, roadmap 
priorities
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Section 2: Current State of Wearable Technology and Smart 
Textiles

2.1 - Overview of existing technologies
Xiao Xiao, Junyi Yin, and Jun Chen
Department of Bioengineering, University of California, Los Angeles, Los 
Angeles, CA 90095, USA
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Status
The field of wearables innovations has undergone significant evolution. Initially focused on basic 
wearable devices like fitness trackers and simple smartwatches, the industry has expanded to 
include sophisticated systems capable of comprehensive health monitoring and personal data 
tracking [1], [2]. These technologies have increasingly blurred the lines between fashion, technology, 
and function, embedding advanced technical capabilities into everyday clothing and accessories.

Textiles have been an essential part of human civilization for millennia. Today, they are produced 
from a variety of materials, both natural—like silk, wool, and cotton—and synthetic—including 
peptides, polyamides, and polyesters. These materials grant textiles biocompatible, biodegradable, 
and bioabsorbable qualities, enhancing their utility as platforms for on-body healthcare that offer 
increased comfort[3]. The integration of biomedical electronics with textiles has led to the 
development of electronic textiles (e-textiles). These e-textiles combine point-of-care diagnostic and 
therapeutic functions while maintaining breathability, comfort, durability, environmental stability, 
and mechanical robustness. 

Textile-integrated sensing systems for health monitoring
Textile-integrated sensing systems represent the most mature and widely deployed class of e-
textiles. These devices embed various sensors directly into yarns, fabrics, or garments to 
continuously monitor physiological signals during daily activities [4], [5], [6]. Depending on the 
targeted biomarkers, textile sensors can be broadly divided into biophysical and biochemical 
platforms. Textile sensors, seamlessly integrated with the human body, enable the continuous long-
term monitoring of both biophysical and biochemical signals. This capability is pivotal in the field of 
biomonitoring, where e-textiles equipped with a diverse array of sensors—including biomechanical, 
optical, biopotential, temperature, and biochemical—are utilized to continuously track vital signs. 
Figure 2 illustrates a representative integrated smart textile architecture, in which textile-embedded 
biophysical and biochemical sensors are co-designed with energy harvesting, storage, 
communication, and display modules to enable continuous, self-powered health monitoring. These 
physiological signals serve as crucial health indicators, aiding in the early diagnosis of diseases, 
monitoring chronic conditions, and evaluating real-time body states. Physical sensors in textiles 
utilize technologies such as triboelectricity, piezoelectricity, and magnetoelectricity [7], [8], [9]. 
These sensors are highly compliant with human anatomy, allowing for the persistent monitoring of 
clinical parameters that are critical for disease surveillance and diagnosis. For example, pulse wave 
analysis can help diagnose cardiovascular diseases, respiratory rate monitoring is vital for detecting 
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conditions like COVID-19, body temperature measurements can indicate fever, oxygen saturation 
levels can warn of sudden cardiac events, and biopotentials are used for diagnosing cerebrovascular 
diseases. Beyond biophysical data, a comprehensive assessment of personalized health also requires 
the analysis of biochemical signals. Textile biochemical sensors, which are biocompatible and 
conform comfortably to the skin or can be implanted in the body, facilitate this process. For 
instance, monitoring sweat glucose levels can assist in diabetes management, sweat pH can indicate 
dehydration, urea levels can signal kidney failure, and acetone concentrations in breath can 
diagnose acute kidney injuries. These advancements in textile sensors not only enhance the ability to 
monitor health conditions in real-time but also contribute significantly to preventive healthcare 
measures, making early diagnosis and timely intervention possible. This integration of biophysical 
and biochemical monitoring tools into everyday wearables represents a major leap forward in 
medical technology, combining convenience with critical care capabilities.

Textile-based therapeutic and protective devices
Textile-based therapeutic and protective devices extend the role of e-textiles from passive 
monitoring to active intervention. By integrating actuators and functional coatings into fabrics, these 
systems can deliver mechanical assistance, thermal regulation, electrical stimulation, or biochemical 
agents directly at the body–textile interface. Beyond their capabilities for real-time monitoring and 
diagnostics, e-textiles also enhance healthcare by providing controlled, on-demand therapy and 
protection [10]. These advanced textile therapeutic systems can significantly reduce health risks and 
long-term medical expenses by aiding in the early diagnosis of diseases. To deliver sustained and 
precise therapy, these systems employ a combination of physical and biochemical methods, meeting 
the growing demands for convenience and accessibility in medical treatments. Textile-based 
electronics have incorporated physical therapy capabilities to address urgent needs in various clinical 
settings. Devices such as exosuits, soft robots, heart pacemakers, and wearable heaters are gaining 
prominence due to their practical applications in patient care. This integration of assistive therapy, 
phototherapy, electrotherapy, thermotherapy, and protective measures into textiles forms a 
comprehensive discussion on the state-of-the-art in implantable and wearable smart textiles for 
physical therapy and protection. Given their prolonged direct contact with the human body, smart 
textiles are uniquely positioned to offer personalized healthcare solutions anywhere and at any 
time. Biochemical therapy and protection within these textiles involve the controlled release of 
functional compounds or the execution of chemical reactions. This capability enriches everyday 
clothing with precise medical treatments, sterilization, disinfection, and personal protection, 
effectively transforming garments into active participants in health management. Moreover, e-
textiles enhance user safety by offering protective functions such as shielding from electromagnetic 
waves, filtering harmful air particles, and degrading toxic substances. These features ensure that 
smart textiles not only cater to individual health needs through personalized 24/7 treatment 
protocols but also provide a fundamental barrier against adverse environmental conditions. This 
dual role of therapeutic and protective functionalities underscores the transformative potential of 
smart textiles in shaping the future of personalized healthcare and environmental safety.

Textile body-area networks and closed-loop operation

Page 8 of 184AUTHOR SUBMITTED MANUSCRIPT - PMEA-106209.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



Roadmap on Wearables and Textile Innovations

While individual e-textile devices can monitor or treat specific conditions, a truly personalized 
healthcare platform requires system-level integration and closed-loop control. For a comprehensive 
and integrated approach to personalized healthcare, it is envisioned that wearable devices will 
communicate with each other, forming a sophisticated closed-loop system. This vision involves the 
creation of a textile body area network (TBAN)—a network of textile-based electronics that wraps 
seamlessly around the human body, maintaining consistent wireless connectivity with existing 
mobile devices [11]. This network is crucial for continuously collecting multiple physiological signals, 
enabling timely health data transmission, processing, and feedback for immediate therapeutic 
intervention. In the initial stage of this two-tiered system, devices-to-devices (D2D) communication 
within the TBAN utilizes both wired and wireless methods to ensure robust and efficient 
interactions. Wireless technologies, especially, play a vital role in transferring power from energy 
nodes, such as energy harvesters or batteries, to the monitoring and therapeutic nodes. 
Additionally, these technologies establish reliable information connections essential for seamless 
network operation. Wireless methods including near-field inductive, far-field radiative, and 
ultrasonic technologies are widely employed in practical applications due to their effectiveness in 
maintaining communication without physical connections. The subsequent stage involves the 
transmission of aggregated data from the TBAN to a gateway node or remote servers, such as 
smartphones, central control units integrated into clothing, or healthcare providers at hospitals and 
medical centers. This stage is responsible for comprehensive data processing, D2D communication, 
and interactions with the Internet. When selecting a wireless communication protocol for 
transmitting data from a TBAN to personal service devices, several factors need consideration: 
transmission range, data rate, power consumption, and bandwidth are all critical to ensuring 
efficient and effective communication. Wireless communication technologies such as NFC, 
Bluetooth, and ZigBee are integral to this system. They facilitate the seamless transmission and 
processing of clinical data, including updates on treatment progress and user feedback. The 
integration of these technologies not only streamlines the operation of the TBAN but also 
significantly enhances the delivery of precise, personalized medical services. This technological 
synergy fosters an environment where patients can actively participate in managing their health, 
making informed decisions based on real-time data and insights provided by their interconnected 
wearable devices.

Energy harvesting and storage textiles
Continuous operation of e-textiles critically depends on sustainable power management. Wearable 
technologies are therefore increasingly harnessing energy from the human body and its surrounding 
environment [12], [13], [14]. The human body is a rich source of renewable energy, with 
biomechanical movements, body heat, and body fluids offering significant energy potential. For 
instance, body heat can provide up to 4.8 W, biomechanical motions up to 67 W, and body fluids can 
contain energy levels as high as 100 W. Additionally, the environment around the body also presents 
renewable sources such as solar irradiance, which can reach an energy density of up to 100 
mW/cm². The energy demands of contemporary body-worn electronics, which range from 200 µW 
to 1 W, can be entirely satisfied by these available energy sources [13]. This alignment of energy 
supply and demand has spurred the development of various energy harvesting technologies 
designed specifically for wearables. Among these, triboelectric nanogenerators (TENGs) capitalize on 
static electricity generated from friction, converting mechanical energy into electricity. Piezoelectric 
nanogenerators (PENGs) harness mechanical stress or vibrations, thermoelectric generators (TEGs) 
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utilize temperature differences between the body and the environment, and biofuel cells (BFCs) 
derive electrical energy from the chemical energy in body fluids. Additionally, solar cells (SCs) 
capture solar energy, and hybrid generators (HGs) combine multiple technologies to optimize energy 
harvesting. These advancements in energy harvesting not only extend the operational life of 
wearable devices but also enhance their efficiency and contribute to the sustainability of wearable 
technology. This integration of energy harvesting mechanisms ensures that wearables remain 
functional without frequent recharges, promoting their seamless and continuous use in everyday 
life.

The effectiveness of wearable technology heavily relies on advanced energy storage solutions that 
meet the demands for flexibility, safety, and efficiency. Recent innovations in battery technology, 
such as the development of ultra-thin lithium polymer batteries and supercapacitors, have 
significantly improved energy densities and charging speeds. These advancements enable the 
creation of slimmer, more flexible battery designs that can be seamlessly integrated into textiles, 
thereby maintaining the comfort and wearability of smart garments. A pivotal area of research that 
has gained momentum is the development of fiber batteries [15]. These are highly flexible, one-
dimensional energy storage devices designed to endure various mechanical deformations, such as 
bending, folding, and twisting. Unlike traditional rigid energy storage devices, fiber batteries are not 
constrained by the weight limitations typical of portable batteries. This characteristic allows them to 
be woven into different types of flexible textiles, resulting in compact, lightweight, and wearable 
power solutions. This shift towards fiber batteries is catalyzing the growth of wearable electronics, 
as these energy sources can be easily incorporated into everyday clothing and accessories without 
adding bulk or restricting movement. The integration of such innovative energy storage options is 
crucial for the continued expansion and practicality of wearable technology, offering users enhanced 
convenience and functionality in their daily lives.

Quantitative landscape and outlook

To complement the qualitative overview above, we summarize key quantitative indicators that 
contextualize the current wearable and textile-integrated device landscape. As shown in Figure 3, 
which provides a contextual benchmark of the overall wearable market, recent reports estimate that 
the global consumer and medical wearable device market reached approximately USD 84–85 billion 
in 2024, with an implied compound annual growth rate of ~14%. Within this landscape, smart 
textiles account for approximately 6–8% of total market value and are projected to reach USD 12–15 
billion by 2025 [16].
From a deployment perspective, more than 1.1 billion wearable sensor units are estimated to be in 
active use worldwide, among which approximately 70–80 million units involve textile-integrated 
electronics. Adoption of textile-based systems is particularly prominent in sports and fitness (~43%), 
personalized health monitoring (~31%), and medical rehabilitation (~16%) [17].

Current and Future Challenges
Despite considerable progress, several significant research issues and challenges remain. One of the 
primary concerns is the integration of technologies into comfortable, durable, and aesthetically 
pleasing designs. Wearables must balance technical functionality with practical, everyday wearability 
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to ensure user adoption and satisfaction. Additionally, energy efficiency and battery life continue to 
be major hurdles. While energy harvesting offers a promising solution, the variability in energy 
availability and the efficiency of conversion technologies can affect device performance. Developing 
more reliable energy storage solutions that can handle quick energy fluctuations is a critical area of 
focus. Finally, data privacy and security are increasingly important as wearables collect and store 
vast amounts of personal information. Ensuring the security of this data against unauthorized access 
and breaches is paramount. Moreover, as these devices become more capable and collect more 
sensitive data, ethical considerations around their use will become even more complex. Addressing 
these challenges through innovative research and development will be crucial for the future 
expansion of wearables and textile technologies.

Figure 1 – We allow at most two figures that are roughly the size of this box.

Figure 2.  An integrated smart textile system showcases various technologies embedded within a smart garment designed to enhance 
health monitoring and energy efficiency. The system includes mechanisms for energy harvesting, energy storage, and energy 
transmission, all integrated into a wearable format. It highlights how biomechanical movements, body heat, and biochemical processes 
can be utilized for power generation and health monitoring. Key components such as thermoelectric generators for capturing body 
heat, biofuel cells for converting biochemical energy, and a large-area display textile are detailed, emphasizing their roles in continuous 
health monitoring and data display. Reproduced with permission from Ref. [18], [19], [20].
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2.2 - Key advancements and trends
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Status
This section highlights the key technological advancements and emerging trends that are reshaping 
modern smart textiles. Rather than focusing on individual device categories, we summarize cross-
cutting shifts in sensing, actuation, energy harvesting, storage, and large-area display technologies 
that collectively define the next generation of textile electronics. The interplay between 
technological innovation and practical application is spawning a new generation of textiles that are 
not only smart but also scalable, opening up prospects for future integration into the global textile 
market. As these technologies mature, they promise to redefine the interface between humans and 
technology, making smart textiles an integral part of our digital and connected world.

Trend 1. Multimodal and human-interactive sensing textiles
A key trend in smart textiles is the convergence of multimodal sensing capabilities that support real-
time human–machine interaction and continuous physiological monitoring. One representative 
example is a wearable sign-to-speech translation system that uses stretchable yarn-based sensor 
arrays to convert dynamic hand gestures into digital information, enabling natural communication 
through textile-integrated sensing interfaces (Figure 4a) [1]. This illustrates the shift from single-
parameter sensing to interactive and user-adaptive textile systems capable of capturing complex 
body motions. In parallel, soft functional fibers have been developed that can be directly woven into 
textiles to monitor diverse physiological signals. When integrated into a face mask, these fibers 
detect variations in breathing patterns, while a knitted glove incorporating the same fibers can sense 
thermal changes and recognize distinct hand gestures (Figure 4b-c) [2]. Such multimodal fiber-based 
sensing platforms highlight a broader trend toward unobtrusive, garment-embedded electronics 
that expand the sensing bandwidth without compromising comfort or wearability.

Trend 2. Soft therapy textiles for personalized rehabilitation
Another emerging trend is the integration of soft therapeutic functions into textile platforms to 
provide personalized rehabilitation outside traditional clinical settings. The magnetoelastic effect, 
traditionally limited to rigid metal alloys used in civil engineering, has been innovatively applied to 
soft magnetic fibers, creating new possibilities for soft-matter electronics [3]. In response to the 
significant impact of arm injuries, which affect daily activities and sports and comprise nearly half of 
all upper extremity traumas in the U.S., a novel textile magnetoelastic patch has been developed to 
revolutionize arm injury treatment (Figure 4d) [4]. This innovative device, leveraging magnetoelastic 
technology, converts biomechanical signals from muscle movements into electrical signals, offering 
real-time, quantitative feedback on muscular workload and activity tolerance. Its lightweight, skin-
conformal, waterproof, and pressure-sensitive properties make it an ideal solution for continuous 
monitoring and personalized treatment during rehabilitation, helping to manage patient workload 
and prevent overexertion. This demonstrates a broader shift from rigid, clinic-based rehabilitation 
tools toward soft, textile-integrated therapeutic systems capable of long-term, individualized 
treatment.
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Trend 3. Hybrid and self-powered textile energy harvesting
Energy harvesting in smart textiles is moving toward hybrid architectures that combine multiple 
ambient energy sources to achieve continuous, maintenance-free power generation. One example is 
a micro-cable textile that integrates photovoltaic units with triboelectric nanogenerators, enabling 
simultaneous harvesting of solar and biomechanical energy within a thin, flexible fabric [5]. This 
textile combines solar cells and triboelectric nanogenerators into a fabric just 320 µm thick, making 
it suitable for integration into various everyday applications like clothing and curtains (Figure 4e). 
Demonstrating remarkable utility, this hybrid power textile can charge devices quickly under normal 
environmental conditions and has proven capable of powering electronic watches, charging cell 
phones, and driving water-splitting reactions. This hybrid strategy reflects a growing trend toward 
multi-source energy systems that can operate effectively in diverse daily-wear environments.

Soft magnetoelastic fibers represent another major advancement, enabling high-efficiency 
biomechanical energy harvesting in wearable formats without the need for external magnetic fields 
[6], [7] (Figure 4f). These fibers, which align mechanically with human tissue and require no external 
magnetic fields, have been used to develop a textile magnetoelastic This generator effectively 
harnesses biomechanical energy to power devices, even under significant perspiration, due to its 
intrinsic humidity resistance (Figure 4g). Integrated into smart textiles, it offers vast potential for 
energy generation, health monitoring, and data-driven diagnostics, paving the way for 
advancements in wearable technologies across medical, robotics, and sensory perception fields 
(Figure 4h) [8], [9], [10]. 

Trend 4. Scalable fiber-based energy storage
A transformative trend in smart textiles is the emergence of scalable fiber-based energy storage 
systems that can be woven directly into garments while maintaining mechanical flexibility and 
durability. Fiber lithium-ion batteries have emerged as a key innovation in this area, offering a 
flexible power solution ideally suited for wearable electronics due to their ability to be seamlessly 
integrated into textiles (Figure 4i). Although historically challenging to produce in long lengths due to 
increased internal resistance that impacts electrochemical performance, recent breakthroughs have 
demonstrated that the internal resistance in these fibers decreases and then stabilizes as they 
lengthen, leading to the development of an industrial process capable of producing meters-long, 
high-performing fiber batteries [11]. These batteries exhibit an energy density of 85.69 watt-hours 
per kilogram and impressive durability, maintaining significant capacity even after extensive 
mechanical stress. Their integration into textiles has been practically demonstrated, with 
applications such as wirelessly charging cellphones and powering smart garments (Figure 4k), 
marking a significant advancement in the integration of robust, high-performance power sources 
into next-generation smart textiles.

Advances in polymer gel electrolytes have further enhanced interface stability in fiber batteries, 
allowing the formation of continuous, flexible energy storage networks suitable for large-area textile 
applications (Figure 4k) [12]. In addition, ultrathin zinc-ion fiber batteries offer safe and deformable 
alternatives for wearable electronics, maintaining reliable performance under stretching and 
bending [13] . These novel electrolytes facilitate enhanced ion transport and offer mechanical 
properties suited for wearable applications—stretchability, high ion conductivity, and self-healing 
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capabilities—enabling the ZIB fibers to perform reliably under various conditions (Figure 4l). 
Collectively, these innovations highlight a trend toward robust, textile-integrable fiber batteries that 
provide distributed and high-efficiency energy storage for future smart garments.

Trend 5. Display textiles and integrated computing fibers
The integration of display technology into textiles marks a significant advancement in the field of 
electronic textiles, setting the stage for the next generation of wearable technology. This innovative 
approach has led to the development of a 6-meter-long, 25-centimeter-wide display textile 
composed of over half a million electroluminescent units, each spaced approximately 800 
micrometers apart [14]. These units are created by weaving conductive weft and luminescent warp 
fibers, forming micro-scale electroluminescent points at their intersections. Notably, the brightness 
variation among these units is less than 8 percent, and their performance remains consistent under 
physical deformations such as bending, stretching, or pressing (Figure 4m). The durability of the 
display textile is further underscored by its ability to withstand repeated machine washings, 
maintaining flexibility and breathability, which are essential for everyday wear. Demonstrated as a 
communication tool within an integrated system that includes a display, keyboard, and power 
supply, this textile underscores its potential utility in the internet of things (Figure 4). This pioneering 
work not only enhances the functionality of textiles with robust, functional displays but also aligns 
with ongoing efforts to seamlessly blend electronic devices with fabric materials, promising 
transformative impacts on how electronic devices are worn and interacted with in daily life.

Complementing these advances, interactive computing fibers have been developed that integrate 
sensing, actuation, display feedback, and signal modulation within a single soft fiber [15]. These 
fibers operate without traditional chips or rigid circuit components, relying instead on body-coupled 
interactions and textile-scale energy coupling (Figure 4o-p). Such systems demonstrate a shift 
toward chipless, fabric-embedded computing, enabling future garments to function as fully 
integrated electronic systems.
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Concluding Remarks
The projection of widely adopted 5G technologies and IoT accelerates the data communication and 
clinical-level data analysis among smart textiles for personalized healthcare. As these devices 
become more integrated with users' lives, they offer the promise of proactive health management, 
enhanced communication, and a deeper interaction with the surrounding digital world. Further 
advances could lead to even greater personalization of healthcare, more efficient energy usage, and 
innovations in digital connectivity that could redefine human-computer interaction. In this review, 
we have comprehensively summarized the textile diagnostic devices, textile therapeutic devices, and 
communication technologies regarding the working mechanisms, representative materials, and 
clinical scenarios. Despite the tremendous research progress, many bottlenecks need to be 

Figure 1 – We allow at most two figures that are roughly the size of this box.

Figure 4.  Advancements in electronic textile from evolving fields of sensing, therapy, energy and display. (a) Photograph of skin-
attached yarn-based stretchable sensor arrays with wireless PCB for sign-to-speech translation. Reproduced with permission from [1]. 
Copyright 2020 Nature Publishing Group. (b) Sensing face mask with an electronic fiber in the middle layer for breath conditions 
monitoring. (c) Sensing glove with an electronic fiber on the fingertip area for thermal sensing. Reproduced with permission from [2]. 
Copyright 2023 Nature Publishing Group. (d) Magnetoelastic textile patch detecting muscle mechanical motions for personalized 
physiotherapy. Reproduced with permission from [4]. Copyright 2023 Elsevier. (e) Photograph of the hybrid power textile harvesting 
power from sunlight and biomechanics. Reproduced with permission from [5]. Copyright 2016 Nature Publishing Group. (f-g) Textile-
based magnetoelastic generator (MEG) for harvesting biomechanical energy under wet conditions and powering wearable electronic. 
Reproduced with permission from [6]. Copyright 2021 Nature Publishing Group. (h) Textile-based MEG for powering thermometer. 
Reproduced with permission from [7]. Copyright 2021 Elsevier. (i-j) Fiber lithium-ion battery photograph and its application for powering 
coils to transmission to charge phones. Reproduced with permission from [12]. Copyright 2021 Nature Publishing Group. (k) The stability 
of fiber lithium-ion battery during cut off test. Reproduced with permission from [11]. Copyright 2024 Nature Publishing Group. (l) 
Integration of ultrathin rechargeable Zinc ion fiber battery for electronic textiles. Reproduced with permission from [13]. Copyright 2021 
American Association for the Advancement of Science. (m-n) Electroluminescence performance of the display textile and its integration 
with keyboard as communication platform. Reproduced with permission from [14]. Copyright 2021 Nature Publishing Group. (o-p) 
Photographs of interactive fiber being wirelessly powered by contacting with bio-tissues and coupling the surrounding electromagnetic 
energy. Reproduced with permission from [15]. Copyright 2021 American Association for the Advancement of Science.
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addressed prior to the widespread use of smart textiles. This field remains critically important due to 
its vast potential to impact health monitoring, personal safety, and efficiency in everyday tasks.
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2.3 - Market analysis in wearable technology and smart textiles
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Status
The wearable technology and smart textiles market has experienced substantial growth, driven 
by advancements in sensor technology, increasing consumer health awareness, and the 
integration of digital health monitoring systems. This market encompasses a wide range of 
products, from smartwatches and fitness trackers to smart clothing and health monitoring 
patches, each catering to specific health monitoring needs. Understanding the market 
dynamics and identifying the major players is crucial for stakeholders aiming to navigate this 
rapidly evolving landscape. This paper provides a cost analysis and examines the adoption rates 
of wearable devices across different regions, highlighting significant differences in price and 
regional adoption influenced by economic, technological, and cultural factors.

From a translational perspective, market demand acts as the primary mechanism by which 
technological advances in wearable devices and smart textiles are converted into deployable 
healthcare solutions. While preceding sections focus on sensing and system-level innovations, 
market analysis provides insight into which technologies are adopted at scale, sustained by 
clinical demand, affordability, and integration into healthcare workflows. In this context, 
adoption trends reveal how wearable technologies progress from consumer wellness tools 
toward clinically meaningful monitoring, diagnostics, and long-term patient management.

The global wearable technology market is experiencing rapid growth. According to Market 
Research Future, the market was valued at approximately USD 53.1 billion in 2023 and is 
anticipated to reach USD 69.67 billion by 2024, with a compound annual growth rate (CAGR) of 
26.83% from 2024 to 2032 [1]. Similarly, the smart textiles market is expected to expand 
significantly. MarketsandMarkets projects that the market will grow from USD 1.6 billion in 
2019 to USD 5.3 billion by 2024, with an expected CAGR of 26.2% [2].

For health professionals, the commercial success of wearable technologies increasingly reflects 
their ability to support continuous, non-invasive, and remote physiological monitoring. Clinically 
relevant wearables now enable longitudinal tracking of cardiovascular, metabolic, and activity-
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related biomarkers, facilitating early detection, chronic disease management, and remote 
patient monitoring. Importantly, market growth since 2025 has favored platforms that 
emphasize data reliability, clinical validation, and interoperability with digital health systems, 
signaling a shift from lifestyle-focused devices toward healthcare-oriented solutions.

From a market perspective, wearable technologies are commonly segmented into fitness and 
wellness devices, consumer health wearables, and clinically oriented monitoring systems, each 
exhibiting distinct adoption drivers, price sensitivity, and regulatory requirements.

Cost analysis of wearables
The cost of wearable health monitoring devices varies significantly, reflecting their 
technological complexity and the range of functionalities they offer (Figure 5a). Understanding 
these cost dynamics is crucial for evaluating their accessibility and potential for widespread 
adoption.

• Smartwatches ($300): Smartwatches, such as the Apple Vatch Series 8 and Samsung 
Galaxy Vatch 4, offer comprehensive health monitoring features, including heart rate and ECG 
capabilities, which justify their average cost [3,4].
• Chest Straps ($150): Chest straps like the Polar H10 Heart Rate Monitor and Garmin 
HRM-Dual provide accurate cardiac data, making them cost-effective solutions for precise 
health monitoring [5,6].
• Smart Clothing ($200): Smart clothing, including products like Hexoskin Smart Shirts and 
OMSignal BioMan+ shirts, integrates sensors for continuous monitoring of vital signs, 
representing the mid-range cost of smart textiles [7,8].
• Patches ($100): Vearable patches such as the iRhythm Zio Patch and Abbott 
FreeStyle Libre offer non-invasive, continuous monitoring essential for managing chronic 
conditions [9,10].
• Earbuds ($250): Advanced health-monitoring earbuds, such as the Jabra Elite Sport, 
incorporate heart rate sensors and other features, reflecting their higher price point [11].

These cost tiers correspond to different clinical and translational use cases, ranging from population-
level wellness screening to prescription-grade monitoring for chronic disease management and post-
acute care. 
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Wearable device adoption rates in different regions
The adoption rates of wearable devices vary globally due to economic, technological, and 
cultural factors (Figure 5b). These variations provide insights into the global landscape of 
wearable health technology:

• North America (75%): North America leads in wearable device adoption with a 75% 
penetration rate, driven by technological advancements, high consumer spending power, and 
the convenience of comprehensive health tracking features [12].
• Europe (65%): Europe follows with a 65% adoption rate, bolstered by strong 
healthcare initiatives and consumer interest in fitness technology [13].
• Asia-Pacific (80%): The Asia-Pacific region exhibits the highest adoption rate at 80%, 
fueled by increasing awareness and significant investments in healthcare technology [14].
• Latin America (50%): Latin America s adoption rate is 50%, influenced by growing 
middle-class populations and increasing health awareness [15].
• Africa (45%): Africa has the lowest adoption rate at 45%, primarily due to eco- nomic 
constraints. However, there is growing interest in mobile health technologies due to their 
affordability and scalability [16].

The variations in adoption rates underscore the importance of tailoring health technology 
strategies to specific regional contexts. In North America and Europe, where adoption rates are 
already high, the focus should be on integrating advanced functionalities and improving user 
experience. In contrast, in regions like Latin America and Africa, efforts should enhance 
affordability and accessibility to bridge the healthcare gap.

Figure 1 – We allow at most two figures that are roughly the size of this box.

Figure 5.  Cost analysis and adoption rates of wearable health monitoring devices. (a) the cost analysis of various wearable health 
monitoring devices highlights significant differences in price based on the type and complexity of the device. (b) the adoption rates of 
wearable devices across different regions show notable variations.
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While consumer fitness wearables currently dominate unit volume globally, clinical-grade 
wearables—particularly patches and smart garments—represent the fastest-growing segment 
in terms of healthcare integration and reimbursement-driven deployment.

Figure 5 reveals that regions with higher adoption rates often correlate with the availability of 
affordable wearable options. For instance, the Asia-Pacific region leads in adoption rates, 
likely due to cost-effective wearable solutions catering to diverse consumers. Conversely, 
regions with lower adoption rates, such as Africa, may benefit from increased accessibility to 
lower-cost wearable devices, potentially spurring adoption and improving health outcomes.

Moreover, sustainable practices in the production and disposal of wearable devices should be 
prioritized to mitigate environmental impacts as the market expands. Addressing these areas 
will enhance the global adoption of wearable health technologies, driving improvements in 
both health monitoring and overall public health.

Conclusion
The wearable technology and smart textiles market is rapidly evolving, driven by advancements 
in sensor technology and increasing consumer health awareness. Significant regional variations 
in cost and adoption rates highlight the need for tailored strategies to meet diverse needs. 
Future efforts should focus on affordability, advanced technology integration, and 
sustainability. By addressing these areas, wearable health technologies can achieve broader 
global adoption, enhancing health monitoring and contributing to public health improvements.
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Section 3: Applications in Healthcare

3.1 - Wearables for health monitoring and diagnostics
Stephanie Baker
James Cook University, 1/14-88 McGregor Road, Smithfield, QLD, Australia 
4878
[stephanie.baker@jcu.edu.au] 

Status
Healthcare systems are facing increasing challenges due to factors including aging populations and 
rising rates of chronic illness. These challenges are further exacerbated in rural areas, where 
geographical isolation creates additional barriers to provision of healthcare services. Wearable 
devices have the potential to enable remote and at-home health monitoring. Such monitoring could 
enable early detection of health conditions, support early intervention, and improved outcomes. 
This in turn would reduce pressure on healthcare systems and provide greater access to care 
irrespective of location.

Much progress has been made towards health monitoring with wearables, as shown in Figure 6. In 
cardiorespiratory health monitoring research, photoplethysmogram (PPG) sensors are commonly 
leveraged to capture heart activity due to their widespread deployment in wrist-based wearables[1]. 
Additionally, single-lead electrocardiogram (ECG) sensors are increasingly implemented in wearables 
to capture electrical activity of the heart, showing good agreement with medical-grade 12-lead ECGs 
[2]. Recent research has utilised artificial intelligence (AI) to extract complex health parameters 
including respiratory rate [3] and blood pressure [4,5] from PPG or ECG data, or both. 

Beyond research, there have also been advancements in commercialisation of PPG-based 
approaches, such as the recent FDA clearance of the Apple Watch’s “Hypertension Notification 
Feature” [6]. However, this clearance applies only to use in untreated adults, and does not serve as a 
diagnostic - users are instructed to confirm with cuff-based BP measurements and consult with a 
doctor, with validation results indicating that over 50% of untreated hypertensives will not receive 
an alert [7,8]. Although these commercial advancements show promise, recent studies indicate that 
there remains insufficient evidence that any cuffless blood pressure device are adequate for clinical 
use [7].

Beyond vital sign monitoring, studies have also applied AI to PPG or ECG data for detection of health 
issues including COVID-19 [9], sleep apnoea [10], depression pre-screening [11], and loss-of-pulse 
detection [12]. Beyond PPG and ECG, several studies have explored alternative cardiorespiratory 
sensors based on approaches including detecting chest movement [13], cardiorespiratory sounds 
[14], or ultrasonic heart motion analysis [15], however these are not yet used clinically.
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Wearable sensors, often supported by AI, are also being developed to monitor physiological 
parameters relevant to specific conditions. Wearable sweat sensors have shown promise for 
monitoring chemical biomarkers, from glucose [16] to electrolyte levels [17]. These in turn can assist 
in diagnosis and management of various chronic illnesses. Wearable movement sensors such as 
accelerometers can be used to support detection and monitoring of conditions that affect gait, such 
as Parkinson’s disease [18], as well as acute medical events, including falls [19] and seizures [20]. 
Sensors that are established in clinical practice, such as electroencephalography (EEG) and 
electromyography (EMG) for assessing neurological and neuromuscular activity respectively, are 
increasingly available in wearable formats. This further supports at-home monitoring and earlier 
diagnosis of conditions.  

The outcomes of wearables research are increasingly being realised in commercially available fitness 
devices, with several such devices incorporating limited monitoring of parameters including heart 
rate, heart arrythmias, and falls. However, much work remains to be done towards medical-grade 
monitoring with wearables before these can be used in clinical monitoring and diagnosis for remote 
care settings.

Current and Future Challenges
Data quality is a key challenge in wearable sensing. Movement introduces motion artifacts to data 
obtained from many sensing modalities, complicating the accurate extraction of health parameters 
for monitoring and diagnostic purposes [21]. Further inaccuracies can be introduced through factors 
including device placement and environmental conditions. While methods for quantifying signal 
quality have been explored in the literature [22], these primarily assist in discarding noisy segments 
of data. This can result in gaps in the data, which is undesirable in health monitoring applications.

Some sensing modalities have been shown to have unequal performance across different 
demographic groups. A notable example is PPG, with some evidence suggesting that factors 
including skin tone, body mass index, and age may influence quality of obtained signals [23]. This can 
lead to greater inaccuracies for some demographic groups; however, the research is not yet 

Figure 1 – We allow at most two figures that are roughly the size of this box.

Figure 6.  An overview of wearable devices for health monitoring and diagnosis, including device placement options, key sensor types, 
and selected diagnostic and monitoring applications.

Page 26 of 184AUTHOR SUBMITTED MANUSCRIPT - PMEA-106209.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



Roadmap on Wearables and Textile Innovations

conclusive. Further work is needed towards evaluating the performance of candidate wearable 
sensing methods across diverse and representative populations. Methods to mitigate any identified 
sensor inaccuracies are also needed, as is further exploration of alternative sensing modalities, to 
provide more equitable healthcare.

Artificial intelligence excels at finding patterns in complex data. As such, AI enables monitoring of 
complex health parameters based on wearable sensor data, as well as subsequent diagnostics. These 
benefits make AI a critical technology for healthcare wearables, though challenges remain, as 
illustrated in Figure 7. Advanced AI approaches require significant computational resources and 
power; as wearables have limited resources and battery life, they are largely unable to implement AI 
directly. This limitation is commonly addressed by sharing sensor data to higher-powered cloud 
services for AI assessment, with the resulting health parameter measurement or diagnosis returned 
to the wearable or another connected device, such as a smartphone. This introduces new issues, 
including the need for internet connectivity and privacy risks associated with processing sensitive 
health data in a remote location.

Another challenge associated with AI is the need for large quantities of representative data to learn 
from. This challenge is amplified in the healthcare context due to privacy and ethical concerns 
surrounding the sensitive data being collected. The challenge of collecting large data see many 
studies using small databases for research, increasing the risk of introducing unfair biases due to 
poor sample size. AI models are also susceptible to perpetuating other forms biases in data, which 
can arise from sources including human data labellers and inequities in healthcare access [24]. These 
challenges can result in AI models that underperform when deployed, or that exhibit unfairness 
towards individuals or groups.

Advances in Science and Technology to Meet Challenges
Signal quality is essential for reliable health monitoring and diagnostics. With wearable sensor data 
affected by a wide range of factors from environmental conditions to motion, there is a strong need 
to develop novel methods for improving signal quality. A promising approach is reconstructing clean 
time-series sensor data from noisy data. Emerging methods that warrant further research include 

Figure 1 – We allow at most two figures that are roughly the size of this box.

Figure 7.  Challenges and benefits of artificial intelligence for wearable health monitoring and diagnostics
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advanced AI models such as autoencoders and decomposition methods such as variational mode 
decomposition.

Sensor fusion can also mitigate the impacts of poor signal quality. By fusing data from multiple 
sensing modalities, dependency of an algorithm on any one sensor can be reduced. For example, 
fusing data from both PPG and pressure sensors for monitoring cardiorespiratory health can improve 
robustness, as these sensors are affected by different sources of noise. Similarly, monitoring for 
conditions which affect a key sensor and fusing this with sensor data can enable compensation. An 
example is fusion of accelerometer motion with cardiovascular sensor data to compensate for 
motion effects. Fusion with other types of data, including self-reported symptoms and clinical tests, 
can also support improved diagnosis. The domain of data fusion is rich with research opportunity, 
from fusion of multimodal data types to development of enhanced fusion methods using AI or other 
advanced algorithms.

AI is critical in the future of wearables, however there are advancements needed to effectively meet 
the unique challenges in healthcare wearables, as was illustrated in Figure 7. For AI to be used in 
healthcare, it must first be responsible. A key factor towards that is improving the fairness of AI to 
ensure it provides equitable healthcare to all. Much work remains to be done towards quantifying AI 
fairness. Transparency is also critical to improve patient and clinician trust, and thus opportunity 
remains in the use of explainable AI for improving interpretability of decisions made by wearable 
devices.

In terms of technical aspects, AI requires large amounts of data to learn. Federated learning, which 
involves training local AI models at private institutions before combining these models for further 
use, is emerging as a key approach to enable AI development on a greater quantity of data without 
compromising participant privacy within healthcare contexts [25]. The computational cost of AI 
models also remains a problem for wearable devices. There is a need to develop AI models that 
operate directly on the wearable or a directly connected device such as a smartphone, reducing the 
need to share data with online cloud computing services. 

Concluding Remarks
The field of wearables for health monitoring and diagnosis has advanced significantly in recent years. 
Recent studies have shown promising results towards monitoring a wide range of physiological 
parameters and subsequently using these to support diagnoses, with works spanning general health 
through to specific chronic conditions. While this has laid the foundations for a future with greater 
access to healthcare through wearables, much of the research to date has not been adopted in 
clinical practice. This is primarily due to the challenges that remain with data quality and algorithmic 
robustness. Artificial intelligence has shown great promise towards addressing many of the current 
challenges, provided it is developed responsibly through prioritising fairness, transparency, privacy, 
and robustness. Sensor and data fusion using AI or other methods is also increasingly critical towards 
improved health monitoring and diagnostics, particularly integrating wearable data with other 
clinical measurements. Overall, there remains much need and opportunity for future research in this 
broad and active field of research.
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3.2 - Predictive Modelling and Personalized Healthcare
Oriella Gnarra1,2, Chris Awai Easthope3, Robert Riener1, Diego Paez-
Granados1,2

1ETH Zurich, Department of Health Science and Technology, 8006 Zurich, 
Switzerland 
2Swiss Paraplegic Research (SPF), 6027 Nottwil, Switzerland
3Lake Lucerne Institute, Data Analytics & Rehabilitation Technology (DART), 
6354 Vitznau, Switzerland
[oriella.gnarra@hest.ethz.ch, chris.awai@llui.org, robert.riener@hest.ethz.ch, diego.paez@hest.ethz.ch]

Status
Wearable health monitors have evolved significantly, transforming from activity trackers to 
advanced physiological monitors [1]. This evolution was driven by a heightened interest in 
continuous health data, particularly for sports and lifestyle devices, relying primarily on 
accelerometers to derive activity and step counts [2]. These devices could contribute to addressing 
global healthcare challenges in light of increasing (cost) pressure with an ageing population [5] and 
the rise of non-communicable diseases [6]. Here the WHO’s strategies—Promotion, Prevention, 
Curation, Rehabilitation, and Palliative Care—underscore the need for enhanced rehabilitation [7], 
particularly for secondary health conditions [8]. This is crucial, as the need for rehabilitation is 
projected to rise. A recent analysis showed that 2.4 billion individuals globally had conditions that 
would benefit from rehabilitation [4], such as strokes, spinal cord injuries, and cardiovascular 
diseases.
In this work, we discuss the state of the art in current technologies and medical (shown in Figure 8). 
We consider wearable health monitoring a pivotal tool in transitioning from reactive to preventive 
healthcare, aiding in chronic disease management and rehabilitation with novel biomarker tracking. 
However, translation from the lifestyle to clinical domain is slow, with few wearables in medical care 
usage [3]. Here, we foresee three strong needs and use cases for wearables in the coming decade: 

Figure 8. Bridging the Gap: Challenges for Wearable Technology in Rehabilitation and Chronic Disease Management — From 
accessibility and clinical validation to privacy, battery life, and acceptability, overcoming these hurdles is crucial to connecting 
innovative wearables with effective healthcare solutions for chronic disease management and rehabilitation.
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Objective monitoring of patient status. The rehabilitation process traverses different practitioners 
and data sources; here the handover varies in quality, making incomplete symptom recalls and long 
waits between visits are a common issue. Wearables will enable continuous monitoring and 
transmitting patient status to multiple healthcare professionals. This constant stream of data will 
allow early identification of changes in a patient's condition that might go unnoticed. As a result, 
hospital (re)admissions could be reduced by 20-30% [8], leading to significant cost savings in 
healthcare systems, where one re-hospitalization can cost over 20k USD [9].
Improving rehabilitation adherence. Patients returning home often neglect recommended 
rehabilitation, leading to poorer outcomes. Wearables will provide patients and healthcare 
professionals with real-time feedback improving adherence by continuous feedback on quality and 
quantity in rehabilitation efforts, which will be immediately visible. Additionally, enabling real-time 
gamification of therapy which has shown to increase patients’ adherence [10].
Predictive modelling for preventive care. Wearable sensor data allows insight into health status 
evolution. This provides a basis for developing predictive models, digital twins, that aim to allocate 
targeted preventive interventions to avoid secondary health conditions [11].

Current and Future Challenges
Three major axes require significant research and development efforts for adopting wearable 
technology in preventive care, where uninterrupted data collection is essential: 
Customization of wearables. Tailoring them to monitor specific health conditions or populations 
while maintaining affordability and scalability for a broader market remains challenging. Moreover, 
the device design must translate to the expectations of long-term use in rehabilitation and chronic 
disease management. Current devices struggle with comfort due to their size, weight, and material 
properties, leading to extended times required for donning and doffing  [12][13]. Equally, the social 
acceptability of wearable devices varies widely, and the stigma associated with their use can deter 
some individuals from using them. Finally, battery life is critical for continuous use; high-frequency 
data collection increases power consumption [14]. 
Data management and interpretation. The need for interoperability across different service 
platforms and the absence of standardized data protocols significantly hinder the widespread 
adoption of wearable devices in healthcare. Devices must seamlessly integrate with existing 
healthcare systems, including electronic health records (EHRs). 
Equally, future remote health status monitoring depends on the ability to contextualize sensor data 
into useful information [15]. i.e., physiological signals such as blood pressure have different 
implications when walking slowly versus leisurely jogging. Furthermore, the interpretability of 
artificial intelligence (AI) models used to analyse such information is crucial for valid medical decision 
support. Healthcare providers need to understand and trust these models to make informed 
decisions [16].
Subsequent problems arise from the lack of a consistent legal framework addressing data privacy, 
security, and ethical concerns for the processing of information from different hospitals and 
countries.
Clinical validation. The accuracy and reliability of sensors must adhere to clinical-grade standards 
[17] and for novel methods, proper metrics should be standardized. Specific population studies and 
clinical validation should provide validation for translational research into monitoring and treatment. 
Rigorous clinical testing of the effectiveness of each sensor integration and contextualization are 
crucial for new digital biomarkers tailored to specific populations [17].
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Advances in Science and Technology to Meet the Challenges
In an ideal scenario, as we propose in Figure 9, seamless data collection with multimodal sensing 
with a special focus on contextualisation would enable remote monitoring and rehabilitation, 
supported by data aggregated foundational models of the condition tailored to the individual, 
notwithstanding, several advancements must be overcome to achieve it:

Device design. The embodiment in fabrics and in-skin design should be addressed together for 
improved durability, new battery chemistries, onboard energy harvesting, and ultra-low-power 
electronics. These advances extend usable time span and make devices suitable for long-term 
monitoring, which should ideally last over a week with zero-interaction and provide continuous 
observations [19]. Coming from innovations in biochemical non-invasive protein and chemical 
detection from sweat and other body fluids [18], to contextualized behavioural information of the 
patient through embedded multimodal sensors. Here, nearable, airable, and contactless sensors 
offer great potential by reducing patient interaction with the technology, increasing compliance for 
using systems that do not need to be worn or recharged, being connected to the power source as in 
the case of sensors embedded in patients' homes, e.g., pressure mattresses, radars, and lidars [19].
Data management and interpretability. Improved frameworks and legal basis for extensive data-
sharing methods that implement data protection, such as federated learning [20] should be 
addressed in edge or cloud computing to enhance the effectiveness in real-world settings. This 
investment in translational work is crucial for maintaining data privacy while allowing researchers 
and healthcare providers to access and analyse rich datasets that will lead to the development of 
new biomarkers and personalized healthcare interventions. Research in explainable AI algorithms 
will ensure that the model outcomes are accurate and interpretable by healthcare providers, 
enhancing the system's trustworthiness, particularly in preventive care, where early detection and 
intervention are critical. Furthermore, advancements in compact AI models that can operate on-
device will be vital to enabling real-time health monitoring without continuous data transmission, 
thereby improving data security and reducing the risk of breaches.
Clinical validation. There is a long-lasting need for translational research in wearable technology 
[20], where extensive clinical trials and population studies should be addressed with each sensor. 

Figure 9. The future of wearables in medicine starts with data management and unobtrusive sensing aimed at the population in need. The 
physicians receive access to continuous, objective data that wholistically describes a patient’s health status. This is possible through 
multimodal sensor integration and facilitates more informed decision making and forward simulations using digital twin models.
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Awareness and interaction of medical personnel with scientific and technical personnel can 
stimulate the pathway towards validation of new technologies with specific patient populations, 
testing their reliability and accuracy in determining and monitoring biomarkers of chronic diseases, 
preventing secondary diseases, and improving the rehabilitation process.

Concluding Remarks
Personalized medicine will be significantly enhanced by continuously monitoring a person's health 
status, particularly for chronic conditions and long-term rehabilitation, where there is a growing 
demand in the healthcare sector. By addressing all challenges in sensor design, data management, 
interpretable AI models and contextualized information, multimodal wearable health monitors could 
shift medicine from reactive treatment to preventive care. We strongly believe in the need for a 
multidisciplinary approach with a strong focus on translation from medicine, materials science, 
engineering, and data science to healthcare with a laser focus on clinical needs and validity to ensure 
subsequent integration into healthcare systems both technically and economically. 
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3.3 - Respiration Monitoring via ECG and PPG in Wearable 
Devices
Jesus Lazaro, Eduardo Gil, Raquel Bailón, Pablo Laguna
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Status 
Although the term respiration refers to the gas exchange at cellular level, it is usually used as 
synonym of ventilation, which refers to the movement of air between the environment and the 
lungs. This is also the case of this Section. 
Monitoring respiration is interesting in several applications. The first and most sensitive indicator of 
many pulmonary diseases is usually respiratory rate (RR) [1], being of interest in in the context of 
acute respiratory dysfunction [2], chronic obstructive pulmonary disease (COPD) [3], and dynamic 
lung compliance [4], among others. RR has been also used in other contexts, including epileptic 
seizure detection [5], and stress level assessment [6]. A common basis of those applications is that 
they try to detect events that change the amount of body-demanded ventilation through changes in 
RR. However, ventilation can change also because of changes in tidal volume (TV), which remains the 
amount of air displaced in a respiratory cycle. Thus, these applications may benefit from adding 
information about TV. Actually, the product of RR and TV is an important marker known as minute 
ventilation in the clinics. The ideal respiratory monitor would unobtrusively provide continuous 
information on TV, RR, and the degree of gas exchange [7].
There are several algorithms available in the literature for deriving RR (number of breaths per unit of 
time) from the electrocardiogram (ECG) and/or the pulse photoplethysmogram (PPG) signals [8]. 
These are usually based on beat (or pulse, in case of PPG) occurrence and/or morphology [9]. During 
sinus rhythm, beat occurrence is modulated by breathing through the respiratory sinus arrhythmia, 
which consists of an increase of the heart rate during inspiration followed by a decrease during 
expiration [10]. Besides beat occurrence, breathing also modulates beat morphology through 
movement of the heart with respect to the electrodes and changes of the impedance related to the 
changes of the volume of air in the lungs. In addition, breathing-related changes of intrathoracic 
pressure and of arterial stiffness modulate the PPG pulse morphology [11]. Moreover, it is well 
known that one of the mechanisms for venous return is the negative intrathoracic pressure during 
inspiration, that attracts blood to the thorax, and this effect can be observed in the PPG signal as a 
modulation of its baseline. 
The number of papers focused on deriving TV from ECG and/or PPG signals is quite limited. 
Variations in QRS area were studied in [12], and peak-to-peak changes in the direction of 
vectorcardiogram loops were studied in [13]. Moreover, root-mean-square-based measurement of 
QRS amplitude were used in [14] to estimate TV from mechanically ventilated Yorkshire swine. In 
another study [15], TV was estimated from ECG signals based on both heart rate and ECG-derived 
respiration (EDR) based on morphology during an exercise stress test. In a recent study, morphology-
based EDR techniques were used in [16] for tracking TV using ECG signals recorded by a wearable 
device.

Current and Future Challenges 
When speaking about wearable devices, one of the challenges is always the quality of the data. The 
quality of the data that is acquired by a wearable device depends on the sensor electronics and on 
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the activity that the subject is doing. Moreover, most applications where a wearable monitoring is 
especially interesting are not supervised by experts, e.g., daily life monitoring. This makes that a 
relevant variable impacting on the acquired signals quality, is how properly the device is being worn.
The amount of accurate data that a wearable device provides is usually referred as coverage, and it 
also depends on the parameters that are being measured. For example, the quality of an ECG/PPG 
signal may be enough for beat/pulse detection while being not enough for measuring some 
beat/pulse morphological features accurately. The assessment of the coverage of a specific device 
on a specific parameter is crucial for considering the use of a device in a specific application. Thus, 
coverage is expected to be higher for those methods based on beat/pulse occurrence than for those 
methods based on beat/pulse morphology. However, methods based on beat/pulse occurrence are 
limited to subjects in sinus rhythm, while methods based on beat/pulse morphology can be used 
also with patients suffering of some kinds of arrhythmia, such as atrial fibrillation [17].
Another challenge often present when using wearable devices is the limited computational 
resources. It is usually desired that the algorithms run in real time while the device is desired to be 
small and to have a high autonomy, limiting the computational resources to be embedded in the 
system. 
These issues above mentioned must be taken into account when selecting an algorithm for obtaining 
respiratory information from a wearable device, as well as the accuracy of the methods in different 
situations. As mentioned before, the number of methods for deriving RR from ECG and/or PPG 
signals available in the literature is much higher than the number of methods for deriving TV from 
such signals. While RR-monitoring methods are based on the frequency of the oscillations of 
features derived from ECG/PPG signals known to be affected by respiration-related modulations, 
TVmonitoring methods are usually based on the amplitude of those oscillations [16]. This represents 
an additional challenge for TV estimation, since the amplitudes can also change due to postural 
changes, or different breathing manners (abdominal or thoracic dominance). 

Advances in Science and Technology to Meet Challenges 
The needs regarding quality of data are two: automatically detecting low-quality segments to be 
discarded as information derived from them is not trustable and minimizing the number and/or 
length of those low-quality segments so increasing the coverage. The requirement of use simplicity 
of a wearable device has an impact on the provided quality, as they are typically used without expert 
supervision. This should be taken into account when designing a wearable device for a specific 
application. Furthermore, signal quality requirements depend on the target information to be 
extracted. Thus, the signal quality definitions should be adapted for each application.
On the other hand, several approaches can be followed for minimizing the number and/or length of 
low-quality segments. Redundancy in the sensors can be used together with fusion algorithms to 
improve the quality of the acquired signals. These fusion algorithms may include signal processing 
algorithms such as Kalman filtering (and its variants) and/or more recent artificial intelligence (AI) 
algorithms. Besides redundancy, the devices can include different sensors that allow a subsequent 
multimodal analysis, e.g., recording accelerometery provides information about device motion and 
position. 
Algorithms for deriving RR from ECG and/or PPG, particularly for morphology-based methods, must 
be adapted for each sensor. E.g., an algorithm for deriving RR from PPG signal that has been 
validated with signals from a transmission finger sensor in lab-controlled environments (as most 
algorithms in the literature) may need adaptations for a reflection wrist sensor used during daily life. 
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Also, ECG-based wearable devices usually acquire less and different leads than conventional 
electrocardiographs, making not possible the direct extension of all the available EDR techniques 
that have been validated with conventional ECG signals. Moreover, more studies are needed for 
tracking TV from the ECG and/or PPG, including derived respiration techniques, TV-related features, 
and fusion algorithms. 
Fusion algorithms can also be used for combining different algorithms for deriving respiratory 
information from the ECG/PPG signals, increasing the accuracy of the estimations. This is particularly 
interesting during daily life monitoring, given the inherent highly non-stationarity environment that 
it represents. Some fusion algorithms have been applied to ECG/PPG for combining RR-monitoring 
methods, such as [18]. However, these algorithms should be adapted to the specific application. All 
this signal processing approaches have some computational cost, while the computational resources 
of the wearable devices are limited. A possible solution for this is to use cloud computing, which is a 
common solution nowadays and it is still becoming more common. However, it is desirable to 
minimize the amount of information to process or to transmit to the cloud. Thus, studies on 
minimizing sampling rate for each application are needed. Compression algorithms are also 
interesting for this purpose and, again, they should be adapted for each application in order not to 
remove relevant information.

 Concluding Remarks 
While there is a relatively high number of algorithms for deriving respiratory rate from ECG and/or 
PPG signals available in the literature, most of these algorithms cannot be considered validated for 
their use with wearable devices, due to the different nature of the signals (different and lower 
number of ECG leads, reflection PPG instead of transmission PPG at different body locations…). 
Studies for adaptation and validation with wearable devices are needed. The state of the art about 
tidal volume tracking with ECG and/or PPG signals is more limited. More studies are needed in order 
to assess the performance of tidal volume tracking from wearable devices. Studies focused on 
monitoring respiratory information from wearable devices should be conducted for each specific 
application (used sensor, required information, activity level of patients…), including the selection, 
adaptation, and validation of the deriving respiration technique, and maximizing and assessing the 
coverage on the target information. 
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Status 
Stroke is one of the leading causes of long-term adult disability worldwide, leaving nearly two-thirds 
of survivors with limited walking ability [1]. As a result, gait rehabilitation has become a primary goal 
in post-stroke care. Post-stroke hemiplegic gait, characterized by complex sensorimotor dysfunctions 
and compensatory motions [2], presents significant challenges to recovery. Therefore, developing 
innovative strategies to enhance walking ability is a critical priority in stroke rehabilitation research. 

Conventional manual physical and occupational therapies, such as Bobath therapy, have been shown 
to effectively improve walking function in acute and subacute patients [3]. However, these manual 
training approaches, while effective, are resource-intensive, requiring significant time and 
personnel. To address these challenges, the field has embraced innovative technologies, such as 
robot-assisted training [3], transcranial current stimulation [4], and trans-spinal current stimulation 
[5]. While these therapies hold promise, they often necessitate specialized, costly equipment and 
expert administration. Balancing effectiveness with accessibility remains a crucial consideration in 
stroke rehabilitation. 

Functional electrical stimulation (FES), also known as neuromuscular electrical stimulation (NMES), 
has been used for lower-limb interventions in stroke survivors for decades [6]. FES transmits control 
signals from an external device to stimulate the neuromuscular system, assisting or restoring motor 
functions. In clinical therapy, it has served as a therapeutic intervention for restoring neurological 
functions in post-stroke rehabilitation [7]. Despite its long-standing use, FES remains underutilized, 
primarily due to the limitations of single- or few-channel systems. Current personalization in clinical 
practice typically relies on therapist expertise to manually adjust stimulation parameters based on 
patient response and simple functional assessments conducted during limited therapy sessions. 
Enhancing the personalization of FES applications could significantly improve their effectiveness in 
rehabilitation. 

To personalize any FES intervention, the sensorimotor functional status of the stroke survivor must 
first be reliably assessed. Current assessment methods are evolving towards a combination of 
traditional lab-confined techniques and continuous, ubiquitous recording through wearables [8]. The 
gold standard marker-based motion capture systems (e.g., VICON) and video-based motion capture 
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technology, primarily used for indoor investigations due to spatial limitations, are now 
complemented by wearable electromyographic (EMG) sensors. These advancements provide 
comprehensive assessments of gait patterns and muscle activity in both controlled laboratory and 
unconstrained real-world settings [9]. Researchers have leveraged EMG data to optimize multi-
channel FES parameters, enabling fine-tuning of stimulation protocols to more closely approximate 
natural motor control patterns. After FES parameter optimization, ongoing kinematic and EMG 
measurements assess rehabilitation progress. This integration of high-fidelity lab-based 
measurements with continuous, real-world data represents a significant advancement in stroke 
rehabilitation assessment, offering a more comprehensive understanding of intervention efficacy 
over time.

Current and Future Challenges

FES in stroke rehabilitation has evolved with the advent of wearable technologies. Single-channel 
stimulation of the tibialis anterior muscle, a sixty-year-old technique for preventing foot-drag, 
remains a common clinical practice despite its limitations in achieving natural gait patterns. While 
single-channel stimulation is functional, the resulting gait often appears unnatural, sparking debate 
over optimal FES application. In contrast, recent research has explored distributed wireless FES with 
real-time sensor feedback [19], but its performance is limited by its reliance on simplistic closed-loop 
proportional control systems that focus solely on engineering aspects, overlooking the underlying 
complexities of neuromuscular control. Key challenges include quantifying the effects of multi-
channel FES on motor recovery and developing personalized approaches to optimize crucial 
parameters such as intervention timing, dosage, and control strategy based on individual patient 
characteristics and stroke specifics [10]. These challenges reflect a broader progression in FES 
development—from hardware and sensing constraints toward advanced control strategies and 
ultimately personalized, adaptive therapy enabled by wearable technologies, as summarized in 
Figure 10.

Addressing these challenges requires a neuroscientifically grounded approach for personalizing FES 
protocols based on the subject’s functional and neuromotor control. As such, our current 
understanding of how the central nervous system activates groups of muscles synergistically (i.e., 
muscle synergies) during complex, multi-joint tasks [13] may provide insights into designing 
individually tailored FES waveforms. Efforts have been made to characterize lower-limb muscle 
synergies in neurologically intact individuals across different age groups [14, 15], as well as in 
subjects with various movement disorders, including stroke [16], Parkinson’s disease [17], and spinal 
muscular atrophy [18]. It has been proposed that normative muscle synergies can serve as building 
blocks for FES waveform construction [8].  These scientific findings could enable more personalized 
interventions, potentially improving stroke rehabilitation strategies.

In parallel, FES technologies should advance to support coordinated stimulation of muscle groups 
during multi-joint tasks more effectively [8]. For example, FES garments under research aim to 
integrate comfortably with everyday clothing [11], allowing adaptability in diverse, time-varying, 
real-world environments for long-term use. Nonetheless, achieving a portable and comfortable FES 
system requires size reduction, which severely restricts battery capacity [12]. These hardware 
challenges demand innovative wearable solutions such as flexible batteries, smart textiles, and ultra-
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low-power stimulation circuits. In addition, advancements in software control algorithms will be 
crucial for optimizing stimulation parameters in response to changing user conditions and 

environmental terrains. Together, these developments will enable the translation of FES from 
laboratory settings to community rehabilitation.
 
Advances in Science and Technology to Meet Challenges 
Recent FES advancements aim to mimic natural motor patterns using multi-channel systems and 
advanced electrode arrays that provide precise spatial and temporal stimulation. Cheung et al. 
proposed coordinated stimulation of muscle groups for multi-joint tasks [8], consistent with modular 
neuromotor control theories. Furthermore, initial results from upper-limb rehabilitation in subacute 
stroke patients show promise for this neuroscientific approach [6].

Extending this approach to lower-limb rehabilitation, especially for chronic stroke patients, presents 
unique challenges due to complex biomechanics, weight-bearing considerations, and the need for 
intricate balance control during post-stroke gait. Biomechanical modelling is essential for enhancing 
the effectiveness of FES strategies. Additionally, wearable sensor systems enable continuous gait 
analysis and detailed muscle activation mapping in real-world environments. This shift from episodic 
to continuous assessment also requires a transition in control theory from open-loop, low-
dimensional systems to adaptive strategies for closed-loop, high-dimensional, time-varying systems. 
High-density electrode arrays and advanced stimulation protocols facilitate more precise muscle 

activation patterns, while closed-loop control systems integrate real-time kinematic, kinetic, and 
EMG data for continuous parameter adjustment. Concurrently, machine learning algorithms, 
including reinforcement learning, can be explored to optimize stimulation patterns based on 
individual patient responses over extended periods [20]. The integration of control theory, machine 
learning, and wearable technology creates a robust feedback loop, allowing FES interventions to be 
refined after each step and optimizing rehabilitation strategies across multiple sessions. This 

Figure 10. FES Advancements through wearable technologies from hardware to personalized therapy
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advancement in personalized neurorehabilitation for lower-limb function enables interventions to 
evolve alongside patient progress, ultimately improving rehabilitation outcomes.

Importantly, FES rehabilitation is not only about refining stimulation patterns, but also about 
decoding and validating the neural basis of recovery. Advanced neuroimaging techniques are 
necessary to provide insights into the neural plasticity mechanisms at work as gait improves through 
FES intervention. Concurrently, smart textiles will enable the continuous, long-term collection of 
extensive bio-signal and kinematic data from stroke survivors, transforming everyday activities into 
ongoing rehabilitation that extends beyond indoor settings. This wealth of data can be leveraged to 
construct detailed computational models of individual patients' motor control and learning 
processes. Integrating these rich datasets with advanced machine learning techniques allows for 
mapping neural reorganization and behavioural recovery trajectories. This approach enables the 
development of predictive models that can anticipate patient outcomes and guide personalized FES 
strategies. Ultimately, this neuroscience-informed framework promises to create a more adaptive 
and effective rehabilitation approach, dynamically tailored to each patient's unique pattern of neural 
recovery and behavioural progression.

Concluding Remarks

FES has been underutilized due to the limitations of single- or few-channel systems. To harness its 
full benefits, FES is evolving into multi-channel systems that embody the principles of biological 
motor control and learning. Among various FES approaches, muscle synergy-based methods 
represent a promising direction by capturing modular motor control in multi-joint tasks. The efficacy 
of FES relies on accurate assessments, which are indispensable quantitative measures for improving 
rehabilitation outcomes. Consequently, closed-loop wearable FES systems that integrate real-time 
wearable EMG and kinematic feedback are expected to enhance recovery of lower-limb motor 
function. In addition, these systems may incorporate other neural measurements, such as wearable 
EEG, to further engage the neural plasticity of the human central nervous system. Looking ahead, 
future research may explore how these advanced FES paradigms can not only transcend 
rehabilitation but also improve motor capabilities in the aging population and reveal new insights 
into motor learning.
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Status
The field of wearable health monitors and diagnostic tools has seen significant growth in recent 
years, marking a transformative period in healthcare technology [1]. This surge is particularly 
notable in the cancer detection and monitoring critical health parameters [2].

Traditional screening methods are being refined for better efficiency and accessibility [3]. 
Simultaneously, there is a shift towards developing novel, non-invasive wearable devices [4]. These 
new technologies aim to supplement them, not replace the existing methods, making preliminary 
health screenings more accessible to diverse populations [5].

Wearable health monitors are evolving from standalone devices to integrated, textile-based 
systems. These systems can track a wide range of health parameters, including heart rate, blood 
glucose levels, pulse, and respiratory rate [6], [7]. Integration these capabilities into comfortable, 
wearable formats allows for seamless daily health monitoring. This evolution reflects broader 
advances in device integration strategies, ranging from on-skin and non-planar electronics to fully 
textile-integrated and structurally embedded systems, as illustrated in Figure 11.

A key advantage of these wearable technologies is their ability to provide continuous monitoring. 
This facilitates early detection of anomalies in vital signs and enables timely intervention by 
healthcare providers [8]. In addition, the Internet connectivity of these devices opens new 
possibilities for telemedicine and remote patient monitoring, applicable in various settings from 
home care to intensive care units [9].

The potential impact of these technologies extends beyond monitoring. They are poised to play an 
important role in advancing personalised medicine and preventive healthcare. For example, 
wearable sensors could autonomously regulate drug delivery based on real-time physiological data 
[10]. In preventive care, these devices could detect early diseases indicators, such as glucose levels 
fluctuations in diabetic patients, preventing potential complications [11]. Representative examples 
of fully integrated, non-invasive wearable diagnostic systems—such as electrochemical biosensors 
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for biofluid analysis—demonstrate the feasibility of continuous biochemical monitoring in wearable 
formats (Figure 12).

Wearable health monitors and diagnostic tools are poised to revolutionise healthcare. These devices 
have the potential to transform how we manage our health and prevent diseases, offering exciting 
possibilities from early disease detection to personalised treatment plans. 

Current and Future Challenges
The promising field of wearable health monitors and diagnostic tools presents several critical 
challenges that must be addressed to fully harness their full potential in healthcare. A primary issue 
is the limited diagnostic performance of current technologies. For example, numerous studies on 
wearable cancer detection devices rely on small patient cohorts or artificial models, which may not 
accurately represent the diverse tissue compositions and tumor characteristics found in real-world 
populations [12]. This lack of comprehensive clinical data impedes the development of reliable 
diagnostic algorithms.

The psychological impact of continuous health monitoring on users remains largely unexplored. 
There is particular concern regarding the stress induced by false positives, which could lead to 
unnecessary anxiety and medical interventions [3]. From a technical perspective, the durability and 
washability of wearable monitors present pose substantial challenges, particularly for textile-based 
devices [13].

Noise interference is another significant challenge, as these monitors are susceptible to mechanical 
and environmental disturbances that can compromise reading accuracy [14]. Ensuring comfort and 
flexibility for long-term wear necessitates advancements in materials science and design 
engineering. Power supply remains a critical issue, requiring innovative solutions such as long-lasting 
batteries or energy-harvesting technologies [15].

Ensuring the accuracy of collected data and developing reliable interpretation methods are ongoing 
challenges. As these devices generate vast amounts of health data, creating robust algorithms for 
analysis and interpretation is crucial for effective clinical decision-making.

Finally, validation against gold standards presents significant challenges, particularly when these 
standards are either unavailable or unreliable. For example, the gold standard for measuring 

Figure 11.  Device integration. (I) On-skin electronics (e-skin device). (II) Nanowire FET pressure sensing array on a 
robotic hand. Flexible and stretchable electronics embedded on textile for vital signs monitoring (e-textile). Laser direct 
structuring of 3D-Molded interconnect devices (3D-MID). (V) In-mold electronics (IME) demonstrator developed in the 
framework of the Molded Electronics project by DTx, Celoplás, Bosch, PIEP, Minho University, Simoldes and INL 
consortium. (VI) 3D printed embedded electronic devices created by Nanodimension® LDMTM technology. Figure 11 
Adapted from  [11]. 
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respiration—manual counting—is highly subjective and less reliable due to its dependence on the 
healthcare professional’s accuracy. Discrepancies between the algorithms of two wearables 
measuring the same physiological parameter further complicate validation, as they may yield 
different outcomes that are difficult to compare. In addition, the lack of a clearly defined acceptable 
variability from the gold standard complicates the assessment of wearables’ accuracy for clinical use.

Addressing these challenges will necessitate interdisciplinary collaboration among engineers, 
clinicians, data scientists, and human factors experts. Overcoming these hurdles is essential to 
unlocking the full potential of wearable health monitors and diagnostic tools, thereby revolutionising 
healthcare delivery and improving patient outcomes.

Advances in Science and Technology to Meet Challenges
Recent advancements in science and technology are addressing many of the challenges faced by 
wearable health monitors and diagnostic tools. Significant progress has been made in sensor 
technology, with improvements in spatial resolution and sensitivity such as enabling the detection of 
tumors as small as 5 to 9mm in diameter [16]. This enhanced capability represents a substantial 
advancement in early disease detection.

In the realm of data processing, evolving machine learning algorithms are revolutionising the 
interpretation of complex biosignals (e.g. biopotential). These algorithms are becoming increasingly 
proficient at distinguishing between benign and malignant growths, thereby enhancing diagnostic 
accuracy [17]. Furthermore, researchers are exploring multi-modal sensing approaches, such as 
combining thermal imaging with bioimpedance measurements, to reduce false positives and 
enhance overall diagnostic precision [18]. 

To address the challenges of comfort and durability, innovative manufacturing techniques are being 
developed. These include laminating sensors onto textiles, employing encapsulation techniques, and 
utilising water-resistant materials. The integration of flexible electronics and conductive threads into 
garments is also showing promise in creating more comfortable and washable wearable devices [19], 
[20].

Energy supply concerns are being tackled through advancements in power management and energy 
harvesting. For instance, researchers have developed a stretchable, wearable hybrid supercapacitor-
biofuel cell system that can scavenge biochemical energy from sweat [21]. This technology offers a 
potential solution for sustainable power in wearable electronics.

In the field of smart textiles, materials combining coaxial fibres and piezoelectric polymers are 
demonstrating enhanced comfort and functionality. These materials offer flexibility, breathability, 
and mechanical stability, making them suitable for long-term wear in healthcare applications. 
Importantly, some of these materials maintain or even improve their voltage generation capabilities 
after washing, addressing the crucial issue of durability [3]. 

As we move towards more personalised medicine, researchers are working on textiles capable of not 
only monitoring but also adjusting treatments in real-time based on a patient's physiological data 
[22]. This development represents a significant step towards truly adaptive and personalized 
healthcare solutions.
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Concluding Remarks
Wearable health monitors and diagnostic tools are poised to revolutionize healthcare. These devices 
offer the potential for continuous health tracking, early disease detection, and the development of 
personalized treatment plans. However, to fully leverage their capabilities, it is essential to address 
the technical, medical, and ethical challenges associated with their clinical implementation. 

Beyond the technological advancements, it is crucial to consider the human factors involved in 
adopting these devices. User acceptance, data privacy, and the potential for health anxiety are 
critical considerations that warrant further research. Additionally, integrating wearable health 
monitors with existing healthcare infrastructure presents both opportunities and challenges that 
must be navigated.

Looking ahead, the continued evolution of wearable health technologies will likely lead to more 
sophisticated, multi-functional devices capable of providing comprehensive health insights. Realizing 
this potential will require ongoing interdisciplinary collaboration among engineers, clinicians, data 
scientists, and ethicists. By overcoming current challenges and capitalizing on emerging 
opportunities, wearable health devices could play a pivotal role in advancing personalized and 
preventive healthcare.

Figure 12.  A fully integrated electrochemical biosensor for non-invasive in situ analysis of biofluids. (a) An image and a 
schematic illustration of a fully integrated potentiometric biosensor, consisting of Ca 2+, pH, and temperature sensors 
patterned on PET substrate (b) Performance test results of Ca 2+ sensors: ion-selectivity and reproducibility (n = 6). 
Copyright 2016, American Chemical Society [23]
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Section 4: Applications in Fitness and Lifestyle

4.1 - Wearable fitness trackers and performance monitors
Carlo Massaroni1, Emiliano Schena1,2
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Status
Fitness trackers have become integral companions in our quest to monitor health, transforming how 
we keep information on our well-being. The first example of a fitness tracker was designed in 1780 
when Swiss watchmaker Abraham-Louis Perrelet crafted an early version of the pedometer [1]. Fast 
forward to the 1960s, Dr. Yoshiro Hatano, concerned about the health of the Japanese population, 
created a novel version of a wearable pedometer aiming to address rising obesity rates [2].
Modern fitness trackers are far more advanced than their predecessors. Designed to monitor various 
aspects of health and activity, these devices provide valuable insights into body movement activities 
and help improve the user's overall fitness. They can take various forms, from wristbands to rings 
and even insoles, and fit comfortably on different body parts (see Figure 13).

Modern trackers integrate multiple sensing modalities (e.g., accelerometers, optical sensors, 
occasionally electrodes and temperature sensors) and advanced signal processing, providing 
continuous measurements of physical activity, heart rate (HR), heart rate variability (HRV), sleep, 
and “readiness” or “recovery” [3], [4], [5], [6], [7], [8], [9]. As a result, these systems are no longer 
used only to track basic activity levels but to support broader goals related to health, performance, 
and well-being.

SMART CLOTHES

WRISTBANDS

SMART NECKLACES

SMART RINGS

SMART GLASSES

SMART INSOLES / SHOES

SMART BELTS

RR, HR, HRV, temperature, 
steps, calories, stress

RR, HR, HRV, spO2, temperature,
steps, calories, sleep variables, stress

steps, calories, 
walking parameters

RR, HR, steps, calories,
walking parameters

RR, HR, HRV, spO2, temperature, 
steps, calories, stress, sleep variables

HR, HRV, spO2, temperature, steps, 
calories, sleep variables, stress

HR, HRV, spO2, steps, calories, 
stress

Sports and performance optimization

Sleep tracking and recovery

Stress and emotion monitoring

Lifestyle and wellness

Application domains

Figure 13.  Measurable or estimated parameters on the human body and their detection methods, categorized by body region and the 
physiological systems to which the signals pertain and main application domains.
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From an application perspective, four main domains can be identified: (i) sports and performance 
optimization, (ii) sleep tracking and recovery, (iii) stress and emotion monitoring, and (iv) lifestyle 
and wellness. In the following, we summarize representative use cases and quantitative outcomes in 
each domain, emphasizing how technological capabilities translate into measurable benefits for 
users.

In sports and performance optimization, wearable fitness trackers are primarily used to guide 
exercise prescription and prevent overtraining. Key physiological metrics in sport performance 
include heart rate (HR), heart rate variability (HRV), energy expenditure, and maximal oxygen uptake 
(VO₂max). Commercial wearables like Apple Watch, Fitbit, Garmin, Whoop, and others claim to track 
these. At rest and light exercise, wrist wearables generally track HR well (mean absolute error often 
<2 bpm; MAPE <10%) [10]. A validation in young and older adults found that Garmin wrist band had 
MAPE in the range 3.8%-4.7% and a Xiaomi band 6.0-7.7%, with high concordance (0.80–0.92) 
against a Polar ECG chest strap [11]. During moderate treadmill running, devices like Apple Watch 
Series 3 and Fitbit Ionic showed excellent agreement with ECG (Lin’s concordance 0.93–0.96), with 
trivial bias (Apple Watch mean bias +0.5 bpm) and tight limits of agreement (±5 bpm) [11], [12]. 
Energy expenditure estimates typically rely on proprietary algorithms (often combining HR, motion, 
and user profile data) and frequently exhibit larger errors than HR estimates. Systematic reviews 
indicate that no current brand consistently stays within ±3% of true energy expenditure for most 
activities [13]. Fitness trackers tend to underestimate calories at lower intensities and overestimate 
at higher intensities; typical errors on exercise energy expenditure are on the order of 20%-30% or 
more [10]. 

Some watches (e.g., Garmin, Apple) estimate VO₂max from user data and exercise metrics. 
Validation studies show moderate agreement but notable errors. A 2024 lab study of Apple Watch 
Series 7 found the watch’s VO₂max estimates were significantly lower than laboratory VO₂max 
(mean 41.4 mL/kg/min vs 45.9 mL/kg/min, 10% underestimation), with estimates tending to 
overestimate VO₂max for low-fit individuals and underestimate for very fit individuals, a pattern also 
noted for other brands [14].

In sleep tracking and recovery, consumer wearables typically combine accelerometer signals with 
HR/HRV features to estimate sleep–wake patterns, sleep duration, and, in some cases, sleep stages. 
Gold standard sleep measurement is laboratory polysomnography (PSG). Validations, therefore, 
compare wearables to PSG (often also against clinical-grade actigraphy for context). Recent studies 
have tested popular devices for sleep staging and duration. A 2021 evaluation of seven consumer 
sleep trackers (including Apple Watch, Oura Ring, Fitbit, Garmin, and others) showed that they 
detect overall sleep versus wake fairly well, with approximately 86%–94% agreement with PSG for 
classifying epochs as “sleep” or “wake” [11]. 

Regarding the sleep stage classification, accuracy drops markedly. Deep and REM sleep in particular 
are. One device (Garmin) misclassified 61% of true deep sleep (N3) as lighter stages, and REM is 
commonly misclassified as light sleep or wake by many wearables [11]. The Oura Ring showed the 
highest agreement with PSG on sleep stage proportions in some studies (owing to using HRV and 
other signals in addition to motion) [15].
Fitness wearables often provide a “recovery” or “readiness” score each morning, which is largely 
based on nocturnal HRV, resting HR, and sleep quality. For this reason, the devices are typically 
tested for HRV estimation accuracy against an ECG device. The majority of wearables’ HRV correlates 
well with ECG, with Apple Watch underestimating HRV (RMSSD) by an average of 9.6 ms, with 
absolute bias of 22.5 ms, and intraclass correlation of 0.67 [11]. Overall, most devices showed a 
tendency to underestimate absolute HRV (e.g., lower SDNN or rMSSD values than ECG) but with 
small biases, except at higher HRV ranges where some proportional bias appeared.
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Recent advances in AI-driven analytics and large language models (LLMs) are beginning to reshape 
how sleep-related signals from wearables are interpreted and translated into personalised guidance. 
A prominent example is the use of personal health large language models for sleep and fitness 
coaching capable of integrating multi-night wearable data, behavioural patterns, and contextual user 
information to deliver tailored recommendations and adaptive feedback loops [16] .

In the domain of stress and emotion monitoring, fitness trackers promise to monitor stress by 
sensing physiological proxies of emotional arousal. Key parameters here are heart rate variability 
(HRV) (lower HRV is associated with higher stress via autonomic activation) and sometimes 
electrodermal activity (EDA) or skin conductance (which rises with sweat gland activity during 
stress). A few devices incorporate these: e.g., Fitbit’s Sense/Charge 5 have an EDA palm sensor, 
Garmin and Apple use HRV-derived “stress scores”, etc. Gold standard stress measures can be 
psychological questionnaires, cortisol levels, or lab stress test protocols. In real-world settings the 
correlation between wearable metrics and perceived stress is weak. A large 2022 study tracked 657 
workers over 8 weeks, with participants wearing a popular fitness tracker and reporting their stress 
levels multiple times a day [17]. Even the best-performing HRV measures (e.g., low-frequency/high-
frequency power ratio) gave marginal predictive value for momentary stress levels. As for device-
specific stress scores, Garmin’s and others compute a stress index (often scaled 0–100) from HRV 
short-term fluctuations. Independent validation of these scores is sparse. One recent analysis found 
Garmin’s stress score correlated with HRV from ECG in lab tests [18]. Emotion recognition beyond 
generic “stress” (e.g., detecting happiness, sadness) is outside the scope of most fitness trackers. 
Some research-grade wearables (e.g., Empatica E4) combine signals to classify stress vs calm with 
80–90% accuracy in lab settings [19], but those results degrade in daily life.

Finally, in the lifestyle and wellness domain, wearable trackers are employed to promote physical 
activity, reduce sedentary behaviour, and support long-term adherence to healthy habits in both 
healthy individuals and people living with chronic conditions. This domain includes everyday health 
metrics such as daily step count, distance, floors climbed, resting heart rate, blood oxygen saturation 
(SpO₂), and even blood pressure in newer devices. Wearables are generally quite accurate in 
counting steps in typical free-living conditions. Multiple validation studies (2015–2020) found that 
numerous commercially available devices tend to be within 5% of actual steps for ambulatory adults 
under normal walking speeds [20]. Overall, daily step totals from modern trackers correlate very 
strongly with manual step counts or research-grade pedometers (often r>0.95). In clinical 
populations or older adults with irregular gait, errors can be larger, but devices like Fitbit and 
Actigraph still showed good agreement in many studies (within 5% in hospital settings for most 
patients). Thus, for general activity monitoring and step-count goals, commercial trackers are 
considered sufficiently valid [10]. 

Many recent wearables (Apple Watch Series 6/7+, Garmin, Fitbit Sense/Charge, Withings, etc.) 
include pulse oximetry sensors. Validation against medical-grade finger pulse oximeters shows 
mixed but promising results. In general, devices also show high accuracy in normoxia (within 2–3%), 
but reduced accuracy in hypoxia (sometimes missing readings or showing bigger deviations) [21]. 
Overall, wearable SpO₂ is suitable for wellness (spot-checking oxygen during sleep or altitude), and 
studies conclude devices like Apple Watch do not differ significantly from medical pulse-oximeters 
under stable conditions [22].

Blood pressure tracking is the new frontier for fitness trackers. Traditional cuffs are gold standard 
(auscultatory or oscillometric). A few wrist-worn devices have achieved validation: the Omron 
HeartGuide is FDA-approved and meets the ISO standard, with mean differences under 5 mmHg 
from a standard cuff in clinical testing. However, it requires the user to sit and press a button to 
inflate the strap. Newer approaches use pulse wave analysis via PPG sensors. For instance, Aktiia is a 
cuffless optical bracelet that earned CE certification in Europe. In a controlled trial, Aktiia met 
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accuracy requirements in a seated resting position (comparable to standard cuff BP) [23]. However, 
studies have found that its readings can drift or become unreliable during daily activities and non-
sitting postures [24]. 

Despite the growing popularity of fitness trackers, focusing on their primary goal is essential: helping 
users optimize their health, wellness, and even aspects of medical care. However, it is crucial to 
understand that these devices typically estimate health and wellness variables rather than providing 
medical-grade insights. Many users, especially those with specific health conditions, may have 
difficulty distinguishing between these two types of data (i.e., measured and estimated) and 
understanding the limitations of their fitness devices, especially related to some physiological 
variables (i.e., blood pressure). Regarding physical activity, even if counted steps may not be 
considered a direct medical use of fitness tracker technologies, monitoring health and wellness data 
can have indirect benefits. In one retrospective analysis of a six-month weight loss study using Fitbit 
monitors, participants who took more steps per day and engaged in at least 60 minutes of high-
intensity exercise experienced significant weight loss. Interestingly, overweight and obese 
individuals in the study saw more significant improvements when they used these devices to track 
their daily steps and exercise intensity [25]. So, by enabling users to monitor their health goals, 
fitness trackers may contribute to improved overall well-being, potentially leading to positive health 
outcomes.

Current and Future Challenges
Despite the progress, wearable fitness trackers and performance monitors face several significant 
challenges that must be addressed to realize their full potential. 
One of the primary issues is the accuracy and reliability of the data collected. Some variables 
retrieved from fitness trackers are measured as the number of steps, heart rate, spO2, and skin 
temperature. In this case, an established measurement method for that specific parameter requires 
a sensor designed for the task. For example, heart rate monitoring in wrist-worn fitness trackers 
typically relies on photoplethysmography (PPG) sensors, which are widely recognized for their ability 
to detect blood volume changes through light absorption [26]. Similarly, SpO2 levels are measured 
using pulse oximetry, which calculates blood oxygen saturation based on the differential absorption 
of red and infrared light by oxygenated and deoxygenated haemoglobin [27].
Conversely, other relevant physiological variables are still not robustly captured by consumer 
wearables. A notable example is respiratory rate (RR), which represents a fundamental vital sign 
with strong clinical significance[28]: changes in RR are among the earliest indicators of physiological 
deterioration, respiratory distress, and metabolic imbalance in clinical settings [29], and several 
studies have demonstrated that RR abnormalities can be predictive not only of impending clinical 
deterioration in patients, but also of excessive cardiorespiratory strain in occupational scenarios 
(e.g., workers exposed to high physical and thermal loads [30]) and of inadequate recovery or 
overreaching in athletes and physically active individuals [31]. Despite this importance, RR is rarely 
provided as a primary output in fitness trackers. This limits its interpretability and reduces its 
potential usefulness for detecting early signs of fatigue, cardiorespiratory stress, or changes in 
recovery status during real-world activities.
Other variables provided by fitness trackers are not measured but estimated. Estimations vary in 
complexity, ranging from well-established methods as the one used to calculate the maximal heart 
rate with Fox & Haskell, Tanaka, and Gellish formulas considering age-based calculation [32], to 
more complicated estimations as the one used to estimate blood pressure or sleep stages based on 
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heart rate variability, movement, temperature and circadian features with machine learning 
algorithms and sensor fusion techniques [11]. To obtain a truly accurate measurement of sleep 
stages, it requires monitoring more detailed physiological signals, such as brain waves (EEG), eye 
movement (EOG), and muscle activity (EMG), which are captured through polysomnography (PSG) in 
sleep labs. Wearable devices worn on the wrist or finger offer estimates of sleep stages but cannot 
track these critical variables directly. Instead, they rely on surrogate markers like heart rate 
variability, movement, and sometimes skin temperature to infer sleep stages, which may introduce 
some inaccuracies, especially when distinguishing between REM and deep sleep [33].
The measurement scenario also has an essential impact on the accuracy of estimations and their 
interpretability, which is sometimes neglected by end-users. For example, PPG sensors used to 
calculate heart rate wristbands are exposed to rapid movements during high-intensity workouts, 
which can strongly affect the measurement and related estimations. Some wristbands that lack an 
accelerometer cannot reliably monitor heart rate during intense exercise; accelerometers play a 
critical role in stabilizing the heart rate signal by accounting for motion artifacts. Although this issue 
may seem less significant during static activities, its impact can result in inaccurate data during 
physical exercise. Similarly, PPG sensors are less accurate when measuring rapid changes in heart 
rate, such as those captured by a single-lead ECG at the onset of running or cycling. During these 
activities, a decrease in total peripheral resistance can mask variations in pulse pressure, which, in 
turn, impedes the sensor's ability to accurately detect the blood pulse [23]. Similarly, certified 
trackers for blood pressure estimation based on PPG measurement (i.e., Aktiia Bracelet) even 
demonstrated accurate according to the ISO81060-2 in the sitting position, may provide inaccurate 
values during daily activities and other positions [24]. 

Advances in Science and Technology to Meet Challenges
Addressing the challenges facing wearable fitness trackers and performance monitors will require 
significant advances in several areas of science and technology. First, improving sensor technology is 
crucial. 
Thanks to the research in the miniaturization of sensors and novel sensing elements, we expect to 
achieve more and more measurements instead of estimates of vital parameters soon. One notable 
example could be blood pressure measurement through the oscillometric method with sensors and 
elements of the measurement chain integrated into a smartwatch and its strap, as recently 
presented in Omron HeartGuide.
Looking at the measurable parameters, tracking sweat in fitness trackers could gain importance 
because sweat provides valuable insights into several aspects of a person's health and fitness. Yet, 
for unclear reasons, sweat-related parameters have to be fully incorporated into commercial 
products available to end-users. Sweat rate and composition can help estimate hydration levels 
better than now. And this hydration may give new insights into users' performance since it 
correlates to the risk of heat-related illnesses and cognitive function. Moreover, the amount of 
sweat produced connects with exercise intensity and duration. By tracking sweat rate, fitness 
trackers can estimate more accurately than now the effort exerted during a workout, offering a 
more comprehensive measure of calorie expenditure and workout effectiveness. Emerging 
technologies aim to track biomarkers available in the sweat like cortisol, glucose, and other 
indicators that could provide early warnings of health conditions such as diabetes or chronic stress.
Finally, integrating wearable devices into broader healthcare ecosystems will require advances in 
interoperability and standardization. Devices must be able to communicate seamlessly with other 
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health monitoring systems and electronic health records to provide a widespread view of a user's 
health. This will also require collaboration between device manufacturers, healthcare providers, and 
regulatory bodies to establish common standards and protocols.

Concluding Remarks
Fitness trackers have transformed how health is monitored and tracked, providing real-time data on 
physical activity and wellness. Despite significant technological advancements, these devices still 
face challenges with data accuracy and reliability. Many measurements rely on indirect 
measurement methods, which can introduce errors, particularly during intense physical activity. 
Despite this, it is uncommon for the manufacturing company to state data on measurement 
accuracy that might guide a more informed choice about the specific fitness tracker's use. 
The future of fitness trackers will require more advanced, less intrusive, and more accurate sensors 
capable of providing detailed measurements of physiological variables like sweat, which can reveal 
important insights into hydration, stress, and metabolism.
Another critical challenge will be integrating these devices into broader healthcare systems, allowing 
seamless communication with electronic health records and other monitoring tools. Technology 
standardization and collaboration between manufacturers, healthcare providers, and regulatory 
bodies will be essential to fully harnessing these devices' potential.
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4.2 - Innovative applications of smart wearable and textile PPG 
technology in fitness and lifestyle
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Status
Photoplethysmography (PPG) has become a foundational non-invasive optical sensing technique 
within both clinical and consumer health technologies. Initially developed for the measurement of 
heart rate, arterial oxygen saturation, and vascular function in controlled medical environments, PPG 
has subsequently been adopted across a broad spectrum of fitness, sports performance, and lifestyle 
applications [1,2]. This transition has been driven by the increasing demand for continuous, real-
time physiological monitoring, particularly in ambulatory and everyday settings.

The integration of PPG sensors into contemporary wearable devices, including wrist-worn monitors, 
ear-mounted sensors, and textile-embedded systems, has expanded the technology’s utility beyond 
its original medical scope. Although many commercial systems rely on proprietary hardware designs 
and closed-loop algorithms, the intrinsic adaptability of PPG to dynamic, uncontrolled conditions 
remains a central advantage. This adaptability enables manufacturers to develop activity-specific 
signal-processing and validation frameworks for domains such as endurance running, cycling, 
resistance training, and high-intensity interval exercise [2,3].

Beyond the traditional parameters of heart rate and heart rate variability (HRV), PPG now supports a 
diverse range of advanced physiological and performance-related metrics. One key domain of 
application is aerobic performance assessment, where PPG-derived features are increasingly 
employed to estimate oxygen consumption (VO₂) and maximal oxygen uptake (VO₂max). These 
metrics are central indicators of aerobic capacity and endurance. Although current wearable devices 
do not yet achieve clinical-grade precision, many demonstrate population-level accuracy within 5–
15% error, making them suitable for recreational performance assessment and longitudinal training 
analysis [3–5].

PPG also contributes significantly to energy-expenditure estimation. When PPG-derived heart rate 
data are combined with accelerometery, the accuracy of calorie-burn calculations improves 
substantially. Empirical studies indicate that incorporating cardiac signals such as PPG and ECG 
reduces estimation error by approximately 20–40% in comparison with accelerometery-only models, 
thereby enhancing the reliability of energy-balance assessments within fitness and lifestyle contexts 
[4]. This improvement is particularly relevant for weight-management applications and personalized 
training programs.

Another important area of application is the monitoring of cardiac effort and training load. 
Continuous PPG measurement enables real-time quantification of cardiovascular strain during 
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exercise. Metrics such as heart-rate zone distribution, internal training load, and cardiovascular 
efficiency provide athletes with evidence-based guidance on optimizing workout intensity, 
structuring periodization, and managing recovery. These capabilities have made PPG a central tool in 
sports-performance platforms aimed at improving training precision [6,7].

PPG is equally valuable in consumer health monitoring, particularly in the domains of sleep analysis, 
autonomic regulation, and recovery assessment. Multi-hour nocturnal PPG recordings serve as the 
basis for estimating sleep stages, nighttime HRV, and indices of autonomic balance. Such metrics 
underpin the recovery and readiness scores that are widely used in both lifestyle and athletic 
applications to track overall physiological resilience and daily preparedness [8,9].

Novel applications further demonstrate the clinical potential of PPG. The technology is explored for 
preliminary detection of arrhythmias, hypertensive tendencies, and fluctuations in blood-oxygen 
saturation associated with sleep-disordered breathing. These developments align with current 
trends on remote physiological monitoring, where PPG serves as a scalable and cost-efficient 
complement to traditional clinical diagnostic pathways [5,10,11].

The grouping of these measurement capabilities within a single wearable platform highlights the 
versatility of PPG as both a consumer-facing and clinically adjacent sensing technology. As health-
care systems continue to prioritize decentralized and continuous monitoring strategies, PPG is 
positioned as a central technology at the intersection of personal wellness, athletic performance 
optimization, and chronic-disease management. The aim of this subsection is therefore to provide a 
comprehensive overview of the evolution, application domains, and technological significance of 
PPG within modern smart wearables, enabling informed decision-making regarding its selection, 
deployment, and evaluation [3–11].

Current and Future Challenges
PPG technology has advanced significantly but still faces challenges, particularly in extracting 
accurate and reliable signals from peripheral areas like wrists, biceps, calves, and ankles. These 
regions, with low tissue microvascular density, are prone to motion artifacts and issues such as 
perspiration, which can compromise signal quality. Physical activity exacerbates these problems, 
leading to decreased accuracy and reliability of the captured data. [12,13].

Integrating different modules such as wireless transmission and accelerometers with optimized LED-
photodiode configurations and PPG photodiodes is crucial for improving the accuracy of vascular 
signal detection. Accelerometers measure body movement, while strategic placement of LED-
photodiodes enhances vascular signal capture. This integration helps address motion artifacts, 
particularly during intense activities like running or cycling. However, challenges persist, especially in 
developing algorithms to accurately differentiate between genuine cardiovascular signals and 
motion-induced noise. Current motion-compensation techniques are often imprecise, indicating a 
need for more advanced sensor fusion and adaptive machine learning algorithms that can effectively 
manage varying motion intensities and body locations. [14-17].

Advances in Science and Technology to Meet Challenges
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PPG technology still faces major challenges in fitness, health monitoring, and sports applications, 
particularly due to motion artifacts and low-tissue-density regions such as the wrist and ankle. 
Improving accuracy and reliability will require advances in both hardware and software, including 
better probe-tissue pressure control, pressure-sensitive designs, and noise-classification algorithms, 
all of which are active areas of industrial innovation [18–20]. A key development in this effort is the 
optimisation of analogue front-end (AFE) systems, which play a central role in early signal acquisition 
and conditioning. Well-designed AFEs enable more precise PPG signal extraction in difficult 
measurement conditions, and commercial solutions such as Osram’s vital sign monitoring product 
line illustrate viable alternatives [19].
In parallel, wireless communication technologies are becoming essential to modern PPG devices. 
Standards such as Bluetooth Low Energy (BLE) support efficient data transfer for daily monitoring, 
while robust error-correction improves the reliability of transmitted signals. Long-distance PPG 
monitoring is also growing in importance, particularly in remote healthcare and fitness applications. 
To meet these demands, devices increasingly integrate advanced telecommunication protocols such 
as 4G and 5G, which deliver high bandwidth, low latency, and real-time transmission of large health 
datasets.

Concluding Remarks
Photoplethysmography (PPG) has become a key non-invasive optical technology for fitness and 
lifestyle monitoring, widely adopted in consumer-grade wearables. To unlock its full potential, 
improvements in sensor performance, motion artifact compensation, and integration with 
accelerometers with advanced LED-photodiode setups are needed. The miniaturization of wearables 
also demands more efficient data sampling and processing techniques. Future advancements will 
focus on developing robust motion and noise resistant sensing devices, AFE systems, secure 
broadband communication protocols, and enhanced data security through encryption. These 
innovations will ensure PPG's role as a cornerstone technology for preventative healthcare, fitness 
tracking, and remote care, improving signal reliability, motion compensation, and user trust.
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Section 5: Materials and Manufacturing for Wearables

5.1 - Conducting Polymers: Revolutionizing Flexible and 
Sustainable Wearable Sensors

Nazmi Alsaafeen, Bushara Fatima, Charalampos Pitsalidis, Anna Maria Pappa, 
Khalifa University of Science and Technology
[anna.pappa@ku.ac.ae, charalampos.pitsalidis@ku.ac.ae]

Status
With the rapid transition into a more digitized and connected world through the Internet of Things 
(IoT) and the increased focus on providing more personalized and continuous healthcare and fitness 
monitoring, the demand for reliable and in-obtrusive wearable sensors is increasing substantially to 
improve data collection, efficiency, and decision-making process in healthcare. While signal 
processing technologies have made strides, materials advancements have yet to be adopted.  The 
2000 Chemistry Nobel Prize awarded discovery of a new class of materials, namely conducting 
polymers (CPs), in 1977 by Shirakawa, Heeger, and MacDiarmid [1] revolutionized material science 
with numerous new commercial applications in electronics. CPs are made from conjugated polymer 
chains where an intricate coupling between the structural and charge dynamics through alternating 
single and double bonds creates a backbone that provides a robust and flexible structure 
accompanied by a system of delocalized π-electrons enhancing charge mobility and resulting in high 
electrical conductivity similar to that of metals [2]. Their tuneable electronic properties, literal 
flexibility and versatility in processing, has sparked systematic studies on their properties [2], 
processing [3], applications [4], as well as on the de novo synthesis of new materials to-the-purpose 
[5]. CPs can be specifically designed to adapt and conform to various surface types [6]. Films, 
hydrogels, fibrous matrices, and scaffold architectures are just some examples of their potential 
form factors, accommodating a wide range of devices in healthcare, fitness, and protective wear 
applications. Their easy-to-tune electrical properties via doping and de-doping of the polymer and 
their high sensitivity/ affinity for ionic molecules opens new avenues for biological sensing for 
example for detecting metabolites from sweat, [8] offering a non-invasive way of monitoring an 
individual’s health. In addition, their cost-effectiveness and low environmental impact compared to 
their inorganic counterparts make them highly desirable in renewable energy and green electronics. 
As such, wearables have adopted CP materials in their “blueprints”. One of CPs’s key contributions 
to wearable electronics is their “seamless” interfacing resulting in improvements in signal stability 
between electrodes and human tissue (see Figure 14). This improves signal-to-noise ratio while 
minimizing artifacts, ensuring higher fidelity recordings which are crucial for real-time health 
monitoring. [7] CPs have also demonstrated applications in energy harvesting devices holding 
promise toward autonomous, self-powered sensors. [9] By integrating all these capabilities, CP-
based wearable sensors are sought to contribute to the expansive IoT infrastructure that connects 
people, machines, and environments more efficiently and sustainably. [10]
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Current and Future Challenges
Integrating CPs into wearable sensors technology is indeed promising, however it still faces several 
challenges. For example, the trade-off between electrical conductivity and mechanical properties is 
one of the most critical issues. Specifically, when CPs are engineered for better flexibility and 
conformability, their sensing or signal transmission capabilities tend to degrade due to the loss of 
their conducting nature. In addition, achieving long-term operational and performance stability in 
real-world environments remains a great challenge, as CP electronic materials can be sensitive to 
humidity, light, and temperature variations. Although CP-based sensors can be processed in a more 
sustainable fashion than traditional counterpart components, they lack biodegradability by nature, 
thus posing environmental risks, especially for short-lifecycle devices and high-volume production. 
Specifically, in biomedical applications, CP materials such as polyaniline, polypyrrole, and poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate derivatives have demonstrated promising 
biocompatibility characteristics. However, depending on the material and the involved human 
tissue, more tests are required to ensure safety and compliance. In addition, due to the synthetic 
complexity of conducting polymers, chemical modifications, and associated variations may reiterate 
further validation procedures. Nevertheless, as more knowledge is built on CPs, they may likely lead 
to FDA-approved applications. While scientists have made tremendous progress in the synthesis and 
engineering of CPs (i.e., side-chain engineering, co-polymerization), the plethora of promising 
candidate compounds presents a unique challenge itself. Each CP variation can yield different 
electrical, mechanical, or chemical properties, broadening the spectrum of potential applications. 
However, this diversity also makes it difficult to devote adequate research and resources to every 
candidate. The time and cost required for sufficient testing and optimization of each compound are 
substantial and become rather impractical. In addition, newly synthesized CPs are typically produced 
in small amounts, often resulting in batch-to-batch variations, which may delay or even discourage 

Figure 14.  Schematic illustration depicting the integration of conducting polymers in human-electronics interface sensors and energy 
harvesting devices for wearable electronics applications.
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their transfer to real-world sensors. Future wearable devices are also expected to be autonomous 
and able to harvest energy from the user or through interactions with the environment while 
performing complex sensing tasks. Although there have been studies focused on self-powered CP-
based devices [9], achieving the multifunctionality needed for wearable applications is still difficult. 
Moreover, the synergy between CPs and clothing materials should support dynamic interaction with 
the body's movements without compromising signal integrity. Finally, integrating CP-based 
wearables sensors into the broader IoT ecosystem requires overcoming issues related to data 
transmission and security. 

Advances in Science and Technology to Meet Challenges
Advances in materials design and synthesis hold promise for next-generation wearables. Solution 
processing and in situ polymerization of polymers eases fabrication in various types of wearable 
devices, for example patch, strap, tattoo and hydrogel. Along these lines, better understanding the 
intricate balance between ionic permeability and electronic charge transport will allow informed 
design of materials with tuneable iono-electronic behaviour that could fit the intended application. 
[11] This, solves the one-material-fits-all bottleneck that currently obstructs the field of organic 
electronics. Previous breakthroughs in wearable electronics have largely been driven by strain 
engineering and nanocomposite techniques in order to infer the desired stretchability. Pathways to 
creating naturally stretchable CPs could lead to the use of simpler processing methods, such as 
printing and additive manufacturing, resulting in more resilient and conformable devices [12]. 
Overcoming the stability and durability aspect, advances in copolymerization of CPs have yielded 
homogenous, semicrystalline and redox-active thin films that are chemically and physically resistant, 
thus compatible with back-end-of-line conditions facilitating scaling up and integration with 
conventional electronics. Indeed, the presence of a semiconducting bulk allows modulation and 
control of the charges, promoting power-efficient switchable transistors for bio-signal amplification. 
Sweat analytes can be detected by harnessing the inherent amplification properties and ion 
affinity/permeability of CPs- based devices. Advances in this area include sweat ion detection [13] as 
well as metabolite detection combined with electricity generation through triboelectric effects 
during biomechanical motion.[14] For applications such as tactile sensing or stress-strain sensing, 
[15] the use of CP/polymer or CP/nanomaterial composites can enhance recorded signals, as well as 
their ability to take various form factors, including films, fibers, nanorods, sponges, foams, aerogels 
and textiles.[16] Furthermore, conformal and nanostructured CP alongside advances in their 
adhesiveness, stretchability and ionic permeability, can lead to improved electrophysiology 
recordings with higher signal-to-noise ratio compared to commercial gel electrodes, particularly 
during sweating [7] [17]. 

Concluding Remarks
The next generation of wearable systems requires flexible, breathable, and skin-friendly wireless 
sensors to enable body area networks and IoT. However, combining wearable comfort, 
environmental resistance, stability and portability remain a challenge and CPs still cannot fully 
replace traditional electronics. Advances in materials design synthesis and engineering need to meet 
flexible and wearable electronic needs, as well as standardised manufacturing at scale. With new 
knowledge and understanding on the structure-processing-function relationship, design criteria are 
emerging towards guided material development. Indeed, CPs strengthen continuously their position 
in the emerging era of communication and human-machine interfaces. In alignment with 
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sustainability standards integrating CP-based sensors with energy harvesters will prove highly 
beneficial for the next generation of wearable electronics towards the ultimate goal of self-powered 
devices with multifunctional monitoring capabilities that can be seamlessly adapted to the human 
body.
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Status
The integration of electronic textiles (e-textiles) with advanced materials marks a significant leap in 
smart textile development. These materials allow electronic components to be seamlessly 
embedded into smart garments or even allow the very fibres of a textile to act as electronic 
components. The progress in advanced materials transforms fabric from passive textiles into active, 
intelligent systems capable of responding to environmental stimuli and user’s needs in real-time, 
opening new possibilities for wearable technology.

Novel materials in e-textile
1. Conductive materials
Conductive materials are fundamental to electronic devices. Currently, fiber materials with a 
conductivity greater than 10-6 S·m-1 are generally considered to be conductive fibers [1]. High 
flexibility, mechanical strength, and conductivity are essential for constructing fiber electrodes, 
circuit elements, connections, and full devices on textile. Materials used to provide conductivity to 
such fibers are mainly divided into three categories: metal-, carbon-, and polymer-based materials.

Novel conductive metal materials typically include metal (Cu, Ag, Au) nanoparticles, metal 
nanowires, nanomeshes, and liquid metals, with electrical conductivities exceeding 103 S·m-1 [2]. 
Conductive carbon materials generally have conductivities in the range 102~104 S·m-1 [2], including 
carbon nanotubes (CNTs), graphene, and carbon fiber. These materials have excellent tensile 
strength, conductivity, and specific surface area. Conductive polymers are intrinsically flexible due to 
their chemical structure. However, the conductivity of conductive polymer fiber is low, usually less 
than 10 S·m-1 [3]. Common conductive polymers include polyaniline (PANI), poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS), and polypyrrole (PPy).

Notably, translating the bulk properties of these materials onto textile is not straightforward. 
They are usually used as fiber components, e.g. fillings and coatings, which drastically affect material 
performance. Preservation of the advantageous properties of advanced materials during the textile 
processes remains a challenge in e-textiles.

2. Semiconductor material
Semiconductor materials are a key component enabling electronic functionality, creating the 
flexible, lightweight, and durable electronic components needed for e-textiles. Key materials include 
organic semiconductors like PANI, PPy, and PEDOT [4], known for their flexibility and conductivity, 
making them suitable also for sensors. Carbon-based semiconductors such as graphene and carbon 
nanotubes provide exceptional conductivity and strength, enabling touch-sensitive interfaces and 
flexible displays [5]. Innovations in silicon-based semiconductors have led to the development of 
ultra-thin, flexible chips that can be embedded in textiles for advanced applications like health 
monitoring. Metal oxides such as zinc oxide (ZnO) and titanium dioxide (TiO2) are used for their 
piezoelectric properties, enabling self-powered strain sensing.

Majority of semiconductor-based devices is based on junctions of semiconductors with other 
semiconductors or other materials. Notable challenge in production of textile devices is formation 
and conservation of such junctions, which are often affected by wear, washing, humidity, and 
fouling.

Fiber manufacturing techniques 
Figure 15 illustrates the primary main preparation methods for existing fiber electronics, including 
thermal drawing, wet spinning, coaxial coating, and one-dimensional (1D) braiding techniques.
a. Thermal drawing technique (Figure 15a) is applied to produce multi-material fiber electronics. It 

starts with designing a preform rod with a customized structure and materials, which is then 
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heated and drawn through a heating ring. This technique offers several advantages, including 
precise control over the fiber’s internal structure, the ability to integrate various materials and 
electronic components within the fiber, and the capability for continuous manufacturing [6].

b. Wet spinning technique (Figure 15b) utilizes wet chemical phase separation to precipitate 
functional materials dissolved in organic solvents within a coagulation bath. This approach is 
suitable for polymer materials that are challenging to melt but can be dissolved in organic 
solvents, e.g. polyvinyl alcohol and polyacrylonitrile [7]. Control of viscosity and surface tension 
allows for the uniform dispersion of functional materials in the solution, making the method 
particularly advantageous for creating ultra-thin coatings and electrolyte-based fiber electronics.

c. Coaxial coating technique (Figure 15c) involves passing the fiber through a viscous functional 
liquid, where surface tension controls the assembly of functional materials onto the fiber 
surface, achieving a layer-by-layer structure if several coatings are used. The resulting fiber can 
thus obtain several coaxial coatings, which can be deposited from a variety of solutions: 
polymer, composite, small molecules [8], making this a common technique for preparing fiber 
electronics.

d. One-dimensional braiding technique (Figure 15d) employs mechanical devices to interlace 
multiple yarns into one using a guiding device, with the weaving head controlling the surface 
texture, density, and size of the yarn. This technique is characterized by high efficiency, 
precision, and automation, allowing for the mixing and weaving of various functional fibers [9].

Textile integration technology
The intricate structures of e-textiles are essential to their functionality and versatility. The four 
primary techniques—weaving, knitting, embroidery, and nonwoven fabric production—each offer 
unique advantages for e-textiles.
a. Weaving 
Woven textiles (Figure 16a) are produced through a weaving technique that interlaces vertical warp 
and horizontal weft yarns to create textiles. By varying the interlacing of these yarns, different 
woven structures with different properties can be achieved, e.g. plain, twill, satin. Weaving is 
essential for integrating smart fibers, allowing for the creation of size-controlled and breathable e-
textiles [10]. While this method produces strong, durable textiles with stable structures and complex 
patterns, they are also more costly and less stretchable, with longer production times [11]. 
b. Knitting 
Knitted textiles (Figure 16b) offer higher elasticity, softness, and breathability for smart textiles due 
to their structure consisting of intermeshed loops: courses and wales. Notably, knitting allows for 
production of elastic fabric, even when its individual threads are not expandible by themselves, 
especially in case of loose knit structures. Despite numerous advantages, it may have limitations in 
designing complex structures and may result in lower strength and potential deformation [12].
c. Embroidery 
Embroidery of textiles (Figure 16c) offer a high degree of design freedom, allowing for patterns to be 
implemented on existing textile surfaces. For instance, conductive fibers can be embroidered onto 
the textile to create textile circuits, thereby integrating electronic functionalities [13]. Digital 

Figure 15.  Electronic fiber manufacturing techniques. (a) Thermal drawing; (b) Wet spinning; (c) Coaxial coating; (d) One-dimensional 
braiding.
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embroidery also offers high precision and reproducibility but comes with higher costs and complex 
maintenance. One of the challenges in embroidery is its effect on the underlying textile. Often non-
stretchable threads are used to embroider functional patterns, which precludes the whole piece 
from stretching and affects its softness, whereas embroidery using stretchable fiber is separate 
engineering challenge.
d. Nonwoven
Nonwoven textiles (Figure 16d) are made by assembling micro/nano fibers into a mesh through 
mechanical, chemical, or thermal bonding, avoiding traditional weaving. The properties of these 
textiles can be fine-tuned through employment of different precursor materials and techniques, for 
example polyethylene melt-blown non-woven textiles can be used for ultra microfiltration [14], 
whereas electrospun biopolymer-based nonwovens are used for wound healing [15]. Overall, 
nonwoven textiles provide a vast range for property engineering, while facing some challenges in 
upscaling and use in clothing.

Challenges and outlook
Manufacturing electronic fibers involves several key challenges, primarily related to material stability 
and function heritability. These fibers must retain their electrical properties under varying 
environmental conditions, as instability can compromise their long-term reliability and performance 
[17]. The small diameter and high curvature of electronic fibers further complicate their use, 
requiring precise control to ensure uniform coating and the integrity of functional layers, 
homogeneity of fillers, and uniformity of fiber twisting. Additionally, achieving continuous 
manufacturing is essential for scaling production, which demands an optimized balance between 
efficiency and consistent product quality.

Integrating electronic fibers into standard textile weaving technique is crucial for enhancing the 
functionality and practicality of e-textiles. However, this process faces challenges due to the 
immature morphology and weak mechanical properties of electronic fibers, which can negatively 
impact the performance and comfort of the textiles. Such integration requires modifying existing 
weaving equipment and methods to accommodate the unique properties of electronic fibers. 
Furthermore, it is crucial to ensure that incorporating electronic components does not compromise 
the fabric's flexibility and wearability. 

Figure 16. Structure and properties of e-textiles. (a) Woven. Digital photo adapted under the terms of the Creative Commons CC BY 
license from ref [10]; (b) Knitted. Digital photo adapted under the terms of the Creative Commons CC BY license from ref [12]; (c) 
Embroidery. Digital photo adapted under the terms of the Creative Commons CC BY license from ref [13]; (d) Nonwoven. Adapted with 
permission from ref [16]. Copyright 2021 Springer Nature.
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Developments in advanced materials for e-textiles are poised to significantly enhance the 
functionality of smart fabrics, opening new horizons for wearable electronics. The concepts of 
textile-based electronic devices and whole smart fabrics have been proven with great success; 
however, they face some challenges that preclude them from finding everyday use:

• Rarely do the advanced materials that provide the advantageous properties are tested for 
prolonged use in fabric form-factor. For example, wear and tear surely can damage intricate 
fine structures of fibre-based semiconductor junctions, ruining the textile transistors and 
diodes. 

• Everyday use of fabric is also much less forgiving than majority of bench tests. Salinity of 
sweat and surfactants of wash machines are aggressive factors capable of destabilizing 
functional coatings, chemical equilibria, removing essential doping. While advancing the 
functional materials for e-textile is exciting, development of protective coatings, fixers, and 
sizings, is definitively on a roadmap towards everyday use.

• With big fraction of advanced e-textile function being provided by new materials (including 
nanosized objects, new small- and macro- molecules, and fine chemical arrangements, such 
as metal-organic-frameworks and MXenes) production scalability and sustainability of the 
processes is still a big milestone. Transition from bleeding-edge research onto the warp 
beam of the loom would require cheap and sustainable methods.
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Liquid metals are interesting materials for electronic textiles (E-textiles) because they combine the 
electrical and thermal properties of a metal, yet the softness and fluidity of a liquid[1]. Combined, 
these properties enable metallically conductive fibers that are soft and highly stretchable; for 
example, we have injected liquid metals into hollow, elastic fibers to produce wires that maintain 
metallic conductivity to the point of failure of the encasing polymer (800% strain, Figure 17a).[2] The 
ability to conduct electricity is useful for interconnects[2], capacitive sensors of strain / touch / 
torsion (Figure 17b)[3], soft electromagnets[4], [5], and electrodes for energy harvesting [6]. They 
can also be used to create antibacterial coatings (by galvanic replacement to deposit Cu)[7], 
autonomously-healing circuits that maintain electrical conductivity when cut (Figure 18a)[8], and 
radiation shielding. 
 

Here, we define liquid metal as gallium or gallium-based alloys that have melting points below body 
temperature[9]. These materials are notable because they have water like viscosity, yet unlike 
water, they have essentially zero vapor and therefore will not evaporate. Although liquid metals 
have high surface tension, they can be manipulated into non-spherical shapes due to the rapid 
formation of a thin (~3 nm) native oxide on the surface of the metal[10].  It is possible to break liquid 
metal into particles that are stabilized (i.e. do not merge together) due to the rapid formation of the 
oxide[11].  This oxide layer also improves the adhesion of the metal and metal particles to fibers 
used in textiles, which allows for the metal to be coated on the outside of fibers. This can be done by 
dip coating fabrics into suspensions of liquid metal particles (Figure 17c)[8] or by smearing liquid 
metal across a surface[12]. Such coatings typically allow the textile to maintain breathability due to 
pores in the coating, although it is also possible to create stretchable hermetic seals by using a 
conformal coating of metal (Figure 18d)[13].  The liquid metal can be injected into hollow fibers 
either during formation of the fibers via co-extrusion[14] or after forming hollow fibers by injecting 

Figure 17. Liquid metal for e-textiles. (a) An ultrastretchable conductive fiber (white arrows) when relaxed (top) and stretched (bottom). 
The inset is the cross-section of the fiber. (b) Two intertwined fibers relaxed (top), stretched (middle), and twisted (bottom). The scale 
bar is 2.5 mm. Liquid metal fills the core of the fiber (inset; scale bar: 1mm). Changes in the capacitance between the two fibers (or 
between the fibers and a finger) can sense twisting, strain, and touch. (c) Uncoated, pure textile (top) and textile where liquid metal 
particles are coated via dip coating (bottom). (d) Stretchable liquid metal barrier packaging (top). The barrier can prevent water 
molecules from passing through it (bottom), whereas elastomer films without the liquid metal are highly permeable to vapor. 
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into a hollow core.[2] The tension of the metal can also be lowered to near-zero using 
electrochemical oxidation, which can facilitate fiber formation[15] and manipulation (e.g. Lorentz 
force)[16].     
Current and Future Challenges

1. A grand challenge with all conductive fibers, including those that contain liquid metal, is how 
to make robust electrical connections?  For larger fibers, this can be done manually by 
inserting a wire into the end of the fiber, but there need to be more scalable and easier ways 
to make such connections, including connections to other electronic components.  

2. With liquid metal, there are always practical questions about leakage even though liquid 
metal is not considered to be toxic. In our experience, liquid metal does not leak out of 
fibers easily because the oxide layer forms so quickly. However, it remains a possibility that 
liquid could leak out in principle (especially when compared to other solid conductors).  

3. How to make and integrate the fibers?  We mentioned several ways to incorporate liquid 
metal into fibers, but how does one integrate it into a fabric to add function?  

4. Because of the surface roughness, it is difficult to adhere liquid metal directly to textiles 
(with the exception of small particle, Figure 17c). Are there better ways to promote direct 
wetting to textiles (Figure 18c)[18]?  

Advances in Science and Technology to Meet Challenges
Approaches need to be explored and developed to more easily integrate and connect fibers that 
contain liquid metal. Fibers containing liquid metal need to be robust to be used for weaving 
methods and to prevent liquid metal from leaking [19]. Future studies can focus on understanding 
the mechanics of these systems, the wetting behaviour of liquid metals, and the durability, 
particularly when it comes to washing cycles and normal wear. 

Figure 18. Current and future challenges of liquid metal for e-textiles. (a) An additional conductive paste (red arrows) was used to attach 
electrical connections to the liquid metal-coated textiles, but this approach is not scalable or robust enough for practical applications. (b) 
Liquid metal droplets encapsulated in a polydimethylsiloxane network prevents leakage. (c) Direct painting method of liquid metal on 
multiple textiles. Rough textiles are difficult to ‘wet’ with liquid metal. 
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Concluding Remarks
Liquid metals have several truly unique properties that are useful for e-textiles including conductivity 
and stretchability.  Although there are many unique things that liquid metal can do for E-textiles (e.g. 
self-healing[8], antibacterial coatings [7]), there remain challenges in how to integrate and connect 
such materials into robust and functional E-textiles.  
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Status
Smart textile sensors engineered with advanced nanomaterials and nanostructures combine the 
natural advantages of textiles, such as mechanical flexibility, air permeability, and washability, with 
diverse functionalities, enabling real-world applications like physiological signal monitoring and 
motion tracking. MXenes, a family of two-dimensional (2D) transition metal carbides or nitrides, 
offer a unique combination of mechanical flexibility, strength, solution processability, adjustable 
surface chemistry, and metallic conductivity, making them highly promising for integration into 
smart textiles[1].  Abundant recent studies have demonstrated the 2D MXene nanosheets can be 
combined with other nanomaterials (graphene, CNT, TMDs) to form functional composites for 
advanced sensing, energy storage, functional catalysis, and green technology. When MXenes and 
their hybrids, with different structures (fibre, yarn, fabrics), are integrated into the design of textile-
based wearable devices, broad applications are prospected [1-4].  

Numerous laboratory-scale fabrication techniques have emerged for creating MXene-integrated 
wearable smart-textile sensors, highlighting their potential for scalable applications. Among them, 
coating and spinning methods are currently widely adopted for such purpose [5]. Moreover, surface-
engineered 2D MXenes and their hybrids displayed excellent dispersion in multiple solvents, 
allowing them to be strongly attached on the yarns via blade coating, dip-coating, roll coating, spin 
coating, etc.  

Figure 19 demonstrates the electrical conductivity of MXene-coated cellulose fibers with successive 
dip-coating cycles. As shown, conductivity improves exponentially from 10−2 S/cm for untreated 
fibers to 102 S/cm after the fourth cycle. This trend highlights the ability of dip-coating to create a 
continuous, uniform MXene layer on fibers, enhancing their conductivity. These results align with 
the findings of Kim et al. (2024)[6], who demonstrated similar improvements in their experimental 
analysis. Such enhancements are crucial for high-performance wearable electronic applications, such 
as energy storage and healthcare monitoring, emphasizing the scalability of the dip-coating process 
for industrial production.
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For spinning methods, including electrospinning, wet spinning, and melting spinning, functional 
MXene composites (MXene/metal, MXene/nanocarbons) are mixed with the dissolved polymer 
matrix, then the mixture is extruded into fibres in coagulation bath or under high-voltage 
electrostatic field. The MXene-incorporated multi-functional fibres are eventually transformed into 
textile structures. Alternatively, a number of additive manufacturing techniques (3D printing, inkjet 
printing, screen printing) allows print-out of MXene-based composites with programable patterns 
onto textiles substrates [7].  

Various textiles structures integrated with MXene composites has been demonstrated recently, 
including fibre (0D), yarn (1D), fabrics, layered textile (2D), and multi-directional textile (3D) [5].  
These structured textile materials exhibit large surface aera, stretchability, and designed sensing 
properties, due to the adjustable physiochemical properties of MXene composites and engineered 
textile structure. 

Stimulus-responsive attributes of MXene composites allow textiles not only to sense but react to 
external environment conditions [5, 8-10]. These smart sensors have the capability of collar-
changing, shape deforming, energy harvesting. The real-word applications of MXene-integrated 
textile sensors involves healthcare monitoring and medical treatment (heart rate, antibacterial), 
environmental detection (humidity, hazardous gases), and human motion (wrist bending, voice 
recognition). The underlying sensing mechanisms are also proposed, and verified experimentally and 
theoretically. Machine learning algorithms accelerate the design of MXene-integrated textile with 
programable sensing properties, i.e., sensitivity, sensing range [9-11]. 

Current and Future Challenges
It remains to be a great challenge to produce MXene-integrated textile sensors with low cost, large 
scale, and high performance, through the optimization of functional MXene composites, fabrication 
techniques, and textile structure, as shown in Figure 20. 

Figure 19. Electrical conductivity of MXene-coated cellulose fibers as a function of dip-coating cycles. Conductivity increases 
exponentially with successive coating cycles, progressing from 10−2 S/cm for the untreated fiber (Neat) to approximately 102 S/cm after the 
4th cycle. The logarithmic scale highlights the significant enhancement in conductivity, reflecting the formation of a uniform MXene 
network with additional coatings, as reported by Kim et al. (2024)[6].
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In general, the prevalent dip coating fabrication technique, although simple, fast, and scale-up 
feasibility, suffers from poor mechanical properties, uneven coating thickness, and only surface 
coverage in the targeted substrate, thus limiting the transfer of high performance of MXene 
composites to textiles [1, 2, 12-14]. Wet spinning and electrospinning technique, which allows 
MXene materials to infiltrate the interior of the textiles, has the issues of low production efficiency, 
low stability, and requires either high voltage or high working temperature. 3D printing technology 
can adapt to complex and customized textile structures, and large-scale fabrication, but is restricted 
to low printing speed and moderate spatial resolution [7]. Evaluation standards are needed to assess 
the performance among diverse types of MXene-integrated textile sensors. 

Developing low-cost, environmentally friendly, and efficient fabrication technologies for MXene-
based materials is essential for the large-scale production of smart textile sensors. Currently, MAX-
phase materials (precursor of MXene) are of high cost, and MXenes are mostly produced at 
laboratory scale of < 1 kg batches [5, 7]. Predominant synthesis methods of MXene materials usually 
involves toxic chemicals (hydrofluoric acid) and environmentally non-friendly processes. Thus, large-
scale production of MXene (kilograms or even tons in quantities) with low cost and environmental-
benign technologies is important. Meanwhile, the quality of MXene (flake size, chemical 
composition, defects) should be guaranteed at scale-up production. Furthermore, the long-term 
stability of MXene is problematic, due to its ease of oxidation in open air and humid conditions. 
Besides, the combination of MXene composites with textile, could affect the aesthetic, air 
permeability, and comfortability [14, 15]. MXene-based materials could be degraded or lost from 
textiles after repeated washing or exposure to harsh working environment. At the same time, the 
sensing performance might be compromised. Therefore, performance durability is required. 
Physiological measurements with the novel textile sensors should have high effectiveness and 
reliability, free from disturbance of noise. 

More than 60 MXene members have been developed, but so far, the most widely used one is Ti3C2Tx. 
Exploring the property and functionalities of other MXene materials and their composites helps to 
discover new functionalities of smart textiles sensors, and their applications in diverse real-world 
scenarios. 

Figure 20.  Progression from MXene synthesis to smart-textile applications, illustrating current achievements, emerging directions, and 
future challenges in sensor development.
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Advances in Science and Technology to Meet Challenges
To address the challenges of the preparation of MXene composites, structures, and performance of 
MXene-integrated smart textile sensors. Advances in MXene synthesis, surface functionalization, 
sensor fabrication, sensing performance optimization, and data acquisition are required.      

To address the issues of toxic, harmful etchant, and subsequent environmental pollution, new 
synthetic strategies of MXene materials have been established, with the use of new mixed etchant, 
molten salts, and organic alkaline, and chemical vapor deposition as shown in Figure 20 [16]. These 
novel preparation of MXenes allows appropriate control of surface-terminating groups of 2D MXene 
flakes, which facilitates the constitution of composite materials with heterostructures, for targeted 
sensing applications. 

Humidity and temperature significantly influence the oxidation of MXenes. To enhance their stability 
under ambient conditions, several strategies have been proposed, including defect passivation and 
surface encapsulation techniques. These methods involve the passivation of the defects (like 
vacancy) of MXene flake, using organic solvents for MXene dispersions, and encapsulating 
polymetric layer (like polydopamine (PDA)) or antioxidant agents (like ascorbic acid) on MXenes [5, 
17, 18].
  
Appropriate composition of MXene inks (additives, solvents) and rheological property (like viscosity, 
concentration) is pre-requisite for printing MXene materials onto textiles. Desirable MXene inks with 
the characteristics of  additive-free, eco-friendly, high-concentration, elongated shelf life have been 
developed recently, through printing device configuration, ink’s rheological optimization [7]. And the 
printed MXene electrodes shows excellent chemical stability, evident of absence of electrical 
performance loss for months. Improving the adhesion between MXene composites and textile is 
crucial for maintaining the long-term performance of sensors. Currently, textile surface modification 
(like oxygen plasma treatment) and using conductive and adhesive binders (like PEDOT:PSS) are 
proved to overcome the adhesion issue [2].  

Lastly, developing wearable, smart-sensing platform integrated all-in-one MXene-based sensors 
relies on the exploration of fundamental properties of MXene composites. For example, novel 
MXene-reinforced cellulose nanofibril textile was carried out through 3D printing [12]. This sensor 
exhibits significant responsiveness to multiple external stimuli (electrical/photonic/mechanical) for 
applications like wearable heating textiles, human health monitoring. A hierarchical core-shell yarn 
structure (HCPYs), featured by strong mechanical properties and conductivity, was developed for 
full-textile human motion detection [19].  A composite fibre based on a distinct skin-core structure 
(MXene@aramid) shows high tensile strength, fast response time, long service life, wide and fast 
heating temperature, which can be used for smart heating and piezoresistive sensors [20].   

Concluding Remarks
We summarized the recent progress on the MXene composites integrated smart-textile sensors, with 
respect to synthesis of MXenes and their novel composites, design of novel multifunctional 
0D/1D/2D/3D nanostructures of MXene composites, and their integration into smart-textile sensors 
for real-world healthcare and medical monitoring, human motion detection, environmental 
detection, in addition to the external stimulus responsive capability. Current challenges fall on the 
understanding of fundamental properties of MXene composites, rational integration of MXenes into 
textiles substrate, optimization of sensor’s structure for targeted performances and applications. 
Advancements in composite materials, surface chemistry, additive manufacturing, and device physics 
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are essential to overcoming these challenges and unlocking the full potential of MXene-based smart 
textiles.
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Status
The evolution of e-textiles has been significantly propelled by advancements in conductive inks, 
including emerging materials such as silver, carbon-based nanomaterials, MXene, graphene, and 
liquid metals. These innovations have enabled the integration of electronic functionalities into 
textiles, including energy harvesting, sensing, and communication. Among these materials, Liquid 
Metal Inks exhibit the highest electrical conductivity, reaching up to 107 S/m, surpassing MXene-
based inks and graphene on various substrates, such as cotton and cellulose. This perspective looks 
into the latest developments in conductive inks for e-textiles, highlighting the performance of 
MXene-based inks, carbon-based inks, metallic inks, and liquid metal inks. It further discusses 
challenges associated with durability, cost, scalability, and electrical conductivity. Insights into 
sustainable practices, future research directions, and practical applications are provided to support 
the advancement of e-textile technology.

The intersection of textiles and electronics has given rise to e-textiles, a burgeoning field poised to 
revolutionize industries ranging from healthcare to fashion. At the core of this innovation is the 
development of conductive inks—materials that facilitate the integration of electronic functionalities 
into fabrics without compromising their inherent properties. Recent advancements in materials 
science have introduced innovative conductive inks based on MXenes, carbon nanomaterials, 
metallic nanoparticles, and liquid metals. These developments provide unprecedented opportunities 
but also pose significant challenges in manufacturing, scalability, and durability. This perspective 
offers a comprehensive overview of the state-of-the-art conductive inks for e-textiles, explores the 
challenges in their integration, and discusses future research directions and applications.

1. Metallic Inks

Particles of noble metals such as gold (Au), copper (Cu), and silver (Ag), are gaining significant 
attention as potential conductive materials in printed electronics [1-4]. Among these, silver 
nanoparticles (AgNPs) are the most widely used due to their exceptional conductivity, anti-oxidation 
characteristics, and remarkable stability at ambient temperatures [5-7]. These properties make 
AgNPs highly attractive for use in conductive inks, as they can be conveniently incorporated into 
formulations that adhere more effectively to various substrates compared to other metals. One key 
aspect in the development of high-performance Ag-based inks is the control of nanoparticle size, 
shape, and surface chemistry. By manipulating these parameters, it is possible to tailor the electrical, 
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optical, and mechanical properties of the inks. For instance, smaller AgNPs tend to exhibit higher 
conductivity due to their increased surface area, while larger AgNPs may provide enhanced 
mechanical strength and adhesion to the substrate. Additionally, the surface chemistry of AgNPs can 
be modified to improve their dispersion stability and compatibility with different solvents and resins 
used in ink formulations.

Furthermore, the development of novel printing techniques has played a crucial role in advancing 
the application of Ag-based conductive inks. Traditional printing methods, such as screen printing 
and gravure printing, have been widely used for the fabrication of printed electronics. However, 
these techniques often face limitations in terms of resolution, precision, and scalability. To 
overcome these challenges, advanced printing technologies, such as inkjet printing and aerosol jet 
printing, have emerged as promising alternatives. These techniques offer the ability to precisely 
control the deposition of Ag-based inks, enabling the creation of complex patterns and structures 
with high resolution and accuracy.

Innovations in bio-sourced silver inks

Bio-sourced silver inks represent a significant advancement in the field of sustainable and 
environmentally friendly printing technologies [8-10]. These inks are formulated using natural 
polymers and solvents derived from renewable resources, such as plant-based materials or 
agricultural byproducts. By utilizing bio-sourced components, silver inks can significantly reduce their 
environmental impact compared to traditional inks that rely on synthetic materials. One of the key 
advantages of bio-sourced silver inks is their improved inkjet printability. The natural polymers act as 
effective binders, ensuring that the silver particles are evenly dispersed and stabilized within the ink 
formulation. This enhanced printability allows for precise and consistent printing results, making bio-
sourced silver inks suitable for various applications such as textiles, electronics, and packaging.

Another notable benefit of bio-sourced silver inks is their ability to be cured at lower temperatures 
[11-13]. Traditional silver inks often require high curing temperatures, which can damage heat-
sensitive substrates such as delicate textiles or thin films. Bio-sourced silver inks, on the other hand, 
can be cured at significantly lower temperatures, making them ideal for printing on a wider range of 
materials. This versatility opens up new possibilities for innovative applications and designs. 
Furthermore, bio-sourced silver inks offer improved conductivity and electrical properties compared 
to traditional inks. The unique characteristics of the natural polymers and silver particles enable 
these inks to create highly conductive patterns and traces when printed. This makes them 
particularly suitable for applications in printed electronics, where precise and reliable electrical 
connections are crucial.

The development of bio-sourced silver inks aligns with the growing demand for sustainable and eco-
friendly printing solutions. By offering improved printability, lower curing temperatures, and 
enhanced electrical properties, bio-sourced silver inks have the potential to transform various 
industries and contribute to a more environmentally conscious future.

Challenges: Silver inks face several challenges:

• Cost: Silver inks are significantly more expensive than other conductive inks, such as those 
based on carbon, primarily due to the high cost of silver as a raw material.
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• Stability: Silver inks are less stable than other conductive inks. They can easily oxidize, 
leading to decreased conductivity over time. Oxidation can also cause the silver 
nanoparticles in the ink to migrate, further reducing conductivity.

• Washability: Silver inks are less washable than other types of conductive inks, making them 
difficult to remove from clothing or other fabrics if accidentally spilled.

• Scalability: The high cost and limited stability of silver inks make them difficult to scale up 
for large-scale production.

• Commercial Viability: Due to the high cost, limited stability, and poor washability, silver inks 
are less attractive to manufacturers and consumers, affecting their commercial viability.

2. Carbon-Based Inks

Carbon-based nanomaterials such as carbon nanotubes (CNTs) and graphene are celebrated for their 
extraordinary electrical, thermal, and mechanical properties. These unique characteristics make 
them highly suitable for various applications, particularly in the realms of wearable technologies and 
flexible electronics.

Carbon nanotubes (CNTs): CNTs are cylindrical nanostructures composed entirely of carbon atoms 
arranged in a hexagonal lattice [14-16]. They exhibit exceptional electrical conductivity, surpassing 
even that of copper, which makes them ideal for efficient charge transport applications. Their 
excellent thermal conductivity ensures effective heat dissipation, crucial for wearable devices that 
generate heat during operation. Additionally, CNTs possess remarkable mechanical strength, 
contributing to their durability and resistance to wear and tear in electronic textiles (e-textiles).

Graphene: Graphene is a single layer of carbon atoms arranged in a hexagonal lattice, forming a 
two-dimensional plane [16-19]. Renowned for its outstanding electrical properties, including high 
carrier mobility and low electrical resistance, graphene is an excellent material for applications 
requiring fast and efficient charge transfer, such as in transistors and transparent electrodes. 
Furthermore, graphene boasts superior thermal conductivity, even higher than that of CNTs, making 
it highly effective for heat management in wearable devices.

Advances in dispersion techniques: One of the main challenges in utilizing CNTs and graphene in 
wearable applications is their tendency to aggregate due to strong van der Waals forces, which can 
lead to inconsistent performance and processability issues. To spread carbon nanotubes evenly in 
ink, scientists use surfactants—chemicals that keep the nanotubes from clumping together. This 
makes the ink more stable and ensures it works well on fabrics. These inks enable uniform 
integration of the nanomaterials into flexible e-textile structures, enhancing the reliability and 
performance of the resulting devices.

Biocompatibility for wearable health monitoring: The inherent biocompatibility of CNTs and 
graphene opens up exciting possibilities for wearable health monitoring devices. Their high electrical 
conductivity and sensitivity to biological signals make them suitable for applications such as 
wearable sensors, biosensors, and medical imaging. By integrating these materials into e-textiles, it 
is possible to create smart clothing capable of monitoring vital signs, detecting biomarkers, and 
tracking physiological changes in real time.
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Graphene-silver composite inks: Combining graphene with metallic nanoparticles like silver has led 
to the development of composite inks that offer high conductivity at reduced costs. These inks 
leverage the excellent electrical properties of graphene and the superior conductivity of silver to 
achieve low sheet resistance. The synergistic effect results in inks that are particularly suitable for 
inkjet printing on textiles, providing good flexibility and mechanical stability. This combination is 
cost-effective, as the amount of silver required is significantly reduced, making it viable for large-
scale manufacturing and commercial applications.

Challenges: Despite their promising attributes, carbon-based inks face several challenges that need 
to be addressed to fully realize their potential in textile applications:

● Uniform dispersion: Ensuring a uniform dispersion of CNTs and graphene within the ink is 
crucial. Agglomeration can lead to inconsistent electrical properties and poor printability. 
Optimizing ink formulations with appropriate surfactants, solvents, and mixing processes is 
essential.

● Strong adhesion to textile fibers: The inks must adhere strongly to textile fibers to 
withstand mechanical stress from bending, stretching, and washing. Weak adhesion can 
result in the detachment of printed patterns, compromising durability. Surface modification 
techniques and the use of compatibilizers can enhance adhesion.

● Interaction with textile substrate: The interaction between the carbon nanomaterials and 
the textile substrate affects the durability and washability of the printed patterns. 
Understanding and optimizing this interaction is key to maintaining functionality over time.

3. MXene-Based Conductive Inks

MXenes are a class of two-dimensional transition metal carbides and nitrides known for their 
exceptional electrical conductivity and mechanical flexibility [20-23]. Discovered in the early 2010s, 
MXenes have quickly become significant due to their metallic conductivity, hydrophilicity, and ease 
of functionalization. Their layered structure facilitates the intercalation of various ions and 
molecules, enhancing their versatility across multiple applications. Besides their electrical 
conductivity, MXenes also demonstrate remarkable mechanical flexibility. Their structure allows for 
easy exfoliation into thin, flexible sheets, which can be bent, rolled, or twisted without losing 
structural integrity. This adaptability makes MXenes ideal for integrating into flexible devices and 
wearable technologies.

A notable feature of MXenes is their hydrophilicity, which ensures easy dispersion in water and 
stable colloidal suspensions. This property is particularly useful for applications in water purification, 
sensing, and biomedical engineering. MXenes can be improved by adding special molecules. For 
example, adding alkylamines makes them more stable and stops them from breaking down, while 
adding tiny metal particles can make them better at conducting electricity for e-textiles. This 
adaptability lets researchers tailor MXene properties for specific applications, such as enhancing 
catalytic activity with metal nanoparticles or improving stability and functionality with polymers. 
Recent advances have focused on developing additive-free conductive inks that achieve 100% 
utilization of precursor materials, facilitating the scalable fabrication of high-performance e-textiles 
with multifunctional capabilities.
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The ability to intercalate ions and molecules between MXene layers, thanks to their layered 
structure and weak van der Waals forces, is promising for energy storage applications, including 
lithium-ion batteries and supercapacitors. The unique combination of electrical conductivity, 
mechanical flexibility, hydrophilicity, and functionalizability makes MXenes highly versatile for a wide 
range of applications. These materials show great potential in fields such as energy storage, 
catalysis, electronics, water purification, and sensing. As research and development continue, the 
possibilities for MXenes seem limitless. MXene-based inks enhance EMI shielding, making them 
suitable for electronics and healthcare applications where protection from electromagnetic noise is 
crucial. Additionally, their antibacterial properties make them ideal for healthcare environments. 
The efficient electrothermal conversion of these inks also opens up possibilities for wearable heating 
applications, offering adjustable warmth in cold environments.

Challenges: Despite their promising attributes, MXene-based inks face several challenges:

• Complex and hazardous synthesis: Making MXenes often requires dangerous chemicals like 
hydrofluoric acid (HF). However, safer options, like using ammonium bifluoride, are being 
explored to make the process less harmful, the process is complex, requires specialized 
equipment, and poses significant health and environmental risks.

• Oxidation and degradation: MXenes are prone to oxidation, which can degrade their 
electrical properties over time. This oxidation reduces their conductivity and electrochemical 
activity, significantly impacting their performance across various applications.

• Cost and scalability: The specialized and hazardous nature of MXene production leads to 
high costs and challenges in scaling production to meet industrial demands.

• Lack of standardization: The absence of standardized protocols for MXene synthesis and 
characterization makes it difficult to ensure consistency and reliability in their properties and 
performance.

• Environmental impact: The environmental concerns associated with the use of hazardous 
chemicals in MXene synthesis necessitate the development of more sustainable and eco-
friendly production methods.

Addressing these challenges through continued research and technological innovation is crucial for 
unlocking the full potential of MXene-based inks and enabling their broader adoption in various 
applications.

4. Liquid metal – Gallium and gallium alloys

Gallium and its alloys, notably eutectic gallium-indium (EGaIn) alloys, have captured the attention of 
researchers in advanced materials due to their remarkable properties [24-29]. These liquid metals 
are emerging as leading candidates for highly stretchable and self-healing conductive materials, 
retaining their liquid state at room temperature and showcasing excellent electrical conductivity.

● Low melting point: EGaIn alloys have a melting point around 15.7°C (60.3°F), which means 
they remain liquid at room temperature. This characteristic enables EGaIn and similar alloys 
to be easily manipulated and shaped, ideal for applications requiring flexibility and 
conformability.

● High electrical conductivity: EGaIn exhibits electrical conductivity comparable to traditional 
metals like copper and silver, making it an excellent choice for stretchable and flexible 
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electronics. Unlike rigid metals, EGaIn can undergo significant deformation without losing 
electrical functionality.

● Self-healing capabilities: Gallium alloys can heal themselves if they get damaged, like cuts or 
scratches. This is useful for making wearable devices that need to bend and move a lot 
without breaking. This self-healing ability occurs through the formation of new metallic 
bonds at the damage sites, enhancing the durability and longevity of these materials.

We constructed Figure 21 to compare the electrical conductivity of MXene [30], Graphene [31], with 
liquid metal on a logarithmic scale. The figure shows that liquid metal exhibits the highest 
conductivity, followed by MXene, while Graphene displays varying conductivity based on the 
substrate. Among the graphene samples, cotton provides the highest conductivity, while silk exhibits 
the lowest. The variability in conductivity within each material highlights the importance of substrate 
selection and material properties for optimizing electrical performance. 

These properties make gallium and its alloys highly promising for various applications, including 
wearable electronics, soft robotics, and more. Their adaptability and robustness enable the 
development of technologies that require dynamic and adaptive components. Furthermore, gallium 
alloys have shown potential in fields beyond electronics, such as microfluidics, heat transfer, and 
biomedical engineering. Their versatility and unique characteristics are valuable for developing 
innovative solutions to complex technological challenges.

Figure 21. Comparison of electrical conductivity for Graphene, MXene, and Liquid Metal. The box plot illustrates the distribution of 
electrical conductivity values (S/m) on a logarithmic scale. Liquid Metal exhibits the highest conductivity, followed by MXene (Cellulose) 
[30],  and various Graphene substrates (Cotton, Carbon Cloth, Cellulose, and Silk) [31]. Each material's variability in conductivity is 
represented, highlighting significant differences across materials and substrates. 
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Challenges

Despite their advantages, the application of liquid metal inks faces several challenges:

● Patterning issues: Applying these inks to textiles or other substrates can be difficult due to 
their fluid nature. Maintaining adhesion without leakage or contamination requires precise 
control and innovative application techniques.

● Handling and safety: The processing of liquid metals demands specialized techniques to 
ensure safe handling and reliability. The inherent properties of gallium and its alloys 
necessitate careful management to avoid issues during application.

The future of gallium and gallium alloys in various industries appears vastly promising. By 
overcoming the existing challenges and continuing to explore their potential, these materials could 
transform sectors ranging from healthcare to advanced manufacturing. As research progresses, the 
possibilities for incorporating gallium-based inks in groundbreaking applications continue to expand, 
potentially revolutionizing how we approach flexible and adaptive technology solutions.

The field of conductive inks for e-textiles holds immense potential to revolutionize industries such as 
fashion, healthcare, and wearable technology. Materials like MXenes, carbon nanomaterials, 
metallic nanoparticles, and liquid metals offer unique opportunities for creating e-textiles that can 
sense, respond, and dynamically interact with their environment. 

Concluding remarks
Despite these advancements, challenges persist. Manufacturing methods must ensure cost-effective, 
scalable, and durable production. E-textiles must withstand wear, washing, and environmental stress 
while maintaining functionality. Collaborative efforts across materials science, engineering, and 
design are essential to overcome these barriers.

Future progress will depend on innovative materials and ink formulations that balance performance 
and sustainability. Advances in roll-to-roll manufacturing and inkjet printing technologies could 
democratize e-textile production, enhancing accessibility. Moreover, sustainability must be integral, 
minimizing the environmental footprint from production to disposal. By addressing these challenges, 
conductive inks can transform textiles into intelligent systems with practical applications, including 
health-monitoring garments, interactive smart devices, and adaptive environments. These 
advancements promise to redefine healthcare, human interaction, and environmental engagement, 
paving the way for a smarter, more sustainable future in e-textiles.
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Status
The current landscape of wearable and textile‐integrated electronics is characterised by rapid 
growth in materials that enable sensing, energy harvesting, energy storage, and therapeutic 
functions. Earlier sections (5.1–5.5) detail the development of conductive fibres, semiconductors, 2D 
materials and printing methods. This section focuses on how these materials are presently being 
deployed in functional wearable devices and the trends emerging from system-level demonstrations, 
as illustrated in Figure 22.

Figure 22. Overview of novel materials in wearables and textiles, including examples of material manufacturing, functional materials, 
device fabrication techniques, and prevalent applications.

A wide range of fabrication and integration techniques such as dip coating, spray and spin coating, 
inkjet, and aerosol printing, and textile-specific methods like embroidery are now being used not just 
to deposit single materials like those discussed earlier, but to assemble complete functional systems 
directly into garments and wearable devices [1]. By integrating sensors, energy-harvesting  [2], 
storage devices [3], and textile-compatible displays into a single wearable platform, these methods 
enable fully integrated wearables that maintain flexibility, comfort, and durability. This system-level 
approach allows multiple material types to operate synergistically, supporting real-world 
applications such as health-monitoring clothing, self-powered sensors, and multifunctional smart 
textiles.
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Organic semiconductors continue to expand the capabilities of wearable systems, enabling sensing, 
energy harvesting, and optoelectronic functionality. Organic photovoltaics are now widely explored 
for powering wearables, providing on-body energy harvesting under indoor and outdoor lighting and 
enabling self-sustaining operation when paired with low-power sensors and flexible storage [4]. 
Complementing this, organic photodetectors offer tuneable spectral response and mechanical 
flexibility, enabling applications such as heart-rate monitoring, optical biochemical sensing, and 
ambient light detection [5]. Recent demonstrations of flexible OPDs capable of X-ray detection 
further extend their potential towards advanced imaging and radiation sensing wearables [6]. 
Together with continued progress in stretchable OLEDs and conductive polymers, these advances 
illustrate the growing maturity of organic optoelectronic materials for integrated, functional 
wearable technologies.

Ultra-thin two-dimensional (2D) materials, including graphene and MXene are gaining significant 
attention in wearables, both in sensing [7] and energy harvesting and storage [2].  2D materials have 
been used in wearables for applications such as respiratory [8] and heart rate [9] sensing. They also 
enable energy harvesting, supporting development of self-powered devices  [9].

Triboelectric nanogenerators (TENGs) offer a promising approach to energy harvesting in textiles and 
wearables. These devices utilize the triboelectric effect and electrostatic induction to capture 
mechanical energy from the body. TENGs made from materials, including graphene [10] and 
nanoparticles [11] have been incorporated into wearables. TENGs and other energy-harvesting 
materials can be combined with storage devices like sodium-ion batteries for wearables [12]. Fiber-
shaped nanomaterials are also popular for energy storage due to their mechanical strength and 
flexibility [3]. Calcium-oxygen batteries have been developed using carbon nanotubes woven into 
textiles with commercial braiding machines for wearable energy storage [13], showing promising 
longevity.

Current and Future Challenges
Despite significant progress in materials for wearables and smart textiles, substantial challenges 
remain before these materials can be widely adopted. One key challenge is power requirements and 
energy density. To be widely accepted, wearable devices require lightweight, unobtrusive, and 
stable energy management. Attempts to create energy storage devices with sufficient energy 
density while meeting these criteria usually result in lower longevity. Similarly, the production of 
energy harvesting devices with sufficient power density to directly supply power to wearable devices 
remains an open challenge in materials science.  

Material durability is crucial for incorporation into wearable devices. Since many wearables are used 
daily, the materials must endure regular use without compromising comfort or safety. Wearables 
and smart textiles face mechanical stresses including impacts and bending, along with 
environmental impacts like humidity, temperature, and UV exposure. For smart textiles, washability 
is important, however laundering introduces additional mechanical and chemical stressors. 
Electronic materials often need encapsulation for environmental protection, adding complexity and 
an additional point of failure. These stressors lead to material fatigue and eventual failure, and the 
actual lifespan of many novel materials remains unclear. Beyond the base materials, embedded 
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electronics, including microcontrollers, sensors, and flexible printed circuit boards, pose additional 
durability challenges. Repeated bending, stretching, and compression can lead to cracking, 
delamination, or solder fatigue, while encapsulation layers can affect thermal management. The 
reliability of these components is therefore critical for the overall lifespan of wearable devices and 
often represents a limiting factor even when the functional materials themselves are robust.

Scalability and production cost are major challenges for incorporating advanced materials into 
textiles and wearables. Many advanced materials require costly precursors and complex 
manufacturing processes, making cost-effective mass production difficult. Integrating these 
materials into textiles also demands specialized equipment and techniques, further increasing costs 
and complicating large-scale production.

Safety of new materials is also critical to their incorporation in wearable technologies, both during 
regular use and under failure. Due to their direct contact with the body, materials used in textiles 
and wearables must be biocompatible. They must not cause irritation or allergic reactions or expose 
the wearer to harmful or toxic substances. Those incorporating energy storage particularly must 
protect against overheating, fire, and leakage which pose significant risk to wearers. 

Finally, sustainability of wearable and textile materials across their lifecycle remains a challenge. The 
production of nanomaterials often includes the use of non-renewable materials or materials 
extracted using environmentally damaging processes. Large amounts of energy are often used to 
produce these materials, further limiting their sustainability. The common synthesis routes for many 
organic semiconductors require halogenated solvents, which are toxic to the human body and the 
environment. There has been an increasing effort to develop “green” alternatives using less toxic 
solvents and materials [14].

Advances in Science and Technology to Meet Challenges
Standardised testing of smart materials and devise integrated into wearables and textiles would 
greatly improve the ability to compare materials and their manufacturing techniques. There is 
currently little consensus on best approaches for moving from material to device. Limited standards 
do exist for testing durability; however, these are not routinely considered in the literature to date. 
Testing of energy harvesting and storage devices are not yet standardised, making it difficult directly 
compare novel materials for power and energy density. Further development and uptake of 
standardised testing would greatly support progress in this field.

For energy storage applications, technologies using solid-state electrolytes have been proposed to 
reduce the risk associated with leakage of electrolytes from batteries. Advances in electric double 
layer capacitors promise a safer, more durable, and more sustainable method of energy storage. 
However, both of these technologies are limited by low energy densities when compared to 
traditional battery technology. More research is required to improve the energy density of these and 
other safe and lightweight energy storage devices so that they can be utilised for powering 
wearables.

The toxicity of nanomaterials requires thorough investigation before these materials are 
incorporated in wearables. Some studies suggest that small particles of graphene can have negative 
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effects on health [15]. Some early works have sought to predict the toxicity of nanoparticles utilising 
machine learning [16]. Such technologies could assist with finding nanomaterials suitable for 
wearables and textiles, offering much opportunity to future researchers in the intersection of 
computer and materials sciences.

Advances are also needed to improve sustainability at two key stages of the material lifecycle: 
manufacturing and end-of-life. Researchers are increasingly exploring the use of waste products as 
precursors for smart material manufacturing [7]; however, these methods remain challenging to 
scale. Further work is needed to ensure that materials made in large quantities do so with 
sustainable methods. Advances in recycling are also needed for wearables and textiles at the end of 
their life, as devices are commonly built from many different materials that remain challenging to 
separate requiring improved de-embedding techniques[17]. Improved recycling of wearables would 
greatly improve sustainability by enabling reclamation of rare earth elements.

Concluding Remarks
Incorporating new materials into wearables and textiles allows for a broad range of applications 
from health and environmental sensing, energy harvesting, and drug delivery. Additional research is 
required to assess the long-term safety of these materials and the devices made from them. Further 
advances in energy storage capability, sustainable manufacturing and disposal, and standardised 
testing of these materials would improve their usefulness and facilitate adoption of such technology.   
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Status
The wearable computing paradigm describes systems with connectivity and processing capabilities 
that enable the transmission and analysis of user data. Within this paradigm, the underlying 
technology largely determines the sophistication and functionality of the wearable. Wearable 
technologies generally refer to small electronic and mobile computing devices with wireless 
communication capability that can be incorporated into gadgets, clothing, or, in some cases, invasive 
formats such as microchips or smart tattoos. Their functionality varies across application domains, 
including fitness, health, and entertainment.
In-built sensors in wearable technologies enable the monitoring of physical motion and physiological 
signals. Textile-integrated sensors represent a distinct variation of wearable technology, in which 
sensing elements are embedded directly within fabrics or garments, with the common objective of 
tracking the wearer’s data in real time while preserving comfort and wearability. Over the past two 
decades, advances in sensing, interconnectivity, and materials have marked a turning point for 
wearable systems, particularly in health-related applications spanning fitness, clinical monitoring, 
and rehabilitation. Public awareness of the benefits of continuous health monitoring has increased, 
alongside growing adoption of activity recognition and physiological monitoring technologies.
Looking ahead, emerging innovations relevant to textile-based wearables include improved 
interconnectivity, distributed energy harvesting, and lightweight, flexible textile platforms that can 
be worn directly on the body or integrated into everyday clothing and accessories. These 
developments support the monitoring of vital physiological signals for diagnostic and prognostic 
purposes, while highlighting the importance of material integration, durability, and system-level 
design in next-generation wearable and textile technologies [1,2].

Current and Future Challenges
The future of wearable technology is mostly linked with interconnectivity among devices and the 
ability to sync data between wearables, smartphones, or other devices [3]. Energy harvesting is 
another big domain, and it pertains to converting body heat, movement, or solar energy into power. 
Innovative companies like Epeas are working on ambient energy harvesting [4], processing, and 
sensing solutions to make wireless devices that do not need to be actively charged. Another 
innovation is non-invasive sensors that will allow hands-free typing using your brain activity [5].

Other breakthrough innovations relate to haptic technology, which can create an experience by 
applying forces, vibrations, or motions to control virtual objects. Engineers are working on recreating 
realistic touch sensations while engaging human-computer interactions. Wearable haptic devices 
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can also communicate through vibration and are integrated into clothing to give direction and help 
someone walk, hear, and see in a physical or virtual world [6].

So, what are the major features, functions, and trends that will set next-generation wearables to 
come from? AI everywhere with a focus on non-wrist-based wearables. The Oura Ring is one of the 
most popular smart rings on the market, with a focus on fitness, sleep, and recovery tracking [7] [8] 
[9]. The smart ring market is still small but growing. Modern smartwatches monitor sleep quality, 
stress levels, heart rate, and ECG sensors for signs of an irregular heartbeat. New smartwatches will 
monitor for an even wider range of serious health conditions, including hypertension and sleep 
apnea [10] [3].

Wearable textiles are another innovation that can sense, react, and adapt themselves to external 
conditions or stimuli, which can work with the human brain for cognition, reasoning, and activating 
capacity. Wearable technology is among the fastest-growing parts of health, entertainment, and 
education. In the future, the development of wearable electronics will be focused on 
multifunctional, user-friendly, and user acceptance and comfort features and shall be based on 
advanced electronic textile systems [11]. Socks, gloves, and vests with embedded wearable 
technology to measure movement are just some of the prototypes in development at the Computer 
Science and AI Lab (CSAIL) at the Massachusetts Institute of Technology. The university is testing 
sensor-embedded textiles to measure movement with different attributes depending on where they 
are worn on the body [12]. 

Advances in Science and Technology to Meet Challenges
The next generation of wearable technology will not be defined by a single software application or 
hardware breakthrough, but by the convergence of material science, energy harvesting, and edge 
computing. The traditional wearable architecture (sensing on-device, transmitting raw data via 
Bluetooth to a smartphone, and processing that data in the cloud) is increasingly unsustainable. It 
incurs high latency, consumes excessive power during transmission, and creates massive privacy 
vulnerabilities.

The future of wearable intelligence lies in Edge AI, where data is processed locally on the device 
itself. This shift requires radical advances in both algorithmic efficiency and hardware architecture. 
To realize the opportunities in this space, privacy strategies and latency demands dictate that AI 
must move to the device. Here, Federated Learning is not just optimizations; they are essential to 
enabling training process locally and the data never leaves the user’s device. The value proposition 
must evolve from monitoring to treating, where technologies like wearable ultrasound, active soft 
robotics, and closed-loop haptic systems represent the highest value tier in the future healthcare 
market.

Also, as regulation tightens and consumer awareness grows, privacy will become a competitive 
differentiator. Manufacturers that adopt privacy-by-design architectures will gain trust and market 
share over those relying on data exploitation models. To counter the centralization of data in the 
hands of a few tech giants, new models of decentralized personal data stores are emerging.
Technologies like Solid (Social Linked Data) allow users to store their health data in a personal "pod" 
over which they retain full control. Users can grant granular access to doctors, researchers, or 
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applications without surrendering ownership of the underlying data. Combined with blockchain-
based marketplaces and smart contracts, this patient-centric model aligns with Web3 principles, 
ensuring that the value generated from data accrues to the individual rather than the platform 
aggregator. This shift could fundamentally disrupt the data economy of the wearable industry, 
forcing companies to compete on service quality and trust rather than data monopoly. 

Concluding Remarks
Current state-of-the-art wearable technologies could be classified based on the placement of the 
wearable on the human body as head-mounted, body-worn, lower-body, and wrist-worn. In the 
wrist-worn category, the smartwatch is experiencing a rise, owing to multiple features in one device. 
On the other hand, the head-mounted category is gaining traction with the increasing acceptance of 
smart assistants. In the research community, the potential of soft, flexible electronic materials is a 
key focus. This has led to a range of increasingly sophisticated wearable devices that take a variety of 
different forms. New fabric-like sensors can measure and transmit mechanical strain on the skin with 
unprecedented sensitivity. Fabrics represent a unique platform for seamlessly integrating electronics 
into everyday experiences. The revolution in materials, structures, and functionality at the fiber level 
enables intimate and imperceptible integration, rapidly transforming fibers and fabrics into next-
generation wearable devices and systems. Thus, the future of wearables is soft, transient, 
autonomous, and intelligent. Achieving this requires a rigorous departure from the rigid, power-
hungry, and insecure architectures of the past, embracing a future where technology and biology are 
indistinguishable. The system-level implications of these material translation challenges are 
discussed in Section 13.
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Section 6: Sensor Technologies

6.1 - Magnetic Induction Sensing for Cardiorespiratory Activity 
Monitoring
Stefan Borik1, Mohamed Elgendi3, Aymen Alian2 
1Dept. of Electromagnetic and Biomedical Eng., University of Zilina, Zilina, 
01026, Slovakia
2Dept. of Anesthesiology, Yale University, New Haven, CT, 06510, USA
3Healthcare Eng. Innovation Centre (HEIC), Dept. of Biomedical Eng., Khalifa 
University, Abu Dhabi, UAE
[stefan.borik@uniza.sk, mohamed.elgendi@ku.ac.ae, aymen.alian@yale.edu]

Status
Within magnetic-field–based physiological monitoring, advanced methods based on endogenous 
bio-magnetic signals—such as magnetocardiography, magnetoencephalography, or 
magnetomyography—require highly sensitive instrumentation and controlled environments, limiting 
their practicality for everyday use. In contrast, magnetic induction sensing (MIS) illustrates a 
magnetic-field–based approach that is well suited for wearable and textile-integrated systems. 
Because MIS does not require galvanic contact, it aligns with the goals of unobtrusive, long-term 
monitoring. MIS is particularly suitable for wearables because it uses an externally generated 
alternating magnetic field that enables robust vital-signs measurements with simple planar coils. 
MIS technology traces its roots back to the second half of the 20th century [1], [2], when inductive 
coupling between a patient's body and a coil was initially explored. Early measurements of chest 
conductivity demonstrated that respiration caused a 4% fluctuation in conductivity, while cardiac 
beats induced a 1% change [2].
MIS signals are influenced by both inductive and capacitive coupling mechanisms. Inductive coupling 
occurs when the magnetic field generated by the sensor interacts with conductive tissues, enabling 
the detection of physiological changes such as heartbeats and respiratory cycles. Capacitive 
coupling, on the other hand, arises due to parasitic capacitance between the tissue surface and the 
sensor, which becomes more pronounced during movements such as breathing [3,4]. The reflected 
impedance in the volume of interest (VOI) is modulated by different physiological processes like 
blood perfusion, tissue volume changes, or boundary shifts. The distance between the sensor and 
chest varies due to breathing and heart activity, which primarily affects the sensitivity to changes in 
the air gap between sensor and medium-a dominant factor compared to internal structures [7-
9].There are various MIS techniques such as magnetically coupled impedance measurement, 
feedback oscillator and frequency counting, amplitude modulation using a coil as part of a voltage 
divider, where the measured voltage depends on the reflected impedance of the coil, static 
magnetic field measurement or use of Inductance-To-Digital Converters (LDC) [4]. 
Recent advancements, particularly in the development of inductance-to-digital converters (LDCs), 
have significantly enhanced the precision and practicality of MIS [4], [18], [19]. The ability to capture 
subtle physiological signals without direct contact has made MIS particularly suitable for integration 
into wearable devices, aligning with the growing demand for continuous, real-time health 
monitoring, such as for cardiorespiratory activity (see Figure 23). 
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Current and Future Challenges
Despite the significant progress in MIS technology, several challenges remain. One of the primary 
issues is the susceptibility of MIS devices to motion artifacts, which can degrade signal quality and 
complicate the interpretation of data. Developing advanced algorithms capable of detecting and 
filtering out these artifacts is crucial to improving the reliability of MIS, especially in dynamic 
environments that are common in wearable applications.
Another challenge is the ongoing miniaturization of MIS devices. Reducing the size of the technology 
to fit into everyday objects such as chairs, beds, and car seats would enable seamless health 
monitoring in non-clinical settings. Such advancements could bring MIS technology into more 
everyday contexts, making it easier for individuals to benefit from continuous, unobtrusive health 
tracking.
Power optimization is another important consideration. Minimizing the energy consumption of key 
components, such as the digital signal controller, is essential for ensuring that MIS devices can 
function effectively for extended periods, particularly in wearable or mobile applications.
The development of real-time data processing software is another challenge that needs to be 
addressed. This includes the accurate detection of cardiorespiratory signals, such as heart rate, 
breathing rate, heart rate variability (HRV), and graphing these metrics. Real-time data visualization 
will enhance the usability of MIS for both clinical professionals and consumers, enabling immediate 
insights into a user’s health status.
While capacitive coupling often contributes useful information in cardiorespiratory monitoring, it 
typically has less depth of penetration compared to inductive coupling and is less sensitive to 
changes in internal tissues [12]. Therefore, separating the information coming from inductive and 
capacitive coupling is a critical aspect of MIS technology, requiring sophisticated signal processing 
techniques to ensure accurate readings.
Moreover, sensor deformation and tissue impedance changes further influence the detected signals. 
Any deformation of the sensor can alter the generated magnetic flux, leading to deviations in the 
primary winding’s self-inductance. On the tissue side, deformation can result in the displacement of 
organs and interfaces, modulating eddy current paths and impacting the measurements. These 
tissue impedance changes, dependent on conductivity and permittivity, are also frequency-
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Figure 23. Example of a Magnetic Induction Sensing (MIS) Setup for Capturing Cardiorespiratory Output. (A) MIS device placed on the 
chest, illustrating a wearable application for cardiorespiratory monitoring. (B) MIS device attached to the back of an office chair, 
demonstrating a non-contact monitoring setup. (C) Cardiorespiratory signal captured by the MIS device (red), with distinct peaks 
corresponding to respiratory cycles and heartbeats. As a reference, there is also shown simultaneously recorded ECG (blue). The 
captured signal consists of two stages: 1) deep breathing where respiration and heart activity are present and 2) hold breathe where the 
heart related waveform can be distinguished. The x-axis represents time (s), and the y-axis represents signal amplitude (arb. units).
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dependent, which adds another layer of complexity to the accurate interpretation of MIS data [3], 
[15].
Finally, optimizing the design and performance of planar coils to improve the quality of the produced 
signal is vital for enhancing the overall accuracy of MIS. Additionally, exploring the potential to adapt 
MIS for monitoring other physiological signals beyond cardiorespiratory activity could open new 
applications for this technology, further broadening its usefulness in healthcare. 

Advances in Science and Technology to Meet Challenges
Recent advances in MIS have significantly enhanced the accuracy and practicality of non-contact 
cardiorespiratory monitoring [4]. One of the key developments has been the integration of high-
resolution LDCs [4], [18], [19]. These devices offer improved noise immunity and signal quality, 
which are crucial for capturing the subtle physiological changes associated with cardiac and 
respiratory activities. The high resolution provided by these LDCs allows for more precise 
monitoring, making MIS a competitive alternative to traditional methods like electrocardiography, 
photoplethysmography or ballistocardiography.
A major technological advancement has been the development of capacitive-coupling shielding, 
which mitigates unwanted contributions from parasitic capacitance between the sensor and tissue 
[4]. This shielding enhances measurement specificity and reduces variability caused by 
environmental or motion-related capacitive effects. In parallel, hardware simplification enabled by 
LDCs has reduced system complexity relative to traditional oscillator-based designs, supporting more 
compact and reliable implementations. These refinements are especially valuable in non-contact 
scenarios, where sensor–body distance and alignment can fluctuate. In some cases, however, such 
fluctuations are not merely sources of noise but can provide desirable physiological information-for 
example, mechanical activity arising from cardiorespiratory motion that modulates the coupling 
between the sensor and the body.
These technological improvements have enabled a diverse range of MIS applications across 
wearable and ambient contexts. Implementations include portable multimodal cushions for 
continuous driver monitoring [10], [11], [12], chair setups for cardiorespiratory activity monitoring 
[3], textile-integrated wearable systems [8], [13], [14], fingertip devices for heart activity monitoring 
[15] or hemoglobin concentration measurement [16], [17].
Further research should refine the modelling of reflected impedance, which depends on sensor–
tissue distance, tissue properties, and mechanical deformation, and improve real-time 
compensation for these effects. Changes in mutual inductance caused by respiratory or cardiac 
motion can therefore be more accurately interpreted, supporting robust non-contact monitoring. As 
MIS technology evolves, continued miniaturization, reduced power consumption, and simplified coil 
and electronics design are making integration into wearable systems increasingly practical. These 
hardware improvements, combined with MIS’s inherent non-invasiveness and high sensitivity, 
strengthen its potential for next-generation continuous health monitoring.
Progress in signal processing is equally important. Advanced algorithms for motion-artifact 
suppression, separation of inductive and capacitive components, and machine-learning–based 
extraction of respiratory and cardiac metrics are improving signal reliability under real-world 
conditions. The incorporation of wireless communication and embedded processing enables 
seamless data transmission and on-device analysis, positioning MIS as a promising platform for 
continuous, real-time physiological monitoring in everyday environments.
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Concluding Remarks
Magnetic induction sensing offers a non-invasive, reliable, and wearable-friendly solution for 
continuous cardiorespiratory monitoring. While challenges such as capacitive coupling and advanced 
signal processing remain, ongoing research promises to overcome these obstacles. As MIS 
technology continues to advance, it holds the promise of becoming a cornerstone in the next 
generation of wearable health monitoring devices, contributing to improved health outcomes 
through continuous real-time monitoring. 
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6.2 - Wearable Radar Sensors
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Status
Numerous methods exist for monitoring vital signs and biomarkers, with wearable devices 
experiencing remarkable advancements in recent years. Since the early 2010s, the mainstream 
market's acceptance of these devices has significantly increased, particularly with the surge in 
popularity of smartwatches and wearable patches. The sensors employed in these widely used 
wearables are often restricted to a single monitoring method, predominantly 
photoplethysmography (PPG). However, PPG has drawbacks, such as sensitivity to ambient light, 
limited skin penetration, and variations in accuracy due to skin colour differences [1, 2].

In comparison, radar technology offers significant advantages, including non-contact measurement 
capability that allows measurements through clothing, deeper skin penetration, and insensitivity to 
skin color variations. Radar systems measure the perturbation of the skin surface or chest wall 
caused by pulsatile blood flow, allowing for the simultaneous monitoring of multiple vital signs, 
including heart rate (HR), respiratory rate (RR), and blood pressure (BP) [3, 4]. The implementation 
of radar as a wearable device is currently feasible through three main architectures: Frequency-
Modulated Continuous Wave (FMCW), Ultra-Wideband (UWB), and Continuous Wave (CW). A 
number of studies have discussed these architectures in detail within the context of monitoring vital 
signs [5, 6]. 

In the past, radar systems were primarily used to detect the presence of large targets, such as 
aircraft and vehicles. As technology advanced, these systems became capable of extracting more 
detailed information, including the size, shape, velocity, and direction of the targets. These 
advancements were achieved by modifying the fundamental properties of radar systems, such as 
radar architecture and operational frequency [7]. Since the 1970’s, numerous studies have explored 
the use of radar technology for monitoring physiological signals [8]. These applications can be 
classified into three categories based on the distance between the radar antenna and the human 
body: non-contact, near-contact, and body-contact systems. While a majority of studies focused on 
non-contact radar systems, only a limited number of works explored contact-based systems. In this 
roadmap, we will examine the current status, challenges, and advancements in contact-based radar 
sensors.

Current and Future Challenges
Current research on near-contact and body-contact wearable devices are primarily implemented 
using the three main architectures – FMCW, UWB and CW. The FMCW architecture, which utilizes a 
commercial radar IC, operates in the 57 to 63 GHz band and is placed approximately 1 cm from the 
human body. This configuration, positioned on the wrist, measures small skin movements reflecting 
arterial pulsation. While it provides fairly accurate measurements of heart rate, respiratory rate, and 
pulse waveform features for cuffless blood pressure estimation, the indirect measurement of skin 
perturbation can introduce errors [9].
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The UWB radar system, on the other hand, measures physiological waveforms from arterial pulses at 
multiple locations using a 3.8 GHz centre frequency UWB pulse with a 1 ns duration. The antennae 
are body-coupled via a ceramic insulator. Although UWB systems deliver accurate results, the 
complexity of hardware and signal processing poses significant challenges for their implementation 
in wearable sensors [10]. 

An alternative architecture, continuous wave radar, offers a simpler approach with minimal 
hardware requirements. This system can effectively obtain pulse waveforms and enhance skin 
penetration by utilizing the sub-GHz spectrum for radar operation. The CW signal is coupled into the 
body through body-coupled antennas, allowing for the measurement and extraction of arterial 
movements to determine HR and RR. Figure 24 illustrates the simple CW radar architecture 
alongside the corresponding physiological signals [11].

A primary challenge in the development of wearable radar systems is the human body itself acting as 
the propagation channel, unlike the free-space environments where most current radar applications 
are focused. The complex scattering environment caused by the human body needs to be accurately 
modelled to improve the accuracy of sensing parameters. There is a significant trade-off in system 
design, involving choices of operating frequency, transmit power, and radar architecture, which in 
turn influence the selection of appropriate antennas. Balancing these factors is crucial for optimizing 
the performance and usability of wearable radar devices. Our studies show that a CW architecture at 
800MHz-1GHz frequencies provides a good balance in these factors by providing accurate results to 
obtain physiological waveforms as demonstrated in Figure 24 [11].

Figure 24.  A wearable radar system for vital signs monitoring. (a) Illustration of CW architecture in a wearable radar system, (b) 
example monitoring setup, (c) extracted physiological waveforms.
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Advances in Science and Technology to Meet Challenges
The integration of radar technology into wearable devices offers a promising future for non-invasive 
monitoring of physiological signals. However, to fully utilize the potential of radar-based wearables, 
significant challenges must be addressed, particularly those arising from the unique characteristics 
of the human body as a propagation medium. The primary advancements needed can be 
categorized into the following areas:
Study of the Human Body as a Propagation Environment: A critical advancement for wearable radar 
systems involves a comprehensive study of the human body as a propagation channel. This 
understanding is vital for enhancing the accuracy and reliability of measurements beyond traditional 
parameters such as heart rate, respiratory rate, and blood pressure. The human body poses unique 
challenges, including high signal attenuation in tissue, which complicates distinguishing between 
desired signals and unwanted backscatter.

Advanced Signal Processing Techniques: Addressing the complex propagation characteristics of the 
body requires advancements in signal processing techniques. Traditional methods like arctangent 
demodulation may not be sufficient, as they do not fully account for the unique properties of 
biological tissues. Developing new algorithms that consider these factors is crucial for accurate signal 
reconstruction and differentiation, thereby improving the reliability of the data obtained from radar-
based wearables.

Improved Antenna Design: Advancements in antenna design and materials science are also 
essential. The development of flexible, body-conforming antennas can enhance the interface 
between the radar system and the human body, reducing signal loss and increasing sensitivity. These 
improvements can significantly enhance the performance of wearable radar devices, enabling more 
precise monitoring of physiological signals.

Optimizing Frequency of Operation, Radar Architecture Selection, Resolution, and Safety: A crucial 
area is optimizing the frequency of operation, radar architecture selection, resolution, and ensuring 
user safety. Finding the right balance among these parameters can greatly enhance system 
resolution and broaden the scope of applications beyond physiological monitoring, such as imaging. 

Concluding Remarks
Wearable radar devices offer significant advantages over traditional methods like 
photoplethysmography by providing detailed information on human body movements and vital 
signs. Understanding in-body parameters, coupled with adequate antenna design, optimized 
operating frequency, and advanced signal processing techniques, has the potential to revolutionize 
wearable monitoring. These advancements could enhance the accuracy and reliability of vital sign 
monitoring and pave the way for detecting various biomarkers and potential imaging applications.
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6.3 - Advancements in Wearable EEG Technology: Applications 
and Challenges
Karmen Markov1 and Mohamed Elgendi2

1Biomedical and Mobile Health Technology Lab, Department of Health Sciences and Technology, ETH Zürich, 
Zürich, Switzerland
2Department of Biomedical Engineering and Biotechnology, Khalifa University of Science and Technology, Abu 
Dhabi, UAE.
[mohamed.elgendi@ku.ac.ae]

Status
Electrical bio-signal sensors, including electrocardiogram (ECG), electromyogram (EMG) and 
electroencephalogram (EEG), have formed the foundation of physiological monitoring for over a 
century.  Early developments in recording cardiac [1], muscular [2], and brain activity [3] established 
the basis of modern electrophysiology and demonstrated the value of electrical signals for assessing 
physiological function.  Later advances in low-noise amplifiers, integrated electronics, digital 
processing, and wireless data transmission enabled the miniaturization of these sensors, facilitating 
the emergence of consumer-grade wearable systems capable of continuous, real-world monitoring 
beyond laboratory and clinical settings [4].

Within this sensor family, EEG has become increasingly important because it is the only non-invasive 
modality capable of capturing brain activity in everyday environments. This unique capability 
underpins its applications in mental-state assessment, wearable brain–computer interfaces (BCIs), 
and neurorehabilitation, motivating focused attention on EEG as a rapidly evolving sensing 
technology with substantial potential for future impact. Commercial wearable EEG devices such as 
Muse [5], Emotiv [6], NeuroSky MindWave [7], Dreem [8], Cognionics Quick-20 [9], BitBrain [10], 
Epitel’s REMI [11] and Neurable[12] illustrate the technological maturity of the field. Lightweight 
designs like headbands, adhesive patches, and around-the-ear systems commonly position 
electrodes over frontal (Fp1, Fp2, AF7, AF8) and occipital (O1, O2) regions to support unobtrusive 
EEG acquisition in everyday conditions (Figure 25). These devices provide practical alternatives to 
traditional wet-electrode systems and have been validated against research- and medical-grade EEG, 
demonstrating comparable signal quality and reliability [13]. The shift from rigid caps to flexible, 
customizable designs has expanded the feasibility of long-term, at-home EEG monitoring across 
diverse user populations.

Wearable EEG continues to gain relevance due to its broad and growing application space. Current 
uses span wellness (meditation and self-regulation [14], stress reduction through biofeedback [15]), 
cognitive assessment (mental-fatigue evaluation [16]), and gaming (improving attention spans in 
children through neurofeedback [17]). In clinical care, wearable EEG supports home sleep 
monitoring as an alternative to polysomnography [18] and seizure detection [19]. EEG wearables 
also enable BCI-based communication for locked-in patients [20] and control of prosthetic and 
robotic devices [21]. In research, wearable EEG facilitates large-scale event-related potential studies 
outside laboratory environment [22]. Together, these applications highlight the persistent and 
increasing value of accessible neural sensing. Continued improvements in electrode materials, signal 
robustness, and device integration will broaden real-world usability and expand the range of neural 
biomarkers that can be captured unobtrusively.
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Figure 25. (a) Simplified working principle of wearable EEG systems. Scalp potentials are captured through dry or textile electrodes, 
amplified using low-noise front ends, digitized with an analog-to-digital converter, and optionally processed on-device before wireless 
transmission for downstream analysis. (b) Representative wearable EEG device types. Schematic illustrations showing common form 
factors, including headbands/headsets, around-the-ear devices and forehead patch systems. (c) Most common electrode positions used 
in commercial wearable EEG devices. Heatmap and head diagram highlighting frequently used sites, including Fp1, Fp2, AF7, AF8, O1, and 
O2. (d) Frequency of electrode positions across commercial wearable EEG devices. Bar chart summarizing electrode usage based on 
device specifications from BitBrain Air, BitBrain Diadem, BitBrain Ikon, BitBrain Hero, Muse S, Muse 2, Cognionics Quick-20, Emotiv Epoc+, 
Emotiv Insight, Emotiv MN8, Dreem, Epitel’s REMI, NeuroSky MindWave, and Neurable.

Current and Future Challenges
Despite advancements in EEG wearables, several challenges continue to limit reliable, long-term 
sensing outside controlled settings. A primary issue is maintaining high signal quality in real-world 
environments, as EEG is highly susceptible to motion artifacts and environmental interference. Head 
movement, electrode displacement, ocular activity, and sweat can distort the small-amplitude 
cortical signals. While adaptive filters and subspace reconstruction can help, complete artifact 
removal without distorting neural information remains unresolved [23].  Electrode comfort, stability, 
and contact impedance remain major limitations in wearable EEG. Traditional wet electrodes offer 
excellent fidelity but are unsuitable for long-term use. Dry and semi-dry electrodes, while essential 
for wearable systems, still exhibit high and unstable impedance, motion sensitivity, and inconsistent 
contact, particularly in hairy regions [24]. Semi-dry designs may also release electrolyte unevenly 
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over time. These issues reduce signal reliability, making stable, low-impedance contact across 
different hair, skin, and movement types a key materials and design challenge. Hardware constraints 
further impact performance. Wearable EEG requires high-gain, low-noise amplification and 
continuous multichannel acquisition, which place significant demands on power-limited, compact 
devices. Miniaturization often introduces trade-offs between data fidelity and energy efficiency [25]. 
As a result, limited battery capacity restricts long-term recording, especially when high sampling 
rates or continuous wireless transmission are needed for real-time applications. Reproducibility and 
generalizability remain persistent scientific challenges. Many wearable EEG studies rely on small, 
homogeneous samples and lack standardized validation frameworks. Device-dependent variability 
and inconsistent signal quality complicate comparisons between systems [26]. Large-scale open 
datasets and benchmarking efforts are essential to establish reproducibility and reliability in real-
world conditions. Finally, EEG monitoring introduces ethical and privacy considerations. Neural data 
can reveal sensitive information related to cognition, attention, emotion, and mental health. 
Ensuring secure data handling, privacy-preserving analytics, informed consent, and appropriate 
governance is essential as neural information becomes increasingly commercially valuable [27]. 

Advances in Science and Technology to Meet Challenges
Emerging innovations in materials science, electronics, and computational methods are rapidly 
addressing the key barriers facing wearable EEG technologies. Advances in electrode materials and 
form factors are improving comfort, stability, and long-term wearability. Flexible headbands, textile 
electrodes, and ear-EEG systems provide unobtrusive alternatives to traditional caps for daily 
monitoring [28], [29]. Bioadhesive and hybrid materials enhance contact quality, while 
microstructured adhesives maintain stable impedance during motion. Innovations such as 
controlled-release semi-dry reservoirs, hydrogels, carbon-fiber bristles, microneedle arrays, 3D-
printed electrodes, and graphene- or PEDOT:PSS-based fabrics further support comfortable, low-
impedance, motion-resistant EEG acquisition [30].  Advances further enable compact, energy-
efficient EEG systems. Miniaturized analog front-ends, low-noise amplifiers, and on-chip ADCs 
support high-quality acquisition in small form factors, while integrated circuits that combine 
amplification, filtering, artifact rejection, and compression reduce both power use and wireless 
bandwidth requirements [25].  Improved signal processing and AI-based artifact correction are also 
enhancing wearable EEG reliability. Convolutional, recurrent, and attention-based machine learning 
models improve the detection and suppression of motion and muscle artifacts. Hybrid pipelines 
using wavelet decomposition, Independent Component Analysis, or adaptive subspace 
reconstruction robustly remove complex noise patterns. Sensor-fusion strategies that combine EEG 
with IMU signals strengthen artifact prediction during gait and head movement, and emerging low-
power implementations enable real-time, on-device suppression [23]. Standardization and 
benchmarking efforts are progressing as well. Comparative assessments of wearable EEG signal 
quality and reproducibility are informing emerging validation guidelines[26]. These efforts support 
the development of shared data standards, test protocols, and cross-device calibration to improve 
reproducibility in real-world applications. Finally, ethical and privacy-focused innovation is becoming 
central to device design. Wearable EEG systems increasingly integrate secure data handling and on-
device processing to protect sensitive neural information. Privacy-by-design architectures, combined 
with embedded AI for real-time inference, reduce reliance on continuous data transmission and 
support responsible deployment of neurotechnology [27].
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Concluding Remarks
In conclusion, EEG wearables have demonstrated significant potential across a wide range of 
applications, from consumer wellness and cognitive assessments to clinical monitoring and brain-
computer interfaces. However, challenges such as improving signal quality, ensuring usability in real-
world conditions, and addressing data privacy concerns must be addressed to realize their full 
potential. Continued advancements in electrode technology and device integration will be crucial in 
expanding the scope and effectiveness of wearable EEG systems.
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Section 7: Signal Processing

7.1 - Signal Processing 
Shekh M. M. Islam, Jessilyn P. Dunn
Department of Biomedical Engineering, Duke University, Durham, NC, USA

Status 
Real-time biomedical monitoring with wearable and textile-based sensors has enormous potential to 
improve healthcare [1]. These sensors are increasingly used in both clinical and everyday 
environments because they offer convenient and unobtrusive ways to acquire continuous 
physiological data [1]. Modern wearables can measure key vital signs such as heart rate, blood 
pressure, and oxygen saturation outside of traditional clinical settings and support illness monitoring 
and early detection (Figure 26) [2]. As technology continues to advance, broader and more impactful 
applications of wearable sensing are expected to emerge. Because these systems operate in highly 
dynamic, real-world environments, the signals acquired are often affected by motion, variable 
sensor–skin contact, and other sources of noise. Robust signal-processing methods are therefore 
essential to ensure that meaningful physiological information can be reliably extracted. In this 
subsection, we focus on foundational signal-processing techniques—specifically noise reduction and 
feature engineering—that are central to preparing wearable data for downstream analysis. More 
advanced topics such as multimodal fusion, real-time computation, and AI-based modeling are 
discussed in later subsections of this chapter.

Figure 26.  Overview of wearables in remote health monitoring systems. Signal processing plays a vital role in design decisions around the 
central storage and processing units for extracting meaningful information from the data acquired by the sensors.

Noise Reduction

Many kinds of interference or artifacts can be observed during bio-signal measurements, which may 
have an impact on the precision and quality of the recorded signals. Motion artifacts, loss-of-contact 
artifacts originating from loss of physical electrode contact, power line interference, and baseline 
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drift are a few of the most frequent kinds of artifacts found in wearable sensor data [3]. Noise 
reduction techniques can be used to eliminate such undesirable signals from the bio-signal data, 
resulting in an increased signal-to-noise ratio of the wearables data. 

Baseline Drift

Baseline drift is a low-frequency signal variation that affects the baseline voltage of physiological 
signals captured by wearable sensors and is brought on by ambient interference or motion artifacts. 
One example is power line interference, which is the result of electrical activity from power lines 
interfering with the signal being captured, producing noise at frequencies of 50 or 60 Hz. 
Temperature, humidity, or changes in electrode-skin contact can all also lead to baseline drift, which 
can cause gradual unidirectional changes in the recorded signal over time. 

Numerous filtering techniques have been suggested to counteract baseline drift, including infinite 
impulse response (IIR) and finite impulse response (FIR) filters, wavelet transforms independent 
component analysis (ICA), signal averaging, and filtering methods like bandpass, notch, and adaptive 
filters [4][5]. For example, the IIR bandpass filter is frequently used to preprocess 
photoplethysmography (PPG) signals because it is simple to design, effective at detrending baseline 
drift, and reduces undesired distortion. Most baseline drift filtering techniques are based on the 
frequency characteristics of the wearables data signal and noise. 

Motion Artifacts

Motion artifacts are data disturbances resulting from the wearer's movement. These are time-
varying, nonstationary electrical signals that differ from background noise, and are especially 
common during physical activity [4]. Motion artifacts can be detected using a variety of techniques, 
such as visual inspection, signal processing methods, and machine learning algorithms [6]. Clean 
signals and motion artifacts can often share a superimposed frequency zone, particularly for PPG 
signals, which makes it challenging to address motion artifacts with classical filters like FIR and IIR 
that work well for removing baseline drift and/or ambient noise as described above. Statistical 
parameters such as Shannon entropy, mean and variance of the intrinsic mode function of the 
empirical mode decomposition (EMD), and adaptive noise cancellation (ANC) with thresholding 
techniques have been utilized for effective motion artifact removal [7]. Figure 27 illustrates an 
example of EMD, decomposing the signal corrupted by motion artifacts into different frequency 
component signals that function to isolate the clean signal. Some popular signal processing 
techniques for motion artifact removal in PPG signals include ANC, Independent Component Analysis 
(ICA), Singular Value Decomposition (SVD), Wavelet Transform (WT), and cycle-by-cycle Fourier 
Series Analysis (FSA). ANC works better than traditional filters for addressing motion artifacts in PPG 
due to its adaptably changing coefficients which can mitigate motion artifacts quite accurately [4]. 
Additionally, machine-learning methods like convolutional neural networks (CNNs) have been 
employed to eliminate motion artifacts from biosignal data [7].
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Figure 27.  Empirical mode decomposition (EMD) overview. The signal s(t) is a physiological signal that is corrupted by motion artifacts 
represented as n(t). The EMD technique decomposes the corrupted signal into different frequency bands known as intrinsic mode function 
(IMF) and can extract the physiological signal from the signal corrupted by motion artifacts. 

Feature Engineering

Filtered wearables signals still require additional post-processing to make the information 
meaningful. Thus, another aspect of wearables data signal processing is feature engineering, which 
entails identifying pertinent features in the sensor data and relating them to particular physiological 
indicators, such as skin temperature, heart rate, heart rate variability, and respiration rate. Relevant 
features can be extracted from the wearable sensor data by methods including peak detection, 
linear and nonlinear regression, and time/frequency domain analysis. From the filtered waveform 
itself, time domain properties can be obtained. These can be specific to a waveform, such as heart 
rate derived from electrocardiography (ECG) data, statistical measures like mean and standard 
deviation, or information theory measures like signal entropy. For ECG data, for example, 
characteristics such as R-R interval, QRS complex, respiratory rate, heart rate, and heart rate 
variability can be extracted through peak finding methods applied to the filtered waveform in the 
time domain, as well as applications of basic statistical techniques to the data such as mean and 
standard deviation. Converting the time domain signal into the frequency domain enables other 
features to be calculated, such as the mean frequency and energy content of different bands. 
Examples of frequency characteristics are power spectral density and Fourier transform coefficients. 
More specifically, discrete-time Fourier transform (DFT) has been used for discrete signals, FFT has 
been used as an efficient implementation of FT, and short-time Fourier transform (STFT) has been 
used for non-stationary signals. The most common type of temporal-frequency feature for 
nonstationary signals is the discrete wavelet transform (DWT) coefficient. Overall, effective signal 
processing and feature engineering methods are necessary for the real-world implementation of 
wearables that are accurate and dependable for biomedical monitoring, allowing for continuous and 
remote health assessment for a variety of applications [8].
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Challenges in Wearables Signal Processing

For biomedical signals to be monitored in real-time, advanced data analysis and signal processing 
methods are required. Signal processing algorithms are used to remove noise, extract 
distinguishable features, and identify biomarkers that are indicative of health conditions [2]. 
Wearable textile sensors are particularly plagued by motion artifacts given that their form factor is 
optimized to function as a piece of clothing, which by its nature has less tight contact with skin than 
other wearable form factors. Further, it can be difficult to adapt conventional signal processing 
methods to online, miniaturized, and wireless wearable form factors. Related to this challenge is the 
design trade-off between algorithm performance and power consumption [9]. As a result, wearables 
may struggle to meet the stringent performance specifications of conventional medical devices. 

In terms of methods for feature engineering, the bulk of methods developed thus far are based on 
frequency data, with wavelet transforms being especially popular [9]. However, wavelet 
decomposition doesn't always offer the most optimal—or even most appropriate—feature set for all 
signal types and applications [9]. There is room for improvement and a need for exploring 
methodologic trade-offs of feature engineering techniques. However, the difficulty and cost of 
evaluating algorithm performance in healthcare applications makes comprehensive evaluation of 
these trade-offs difficult.

Additional opportunities in wearables signal processing include developing methods of multi-modal 
or multi-nodal sensor fusion– combining different data streams from different types of sensors, or 
combining data from the same types of sensors placed in various locations, respectively. Here, 
challenges arise in multiple signal alignment, mismatches in the data dimensionality and/or data 
density/sampling frequency of different data modes, and employing appropriate multimodal data 
fusion methods (integration at both the decision and feature levels). Recently, eventDTW (eDTW) 
was proposed as a novel method for multi-modal alignment of signals of varying sampling 
frequencies [11].

The aforementioned obstacles and constraints must be overcome before wearable textile-based 
sensors can be widely and reliably used in a range of healthcare applications. The goal of ongoing 
research is to develop novel materials, designs, production techniques, and innovative robust signal 
processing algorithms that will help address these issues and enhance the functionality of wearable 
textile-based sensors for long-term biomedical monitoring application areas.

Recent Wearables Signal Processing Advancements
Recent years have seen rapid development in wearable algorithms, creating new opportunities to 
improve healthcare. Co-evolving with hardware technologies, embedded signal-processing 
algorithms have several advantages such as reduced power consumption, decreased volumes of 
data required to be transmitted and analyzed offline, reduced system latency, and higher quality 
recordings (e.g., with on-board motion artifact reduction) [7]. 

Advancements in sensor data fusion technologies combined with miniaturization of hardware have 
also propelled the development of multi-modal wearables. A recent study demonstrated that 
utilizing different advanced signal-processing algorithms that are suitable for different data types 
can overcome the challenges of handling multi-dimensional datasets [10]. For example, a wearable 
tactile sensor attached to multiple target muscle groups of the human body was capable of 
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capturing different frequency physiological signs such as respiration (~ 0.1 Hz), cardiac activity (~10 
Hz), and hand gestures (~1 Hz) [10]. With the advancement of wearable algorithms for multi-modal 
sensing, areas for further research include dimensionality reduction, signal processing, pattern 
recognition, and data fusion techniques. 

Furthermore, the enormous volume of data produced by these multi-modal sensors demands new 
methods for signal processing via machine learning and artificial intelligence (AI), enabling the 
extraction of useful and novel insights. Machine learning is also being applied for efficient motion 
artifact reduction.  For example, the detection and tracking of cardiovascular disease has advanced 
significantly with wearable sensors and machine learning due to newly efficient noise reduction 
methods [10]. Machine learning algorithms have improved wearable sensors' signal analysis, 
resulting in more precise feature extraction and signal processing and enabling the extraction of a 
wider range of physiological information from wearable sensors. These developments in wearable 
algorithms driven by machine learning provide opportunities for better healthcare, early disease 
detection, and customized treatments. To fully realize the potential of these integrated technologies 
and open the door to a new era of medical monitoring, more research and technological 
development are essential. Particularly, there is an open opportunity to develop automated tools to 
assist designers in selecting the best signal processing method for specific hardware and health 
application combinations. 

Concluding Remarks
Wearable textile-based sensor technology is gaining popularity because of its flexibility, remote 
accessibility, portability, and the ability to collect data continuously and in real time. While 
advancements in signal processing methods have increased sensor accuracy and usability, challenges 
remain. Crucial elements like algorithm accuracy, varying deployment conditions, hardware 
limitations, and data privacy remain pertinent. Future advancements should concentrate on 
addressing these issues through interdisciplinary collaboration, the implementation of strict 
validation processes, and the establishment of clear regulatory frameworks.
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7.2 - Data Fusion and Multi-sensor Integration 
Daniel Franklin, Institute of Biomedical Engineering, Translational Biology & 
Engineering Program, Ted Rogers Centre for Heart Research, University of 
Toronto
[Dan.Franklin@utoronto.ca]

Status
Significant advances in sensor technology, material science, and data processing have enabled the 
miniaturization and widespread adoption of wearable electronic devices for health and fitness 
tracking[1]. Current wearables, such as smart watches and fitness trackers, integrate multiple 
sensors to provide insight into physical activity, sleep patterns, and cardiovascular health. To achieve 
this, devices host a multitude of sensors which individually targeting separate biological signals, such 
as accelerometers for motion tracking, and photoplethysmography for continuous heart rate 
measurements. However, efforts to combine these independent data streams can further enable 
novel types of measurements[2], [3], [4], improve the accuracy of existing approaches[5], and 
provide a more comprehensive view of the user’s health and activity[6], [7], [8].  

Figure 28 illustrates categories of sensors commonly implemented within wearables, and examples 
of novel measurements and applications enabled through their fusion. Fundamental measurements 
of motion, temperature, optical, electrical, chemical activity can be combined to form physiological 
estimates of blood pressure based on signal timings[9], [10], form methods for overcoming 
inaccuracies such as motion artifacts[11], [12], and be linked to diseases and clinical needs via 
machine learning and AI models for better pattern recognition, anomaly detection, and predictive 
analytics[1], [6], [13].

Current and Future Challenges
Wearable sensors often provide imperfect, non-invasive estimates of internal physiology. Increasing 
the number and type of sensors within wearable devices is a strategy to overcome this limitation 
through cross-referencing, advanced physiological models, and improving accuracy in the face of 
confounders. However, increasing the number of sensors also presents several unique engineering 
and data processing challenges, including physical size, data bandwidth/volume, and establishing the 

Figure 28.  Fundamental types of measurements in current wearables, and examples of fusion-enabled measurements through two or 
more sensor channels.  Combinations of sensor measurements aim to more comprehensively evaluate user status to improve the 
screening and management of chronic diseases.   
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accuracy and calibration of continuous metrics compared to single-time-point invasive ‘gold 
standards’. 
Off-the-self components on the millimetre scale allow for many sensors to be distributed throughout 
a device. However, the accuracy of combinatorial measurements can require more stringent co-
location of sensors and necessitate the continued miniaturization and integration of multiple sensors 
within single ASIIC designs and packaged ICs. Integration of multiple sensors, each capable of 
sampling in ranges of Hz to MHz, can also quickly pose a data pipeline and processing challenge.  The 
ability to store large volumes of data on-board the wearable requires large memory IC’s, while the 
ability to stream data off in real-time can bottleneck NFC and BLE communication protocols.  Power 
consumption and time synchronization between different data channels and devices also becomes 
of great importance, especially when comparing waveform morphologies and features on the 
millisecond time scale.  
 
Processing, visualizing, and analysing extremely large continuous datasets along with the need to 
label events and reference to ‘gold standards’ can quickly become a challenge. The ‘gold standard’ 
comparisons for certain cardiovascular vital signs, such as blood pressure, cardiac output, ejection 
fraction, and systemic vascular resistance, are also pointwise measurements and/or are invasive.  
This poses challenges in validation with real-time continuous data sets and gaining access to the 
proper clinical environments[14]. Lastly, as wearables progress to real-world environments an 
increasing focus is needed on confounding sources of error such as motion artifacts, exercise, age, 
and the impact of common diseases on sensor accuracy. 

Advances in Science and Technology to Meet Challenges
Addressing these challenges requires ongoing research, technological innovation, and 
interdisciplinary collaboration. Further miniaturization of sensors through ASIIC design and 
heterogenous integration/packaging will improve functionality and enable increasing sensor 
channels. Additionally, heterogenous integration of new sensor technologies, such as VCSELS, 
spectrometers, and APDs, will further expand the accuracy and number of fusion-enabled 
measurements. The further integration of these sensors with supporting circuitry infrastructure 
(power management, communication, microcontrollers) will lead to reduced power consumption. 
  
Advances in data processing techniques and coding environments will make the visualization and 
analysis of vast data sets more assessable, along with the ability to train and evaluate more 
advanced machine learning and artificial intelligence models. This will be facilitated by 
standardization of data formats and implementation of higher band width communication protocols.  
The incorporation of machine learning cores on microcontrollers will also allow on-board processing 
of complex data sets and the real-time application of AI models.   

Lastly, more thorough regulatory requirements and guidelines will be needed to set the standard for 
validation processes involving novel multi-sensor devices.  Such guidance needs to be specific to 
measurement targets, such as blood pressure, but generalizable enough to stay relevant in quickly 
advancing sectors where the combination of sensor types and calibration techniques are vast and 
expanding. 
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Concluding Remarks
The successful resolution of these challenges will enable more effective and widespread use of data 
fusion in wearable technology, ultimately benefiting users through enhanced health monitoring and 
personalized insights. Overall, the field of data fusion and multi-sensor integration in wearables and 
smart textiles is crucial for advancing personalized health and wellness solutions, and further 
innovations hold the potential to significantly enhance both individual health management and 
broader healthcare systems.
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Status
Advancements in microelectronics and wireless communications have catalysed the development of 
Body Sensor Networks (BSNs) [1]. These networks integrate wearable and environmental sensors 
across multiple devices, thereby enhancing the functionality and reliability of wearable technologies. 
Knowledge-driven sensing is typically confined to generic tasks; for instance, signal processing 
techniques are frequently used to fuse data from accelerometers, gyroscopes, and magnetometers 
to enable precise orientation tracking within Inertial Measurement Units (IMUs). Early data-driven 
approaches primary excelled with homogeneous or conceptually similar sensors, leveraging 
fundamental physical principles for sensor fusion and feature extraction, complementing classical 
and light-weight machine learning (ML) algorithms. Products like MVN Biomech by Xsens use 
multiple IMUs to capture kinematic measurements such as limb flexion angles, providing robust 
features for ML-driven applications in rehabilitation or sports analytics [2].  

While homogeneous sensor fusion enhances system reliability, improves signal-to-noise ratios, and 
boosts resolution through multi-view sensing and redundancy, there is a drive to harness the 
capabilities of diverse sensor information to overcome the limitations of homogeneous sources [3]. 
For example, integrating inertial data can mitigate interference from motion artifacts in wearable 
photoplethysmogram (PPG) measurements [4]. Heterogeneous sensor fusion, which integrates 
measurements from disparate physiological processes, has been advanced by deep learning (DL) 
[1,3,5,6-8]. This technology enables automatic feature learning, facilitating the fusion of disparate 
data types into abstract shared feature spaces. Consequently, BSNs employing DL-driven fusion of 
heterogeneous information excel in performing complex tasks like human pose estimation [5], 
human activity recognition (HAR) [9-12], gesture recognition [13,14] and emotion detection [10].
Within the BSN framework, sensors or ‘edge devices’ handle data sampling, cleaning, and 
occasionally feature extraction. Edge devices transmit information to gateway devices, typically 
smartphones. For complex sensing tasks, gateway devices serve as conduits to cloud-servers where 
more intensive computation can take place [6,15].

Current and Future Challenges
The demands of processing multiple data streams and coordinating a variety of edge devices amplify 
many of the existing challenges inherent to single-sensor systems. Nevertheless, multi-sensor 
systems do present some unique challenges, primarily stemming from the complexity of 
heterogeneous sensor fusion.
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In decision-level sensor fusion, decisions made from individual sensor streams are combined to 
reach a final determination, as shown in Figure 29. While this approach efficiently distributes BSN 
computations, it often yields inconsistent outcomes for heterogeneous BSNs and does not fully 
exploit the complementary nature of multimodal data [11]. In contrast, data-level and feature-level 
fusions represent fine-grained methods, merging either raw data streams or extracted features. 
Homogeneous fine-grained fusion generally demands moderate computational effort because 
algorithms used to align information into a ubiquitous format can be knowledge driven. While these 
fusion techniques are robust, they necessitate thorough calibration and precise synchronisation 
[3,5]. Heterogeneous fine-grained fusion requires higher computational effort because it 
necessitates the learning of shared feature spaces that can effectively encapsulate conceptually 
diverse information. Convolutional neural networks (CNNs) [7] and transformer networks [8] have 
been effective in this capacity. However, due to substantial computational demands, DL-driven 
fusion often requires processing in the cloud [6]. Using cloud services in BSNs not only introduces 
undesirable latency but also raises substantial privacy concerns [11,15].

 

While the capacity for BSN customisation facilitates a wide range of sensing solutions, it also creates 
a notably fragmented ecosystem. The lack of standardisation amongst DL-driven heterogeneous 
sensor fusion methods results in abstract feature representations that are seldom transferable to 
other domains without extensive re-development, data collection and re-training.

Advances in Science and Technology to Meet Challenges
To address the computational challenges associated with deploying sophisticated DL-driven fusion 
on gateway devices, researchers are turning to the latest DL accelerators (DLAs), notably 
neuromorphic platforms [6,9,13,14,16-18]. Gateway devices may reduce latency and power 
consumption by offloading AI-computations to dedicated DLA components. Major smartphone 
manufacturers such as Huawei, Samsung, Apple, and Google have integrated neural processing unit 

Figure 29.  Data, feature and decision level fusion pipelines for data-driven decisions in body sensor networks involving homogeneous 
and heterogeneous sources. Deep learning-driven (DLD) approaches are computationally expensive and often require cloud computing, 
whereas machine learning (MLD) and knowledge driven (KD) operations are lightweight and can be performed on edge or gateway 
devices. DLD fusion is used for heterogeneous sources to form abstract feature representations whereas KD fusion is used for 
homogeneous sources to form human-interpretable representations.
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DLAs to enhance tasks like image recognition and natural language processing [15]. Neuromorphic 
computing platforms, representing the cutting edge of DLAs, have shown remarkable capabilities in 
executing AI computations with higher speed and lower power consumption. Inspired by the neural 
structures of the human brain, neuromorphic computing platforms collocate processing and 
memory functions by emulating neuron and synapse interactions. They use Spike Neural Networks 
(SNNs) to activate neurons based on accumulated charge thresholds overtime, facilitating highly 
parallelizable and event driven DL. Fra et al. 2022 used various SNNs on Loihi, a neuromorphic chip 
by Intel, to perform HAR by fusing inertial data from a smart watch and smart phone, achieving a 
reduction in energy consumption by nearly three orders of magnitude compared to non-spiking 
networks [9]. Ceolini et al. 2020 used a spiking CNN on Loihi to fuse electromyography (EMG) signals 
with camera frames for hand-gesture recognition, matching the accuracy of a portable graphics 
processing unit (GPU) system but with up to 600 times more efficient energy-delay product [13]. Liu 
et al. 2022 developed a nanowire-channel intrinsically stretchable neuromorphic transistor (NISNT) 
for energy efficient, accurate and ergonomic gesture recognition, fusing tactile and visual 
information from multiple sensors incorporated within a wearable glove [14]. By integrating 
neuromorphic DLAs into gateway devices, BSNs can reduce their dependence on cloud computing, 
enabling real-time execution of complex multi-sensing tasks with enhanced privacy, improved 
energy efficiency, and uncompromised accuracy.
A combination of transfer learning (TL), continuous learning (CL), and federated learning (FL) [1,10-
12,19] can address the issue of domain deviation in BSNs, where domains can be characterized by 
the sensing environment, user base and sensor properties. TL enables DL models trained in one 
source domain to be adapted for different target domains. CL facilitates online transfer via 
unsupervised domain adaptation (UDA), which involves incrementally fine-tuning a pre-trained 
model using real-world data. This process typically aims to homogenise the distributions of the 
learned features across the source and target domains since the real-world data is unlabelled [19]. 
Shi et al. 2023 proposed a universal Transfer Fusion (TF) framework which dynamically evaluates 
domain deviations to identify suitable components of the learned feature fusion space for effective 
transfer [10]. This TF framework, validated on emotion recognition using heterogeneous fusion 
(electrocardiogram, electrodermal activity, respiration trace) and on HAR with homogeneous fusion 
(IMUs), achieved a 6.71% accuracy increase compared to conventional UDA approaches. Enhancing 
this learning paradigm, FL allows separate BSN clients to learn continuously from shared experiences 
by transferring knowledge to a centralized cloud-based global model. This approach bypasses 
privacy and bandwidth challenges by only sharing model weights as they adapt to their respective 
domains over a series of communication rounds [19]. FL has proven effective in heterogeneous 
sensor fusion; for instance, an FL-based Fall Detection (FL-FD) system using a 2D CNN to learn 
common image representations for IMU and camera streams achieved 99.927% accuracy for binary 
fall detection on a global model after 100 communication rounds [11]. Another study applied a 
temporal-CNN with FL to learn high-quality and transferable feature embeddings from multi-sensory 
input, including electroencephalogram (EEG), IMU and Wi-Fi channel-state information for 
applications in sleep stage classification and HAR [12]. These techniques collectively enhance the 
scalability of BSNs by reducing the insular nature of learned fusion features and improving their 
transferability across different domains.
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Concluding Remarks
BSNs aim to replicate the seamless user experience of single-wearable systems, delivering 
continuous, personalized and real-time feedback with ergonomic, light-weight devices. Achieving 
this level of integration poses unique challenges in applications involving heterogeneous sensor 
fusion due to the heavy reliance on DL for learning shared feature representations of disparate 
measurements. The substantial computational demands of DL can be offset by integrating DLAs, 
notably neuromorphic platforms, into gateway devices. Moreover, the challenges posed by the lack 
of standardisation and limited generalisability of fusion models can be addressed through 
innovations in continuous TL and FL. These advancements will not only enhance the functionality 
and efficiency of BSNs but also ensure their adaptability across a broad range of domains and 
applications.
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Status

Non-communicable diseases (NCDs) represent the leading health challenge of the 21st century, 
responsible for approximately two-thirds of all global deaths reported. Cardiovascular diseases 
(CVDs) contribute to 50% of NCD-related fatalities and pose a significant obstacle to achieving 
sustainable health progress[1,2]. The United Nations set a target within Sustainable Development 
Goal 3 to lower premature mortality from NCDs, focusing on 30% lower CVDs by 2030 [3]. Achieving 
it requires preventive interventions that are affordable, non-invasive and suitable for continuous 
monitoring, such as digital health and wearable technologies[4].

Figure Figure 30. Embedding cardiovascular health tracking in real-life settings will need large advancements in tinyML, and multimodal 
biosensors within wearables with underlying time series algorithms running hybrid onboard and, cloud computing to satisfy the needs 
of real time assessment, explainable decision support and powerful predictive models.  

Figure 1 – We allow at most two figures that 
are roughly the size of this box.
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The integration of AI and digital signal processing (DSP) in cardiovascular health monitoring has 
progressed from simple, rule-based systems [5] to advanced deep learning models capable of 
complex data interpretation [6], real-time monitoring, and personalised healthcare solutions [7]. 
These devices used simple DSP techniques to monitor heart rate and rhythms. As computing power 
increased, machine learning algorithms (e.g., decision trees, support vector machines) were used on 
electrocardiogram (ECG) data to improve the detection of heart conditions such as atrial fibrillation 
and ventricular fibrillation [10]. Integrating AI into wearable devices expanded the scope of remote 
patient monitoring [8], especially when combined with multiple data streams—ECG, 
photoplethysmogram (PPG), and seismocardiogram (SCG) to estimate blood pressure and blood 
oxygenation. Combining multiple vital signs and imaging data provides a holistic view of 
cardiovascular health. AI-driven predictive models now forecast potential heart failure, myocardial 
infarctions, and stroke risks, enabling preventive care[9].

 While state-of-the-art algorithms using recent advances in deep learning and machine learning 
algorithms have shown high performance in the prediction of vitals, and the prediction of severe 
disease onset and anomalous events, the on-device implementation of these algorithms for point-of-
care use has not been widespread. Figure 30 illustrates a representative end-to-end architecture for 
continuous cardiovascular monitoring, integrating multimodal biosignal acquisition, AI-based 
inference, quantization for edge deployment, and hybrid edge–cloud processing to generate 
interpretable digital cardiovascular biomarkers.
 
Current and Future Challenges
Using digital health tools such as textile-integrated and wearable vital sign monitoring systems at the 
point of care enables the delivery of pervasive and equitable healthcare, ensuring consistent, high-
quality care for both in-hospital patients and outpatients alike [11].

Implementing AI on edge devices for vital sign monitoring presents several technical, operational, 
and regulatory challenges. Note that in this roadmap, edge AI refers specifically to on-device or 
textile-proximal inference performed under strict power, memory, and computational constraints. 
This is distinct from gateway-level processing, typically executed on smartphones or dedicated hubs, 
and from cloud-based analytics, which enable large-scale model training and longitudinal 
population-level analysis. These challenges stem from the limited resources of edge devices, the 
complexity of AI models, and the critical nature of healthcare data. The main roadblock in this path is 
the trade-off between required memory and computational efficiency in a resource-constrained 
application of battery-powered wearable systems. AI models, especially deep learning algorithms, 
are computationally expensive. Tiny Machine Learning (TinyML) has recently made it possible for 
low-power embedded devices to perform real-time Machine Learning (ML) directly on the device. 
Despite the recognised advantages of TinyML, putting it into practice involves overcoming several 
distinct challenges such as battery life, latency during real-time processing and model accuracy after 
algorithm quantisation. High-latency processing due to complex algorithms or insufficient 
computational resources can delay critical health insights or warnings. Constant data processing can 
drain the battery of edge devices, limiting operation. Recent demonstrations of Edge-AI for 
cardiovascular monitoring show that algorithmic complexity, model size, and MCU capability must 
be co-designed to enable real-time, low-power wearable systems. On-device workloads typically 
range from lightweight arrhythmia detection and ECG segmentation using compact 1D-CNNs (<100 
kB) running on Cortex-M4–class microcontrollers (Tier A: ultra-low-power MCUs, e.g., STM32L4, 
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nRF52840), validated in embedded AF classification studies [12], [13]. More demanding pipelines, 
such as pulse-transit-time (PTT) extraction and cuffless blood pressure (BP) estimation, require mid-
range MCUs (Tier B: mid-capacity MCUs with >0.5 MB RAM, e.g., STM32F7/U5, Ambiq Apollo4 Plus) 
with ~0.1- 0.5 MB model capacity. For example, it was demonstrated that real-time PTT and BP 
inference at 500 Hz on an STM32F7 had a <10 % performance loss compared to cloud inference, 
confirming feasibility on wearable-class edge hardware [14]. ML-optimized BLE system-on-chips (Tier 
C: edge-ML capable MCUs with ~1 MB RAM + 2 MB NVM, e.g., Nordic nRF54H20) support ~0.5- 2 MB 
models suitable for multimodal fusion (ECG+PPG+IMU) in patches or watches, with commercial 
modules now marketed specifically for edge inference in wearables [15]. For more advanced 
workloads—such as multimodal ECG/PPG/SCG fusion or early heart-failure trending—low-tens-of-
milliwatt RISC-V clustered processors (Tier D: edge MPUs with NN/DSP acceleration, e.g., 
GreenWaves GAP9) can host 0.5- 4 MB CNN/Transformer models; notably, a recent single-ear ECG 
wearable executed its full R-peak/HR/HRV pipeline on-device using GAP9 [16]. Reducing energy 
consumption while maintaining the accuracy and efficiency of AI algorithms is a challenge that 
demands advanced optimization techniques like model quantization, pruning, or lightweight neural 
networks. This process reduces the precision of the model’s weights and activations from high-
precision (such as 32-bit floating point) to lower-precision (such as 8-bit integers), making the model 
more efficient in terms of power consumption, memory, and computation [17]. While quantization 
improves power efficiency through hardware-accelerated operations, it reduces model accuracy by 
simplifying learnt representations.   Rigorous quantisation of a model can result in extensive savings 
of power, memory, and computational cost. However, this is borne at the expense of the task 
accuracy of the model. Across tiers, key hardware requirements include ≥128 kB to 1 MB SRAM, 
DSP/SIMD or NN acceleration, and ~1–50 mW power envelopes, with practical model deployment 
achieved through quantization and pruning. These deployments collectively demonstrate that edge 
MCUs support meaningful cardiovascular inference along a scalable application gradient, that is, Tier 
A devices enabling HR/HRV and rhythm screening; Tier B enabling PTT/BP inference; Tier C enabling 
multimodal fusion in BLE wearables; and Tier D supporting advanced CNN/Transformer models—
fulfilling the hardware–algorithm matching needed for real-world wearable scenarios.

For vital sign monitoring, the accuracy of AI models is critical because even small errors can lead to 
incorrect diagnoses or missed health events. Therefore, it's essential to strike a balance between 
quantization levels and the specific needs of the application. To circumvent this issue, many edge 
devices rely on intermittent or low-bandwidth network connections, which can complicate data 
transmission and coordination with cloud systems. However, seamless integration between edge AI 
models and cloud-based systems is essential to offload heavy computations or synchronize long-
term monitoring data. Maintaining this balance while optimizing for latency and bandwidth 
constraints is still a challenge.

Trustworthy AI is another significant challenge to be addressed as on-edge AI signal processing 
implies in many cases losing the raw signal, explainable ML is imperative to translate algorithms 
from bench to bedside. AI and data-driven systems must be proved through exhaustive medical 
validation in clinical trials and robustness shall be verified on each system through methods such as 
certified training for proving boundaries and uncertainty quantifications [18] or ad-hoc model 
explanations that deliver new knowledge from models [19] e.g., causal graphical models, adversarial 
testing, domain adaptation testing and model explainability methods.
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Advances in Science and Technology to Meet Challenges
Recent AI algorithm advancements, such as quantization, pruning, and federated learning, along 
with lightweight neural networks, have made AI more practical for edge devices in healthcare, 
particularly in vital sign monitoring [20][21]. Future efforts should address more efficient versions of 
transformer models that can run on edge devices. For example, TinyBERT and MobileBERT are 
smaller, more efficient models that could be adapted to healthcare scenarios where real-time 
natural language processing (NLP) and medical data analysis are needed on wearable or portable 
devices [22]. 

At the same time, breakthroughs in hardware technology, including hardware accelerators, low-
power processors, and the potential adaptation of large language models for edge use, are enabling 
more sophisticated and power-efficient AI-driven healthcare solutions. Dedicated hardware 
accelerators are designed to speed up AI computations on edge devices by optimizing specific 
operations like matrix multiplications, which are common in neural networks. These accelerators 
help in executing complex AI models for real-time healthcare tasks while consuming less power. This 
includes the ARM Cortex-M Processors with NEON Technology, Google Edge TPU and NVIDIA Jetson 
Nano[23] to name a few. GAP9 Integrated Circuit (IC) by GreenWaves Technologies [24] is a game-
changing processor for edge AI, particularly for healthcare applications. It is designed to deliver 10x 
better energy efficiency compared to its predecessor (GAP8). This allows for continuous, battery-
efficient monitoring of health signals like ECG, pulse oximetry, and blood pressure on edge devices 
without needing frequent recharging. GAP9 features multi-core parallel processing that allows for 
efficient handling of multiple tasks simultaneously, such as monitoring multiple vital signs (e.g., heart 
rate, oxygen levels) while maintaining high performance and low power use.  These innovations are 
paving the way for real-time, continuous monitoring that can help detect early signs of health issues, 
enabling timely interventions and improving patient outcomes. Alternatively, edge devices might 
handle pre-processing tasks and run lightweight AI models, while more computationally demanding 
tasks, such as processing large language models, could be offloaded to the cloud when necessary 
[25]. This hybrid model ensures efficiency without sacrificing accuracy in healthcare monitoring.

Concluding Remarks
Vital signs monitoring using edge devices holds transformative potential for patient monitoring and 
management, especially from a public health perspective. These devices, including smartwatches, 
embedded clothing or wearable patches provide continuous, real-time data on key physiological 
information such as heart rate, respiratory rate, blood oxygen levels, and physical activity leading to 
the early detection of conditions like arrhythmias, hypertension, hypoxemia, or myocardial 
infarction, thus enabling to reduce the risk of severe health outcomes. 
However, several technical, operational, and regulatory breakthroughs still pose challenges, 
particularly related to the computational limits of edge devices. Innovations like TinyML, 
quantization, hardware accelerators, and more efficient AI models (e.g., TinyBERT) are crucial for 
optimizing power consumption, real-time processing, and accuracy in resource-constrained 
environments. 
Further research in explainable and certifiable models is required to embed this knowledge in 
medical grade systems.
Achieving such a level of cardiovascular tracking would enable subsequent aggregated data from 
wearables to identify at-risk populations and monitor trends not only on heart health but stress, and 
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social participation, aiding in early intervention and targeted public health strategies. These 
computational constraints directly inform the regulatory and lifecycle considerations discussed in 
Section 12.
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Section 8: Connectivity and Data Management

8.1 - Connectivity Technologies for Smart Textiles and Wearables
Mohammed Ruhan Goltay1 and Mohamed Elgendi1,2
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Status
Connectivity is the backbone of wearable and textile technologies, enabling real-time data transfer 
and interaction between devices. Originally, wearables, such as pedometers, were standalone 
devices with basic offline operations. However, they have evolved into advanced textile systems, 
known as smart textiles, that can monitor physiological parameters such as heart rate, body 
temperature, and movement through sensors integrated directly into the fabric and share these 
data in real time with devices for analysis using wireless communication technologies such as 
Bluetooth Low Energy (BLE). Examples of smart textiles are electrocardiogram-monitoring shirts [1].

These new technologies exemplify the shift toward seamless connectivity along with low power 
consumption and extended operational life. Particularly, technologies such as near field 
communication (NFC) and infrared (IR) are finding niche applications, such as secure authentication 
and gesture control in smart textiles [2]. 

These innovations demonstrate the field’s progression toward enhancing functionality and user 
comfort in areas such as healthcare, sports, and safety. As wearables and textiles continue to evolve, 
the diverse connectivity technologies powering them must be evaluated for their strengths and 
trade-offs (see Table 2) to determine their suitability and utility for specific applications.

Table 2. Properties of various connectivity technologies in wearable and textile innovations. Bold rows highlight the key comparative 
factors used to evaluate each technology, which are plotted in Figure 31. to visualize their performance differences.

Infrared (IR) [3] Bluetooth Low Energy 
(BLE) [3]

Zigbee [4] Near Field 
Communication (NFC) 
[5]

Wireless access 
scheme

One-to-one One-to-one locally Mesh networking One-to-one (close 
proximity)

Access point Lightweight custom 
remote-control 
module

Almost all modern 
smartphones

Dedicated Zigbee 
coordinator

Any NFC-enabled 
smartphone or reader

Ease of setup Low; align, calibrate, 
and set up signal

High; pair with 
Bluetooth devices

Moderate; set up and 
link devices for mesh 

Moderately high; 
configure with writer 
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network

Range Up to 1 m for precise 
data transmission 
(low)

Up to 100 m 
(moderately high)

Up to 60 m with a 
single device, much 
greater with mesh 
networking (high)

Up to 0.2 m (very 
low)

Frequency 300 GHz–400 THz 
(optical)

2.4 GHz 2.4 GHz / 868MHz / 
915 MHz

13.56 MHz

Reliability None; easily 
disrupted by 
obstructions

Moderate; 
confirmation with log 
tracking

Moderately high; 
supports fault 
tolerance in mesh

High; proximity 
ensures minimal 
interference

Access capability Any IR device in the 
range and the line of 
sight

Any Bluetooth device 
in the range

Any Zigbee-enabled 
device in the network

NFC-enabled devices 
(e.g., smartphones)

Affordability
(as of 28 January 
2025)

Moderate (<$50) High (<$10 per 
module)

Low ($100–$200) Very high (<$20 for 
multiple tags)

User interface Simple tactile 
switches

Universal system with 
smartphones

Smartphone or 
specialized devices

Smartphone 
interaction

Ease of use Ensure line of sight 
and flip switches or 
click buttons to share 
data (low)

Pair with devices 
once and it works in 
the background 
(high)

Link once to the 
Zigbee network and 
it works in the 
background 
(moderately high)

Simply tap on a 
sensor whenever 
data needs to be 
shared (moderate)

Energy efficiency Moderate Moderate–High Moderate–Low (role-
dependent)

Very High

Peak current draw 20–50mA (Pulse) 5–15 mA 20–40 mA 0 mA (Passive)

In smart textiles, the range between the sensor and its receiving device, provided by the relevant 
technology, is paramount for user convenience. BLE can achieve a range of up to 100m in ideal 
conditions [3], making it suitable for wearables that require moderate to extensive coverage, such as 
health-monitoring garments or fitness devices. In comparison, a single Zigbee device, such as the 
XBee S2C module, has a range of up to 60 m under optimal conditions [4]. However, Zigbee’s mesh 
networking capabilities allow for an extended effective range by connecting multiple devices in a 
home network, thereby enhancing fault tolerance and ensuring reliable communication in 
interconnected textile systems. In contrast, IR communication is limited to short-range, line-of-sight 
operation (~1 m) for precise continuous data communication, which diminishes its practicality for 
dynamic or flexible textile applications [3]. However, it’s extremely low energy consumption makes it 
viable for event-based signalling, such as transmitting an SOS alert or emergency notification, in 
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which only a brief, one-time data transmission is required instead of a continuous stream. Similarly, 
NFC is constrained by its extremely short range (~0.2 m), positioning it primarily for close-proximity 
applications, such as instantaneous authentication or single-instance data transfer in smart uniforms 
or accessories.

Another critical issue in the development of wearable textile sensors for healthcare is power 
consumption, as battery depletion in critical applications could disrupt continuous monitoring when 
a patient’s life is at risk. Therefore, low-power, energy-efficient technologies are becoming 
increasingly important in the design of untethered wearable textiles that support mobility. NFC tags 
can operate in battery-free (passive) mode by harvesting energy from incoming RF emissions, 
enabling wireless communication without the need for charging or continuous battery replacement 
[6]. However, passive NFC tags will always transmit the same stored information unless it is 
rewritten by a powered device thus mostly making it useful for identification purposes. IR 
communication requires a very low current (<1mA) however during communication time the current 
drawn jumps up to 50mA, but its shortcoming is mostly due to a direct line of sight needed between 
the transmitter and receiver. Meanwhile, Zigbee provides highly reliable communication through its 
mesh network but consumes more power on its end devices to be operational [4]. Additionally, 
leaving the vicinity of the fixed mesh network will stop transmission unlike BLE which may be 
connected to a mobile gateway such as a phone. BLE also offers a more energy-efficient solution 
compared to standard Bluetooth by operating intermittently, only turning on when data needs to be 
transmitted. While it has lower data transfer rates than standard Bluetooth, it provides a much 
lower power consumption, which makes it ideal for wearable devices that need to conserve battery 
life while remaining compatible with smartphones and other consumer devices. 

When it comes to ease of use and setup, NFC and BLE stand out for their simplicity, as they both 
integrate easily with existing consumer devices such as smartphones, eliminating the need for 
specialized hardware. In addition, NFC requires minimal setup, as its tags only need to be configured 
for a specific purpose. With a simple tap, users can reliably initiate communication, as the close 
proximity minimizes the risk of transmission errors. BLE is also user-friendly, offering moderate to 
extensive coverage from the device to the smartphone without requiring a significant infrastructure 
investment. Zigbee, while highly capable, demands a more complex setup, particularly for mesh 
networking, which requires dedicated coordinators and additional configurations. IR is the least 
user-friendly technology, as it requires precise alignment for effective communication due to its 
short range and line-of-sight dependency, making it unsuitable for dynamic wearable applications.

The radar chart in Figure 31 underscores how connectivity technologies align with different 
wearable applications, emphasizing the trade-offs between range, power, and usability. It highlights 
Bluetooth as the most well-rounded option for wearable applications, offering a strong balance of 
range, energy efficiency, and usability. While the other technologies excel in specific areas, 
Bluetooth’s versatility and ease of integration position it as a widely used choice for most wearable 
textile innovations. However, these distinctions highlight the importance of tailoring technology 
selection to specific use cases depending on energy usage, range, and application.
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Current and Future Challenges
Interference and security vulnerabilities pose significant challenges to the reliability and safety of 
wireless communication in wearable technologies, affecting both data integrity and user experience. 
IR communication, despite its advantages, relies on direct line-of-sight operation, making it 
unsuitable for dynamic environments where obstructions can easily disrupt connectivity. This 
constraint limits its practicality in wearable applications that require flexible movement. 
Additionally, IR communication is vulnerable to eavesdropping, with experiments demonstrating 
that sensitive data, such as user credentials, can be intercepted even from long distances or behind 
obstacles [7].

Furthermore, BLE and Zigbee both operate within the 2.4 GHz Industrial, Scientific, and Medical 
(ISM) frequency band, making them vulnerable to interference from Wi-Fi networks and from each 
other. This cross-technology interference can degrade network performance, leading to increased 
packet loss and latency. While BLE employs Adaptive Frequency Hopping (AFH) to mitigate 
interference by dynamically avoiding congested channels, its standard implementation is not always 
effective in highly dynamic or dense electromagnetic environments due to its limited channel 
monitoring and selection mechanisms [8]. 

Figure 31. Comparison of wireless technologies for wearable textile innovations based on connectivity range, affordability (setup 
cost), energy consumption, ease of setup, ease of use, and connection reliability. Bluetooth offers the most balanced profile, while 
each technology excels in specific areas. Zigbee provides extended range with proper mesh networking, and NFC is the most cost 
effective and energy-efficient option.

Page 139 of 184 AUTHOR SUBMITTED MANUSCRIPT - PMEA-106209.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



Roadmap on Wearables and Textile Innovations

Additionally, Zigbee’s reliance on a dedicated coordinator for network management adds to its setup 
complexity and maintenance overhead, making it less user-friendly than plug-and-play solutions 
such as Bluetooth [4]. Another significant issue with Zigbee concerns its power consumption. While 
it is designed for low-energy operation, maintaining an active mesh network with multiple nodes 
requires continuous communication, leading to higher energy drain than initially anticipated. These 
factors limit Zigbee’s effectiveness in wearable technologies, particularly for applications requiring 
mobility and real-time data transmission. Addressing these challenges will be crucial to improving 
Zigbee’s integration into smart textiles and health monitoring wearables. 

Enhancing the end-to-end user experience remains a significant challenge, as consumers are unlikely 
to follow a monitoring regime if it poses a significant hindrance in their daily lives. For example, 
NFC’s extremely short range of only a few centimeters makes it impractical for continuous 
monitoring or applications requiring real-time data transmission [5]. While it is secure and energy-
efficient, its range limitations restrict its potential applications in wearables that require seamless 
connectivity. Moreover, bulky sensor–transmitter units in wearables, particularly in health-
monitoring applications, reduce user comfort and mobility, especially during prolonged use. The 
integration of electronics into textiles often results in rigid components that hinder flexibility, 
making such textiles less suitable for everyday wear. Comfort and wearability remain persistent 
challenges, as current designs struggle to balance lightweight, low-power solutions with reliable 
connectivity. The need for miniaturized components that seamlessly integrate into textiles without 
compromising functionality is a crucial factor in the development of next-generation wearable 
technologies.

Advances in Science and Technology to Meet Challenges
To address the ongoing challenges in the advancement of wearable textile technologies, scientific 
and technological innovations are being directed toward improving such technologies’ connectivity, 
security, ease of use, and integration within dynamic environments. Specifically, for improved 
usability of IR communication in dynamic environments, the integration of optical fibers into textiles 
is being explored to provide a structured pathway for IR signals at various points throughout the 
textile, eliminating the need for specific alignment between the transmitter and the receiver. This 
approach enhances connectivity and reliability in wearable applications, although it might introduce 
further complexities, such as in textile fabrication and maintenance. Additionally, the vulnerability of 
IR communication to eavesdropping due to the possible interception of unregulated transmissions 
from long distances has been addressed by developing encryption techniques and disposable session 
keys generated through microcontroller timers, ensuring secure data transmission with minimal 
processing overhead [7]. These advancements make IR a more viable option for wearable textiles, 
with diverse applications.

While BLE employs AFH to dynamically avoid congested channels in order to mitigate Bluetooth’s 
susceptibility to interference from other wireless protocols operating within the 2.4 GHz ISM band, 
further advancements in interference management are being developed to enhance BLE’s reliability. 
Improved channel selection algorithms and interference awareness schemes enable BLE to 
continuously monitor channel conditions and make probabilistic decisions for better channel 
allocation. Experimental evaluations have demonstrated that these enhancements can reduce 
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packet loss to less than 3% in high-density environments, significantly improving BLE’s performance 
in wearable applications [8].

As Zigbee technology evolves and becomes more widely used, its setup process is being simplified to 
make it more user friendly and accessible for wearable applications. Improved configuration tools 
and automation in network management are reducing its deployment complexity, allowing for its 
easier integration into smart textiles. Zigbee’s mesh networking capability remains a key advantage, 
enabling fault-tolerant data delivery across multiple interconnected devices [4]. This makes it 
particularly useful for health-monitoring applications, where multiple sensors within a garment need 
to communicate reliably without requiring direct connection to a central hub. This design is perfect 
for developing a home ecosystem for at-risk consumers who would require immediate aid.

Expanding NFC’s potential in wearables requires design innovations that improve user convenience 
and seamless interaction. One such innovation involves integrating NFCs into dedicated pockets 
within garments to securely house the user’s phone, allowing effortless NFC communication with 
embedded textile sensors [9]. This approach ensures that the devices remain aligned and within 
range, making NFC more practical to use. Instead of requiring power from the textile itself, the 
system can leverage the phone’s capabilities for communication by continuously reading the 
variable NFC coil. Additionally, continuous advancements in miniaturization are enhancing the 
wearability of smart textiles. The ongoing reduction in transistor size has enabled the development 
of ultracompact, energy-efficient microcontrollers and sensors that integrate seamlessly into fabrics 
[10]. Innovations in flexible electronics, including stretchable conductive materials and ultrathin 
circuits, further improve the comfort and practicality of wearable devices. These developments will 
ensure that next-generation wearables will remain lightweight and nonintrusive while highly 
functional.

Concluding Remarks
Connectivity technologies are playing a pivotal role in shaping the future of wearable textiles, with 
each technology offering distinct advantages and challenges. While Bluetooth remains the most 
practical option for widespread use due to its compatibility, affordability, and energy efficiency, 
technologies such as NFC and Zigbee hold promise for specialized applications. Overcoming the 
limitations of each connectivity technology—whether through advancements in miniaturization, 
hybrid systems, or infrastructure development—will be critical in achieving seamless, reliable, and 
cost-effective wearable systems in the future. The integration of these technologies will not only 
enhance user experience but also pave the way for smarter and more versatile textile innovations.
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8.2 - Advances in Wireless Connectivity for Body Area Networks
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[Mahmoud.Wagih@Glasgow.ac.uk] 

Status
Wearable connectivity emerged as a platform for exchanging information on-body, as opposed to 
connecting to a remote receiver (e.g. a mobile base-station) [1]. From its early days and to this 
moment, many developments are focused on inter-connecting sensors, initially from the wearable 
devices to an off-body gateway [2], to a rise in multi-sensor/wearable networks focused on on-body 
communications. The data gathered from optimally-located on-body sensors, as opposed to very 
constrained devices such as wristbands, could be of high value in biomedical, sport science, and even 
telecommunications/security applications; this concept of “Body-Nets” [3] motivated a plethora of 
research activities into materials and devices, extending to metamaterials and networking [4], for 
reliably collecting the data and communicating it wirelessly, in a relatively harsh and very mobile 
environment (the human body). 

Wearable networks are predominantly used for communication, with emerging applications in 
sensing and wireless power transfer [5]. This has directly influenced the research direction which 
closely followed the available frequency bands, for example aligning with the Industrial Scientific and 
Medical (ISM) bands, specifically those under the IEEE 802.11, overlapping with Wi-Fi/Bluetooth 
(Low Energy) applications. This can be seen in Figure 32, grouping the published works across 
IEEEXplore by frequency. Notably, there is a rising interest in mmWave (>24 GHz) demonstrations, 
despite their limited adoption in commercial wireless communication applications.

Current and Future Challenges
The challenges of wearable BANs can be broadly grouped under the electromagnetic challenges of 
RF/wireless communication around a lossy and electrically challenging environment, and around the 
material/mechanical considerations of such systems, as they move towards large-area electronics. 
While centred around formfactor and mechanical properties, i.e. soft, breathable, and deformable 

Figure 32.  Number of wearable communications studies in the IEEEXplore library (filtered by Articles/Magazines), grouped by 
the frequency targeted by each study; a noticeable rise is around the ISM/IEEE 802.11 bands of 2.4, 5.8, and 60 GHz bands.
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devices, these challenges extend to all aspects of electronic devices including connectivity, energy 
solutions, and sensing mechanisms. RF-enabled [5] tags which include direct RF sensing and power 
transfer as a result appeared as an attractive platform for connected body area networks [6].

Advances in Science and Technology to Meet Challenges
A key research advance which crosses beyond the traditional definition of wireless networks is 
wearables/clothing-assisted RF propagation. Owing the challenges faced by sending electromagnetic 
signals efficiently around the body, the desirable characteristic of clothing, that is its large surface, 
has been adopted by researchers to deliver wireless networks that overcome the losses illustrated in 
Figure 33a. The developments followed the frequency spectrum initially focusing on relatively low 
frequencies of near-field inductive coupling, i.e. Near-Field Communication (NFC) [6], to realise a 
body-worn network where power and data are exchanged with many nodes through an 
embroidered network of coils, seen in Figure 33b.

With the move to mmWave bands and potential high data rate wearable applications, broadband 
solutions were required. Single-wire transmission lines (SWTLs), in Figure 33d re-emerged as an 
alternative to frequency-specific metamaterials, usable up to 50 GHz and enabling 1+ GBPS signalling 
[8]. Most recently, wearables were exploited as a platform to enhance in-body communication, i.e. 
between different implants. As the human body is a highly lossy environment, propagating the 2.4 
GHz Bluetooth signals from an implant to a wearable metamaterial enabled the signals to be routed 
with a relatively low loss around the human body, as illustrated in Figure 33e [9]. These networks all 
featured low-loss links which lend themselves to simultaneous wireless information and power 
transfer (SWIPT) [10], and integrated sensing using functional materials which can detect 
biomarkers, vital signs, or temperature, directly through the RF signals [11]. 

Figure 33. Non-radiative links for robust inter-wearable communication: (a) illustration of the challenges in traditional radiative on-body 
links; (b) an NFC-based 13.56 MHz waveguiding network using embroidered coils [11] (CC-BY); (c) an amphibious version of the NFC 
technology, exploiting its limited interaction with water [12] (CC-BY); (d) a mmWave 1-50 GHz on-body surface wave link for high data-rate 
applications [8] (CC-BY); (e) a 2.4 GHz BLE-based implant-to-implant communication link assisted by wearables [9] (CC-BY). 

Concluding Remarks
Over the last 20+ years, BANs have evolved from retrofitted communication protocols which provide 
limited data streams to novel hardware solutions with integrated sensing. Moving forward, there is a 
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need for design-for-sustainability and manufacturability [12], where wearable networks are guided 
by sustainability considerations and not just electronic performance. Through the co-design of 
materials, antennas, and communication circuits, multi-functional and heterogeneous devices and 
networks can realise their true potential, in next-generation wearables.

Acknowledgements
This work was supported by the UK EPSRC under grant EP/Y002008/1 ``EDIBLES’’, and the UK Royal 
Society under Research Grant ``STEMS’’ RGS\R1\231028.

References 
[1] J. Yao, R. Schmitz, and S. Warren, “A wearable point-of-care system for home use that 
incorporates plug-and-play and wireless standards,” IEEE Trans. Inf. Technol. Biomed., vol. 9, no. 3, 
pp. 363–371, Sep. 2005, doi: 10.1109/TITB.2005.854507.
[2] P. S. Hall and Y. Hao, “Antennas and propagation for body centric communications,” in Proc. 1st 
Eur. Conf. Antennas Propag. (EuCAP), Nice, France, 2006, pp. 1–7, doi: 
10.1109/EUCAP.2006.4584864.
[3] B. Chu, W. Burnett, J. Chung, et al., “Bring on the bodyNET,” Nature, vol. 549, pp. 328–330, Sep. 
2017, doi: 10.1038/549328a.
[4] Z. Li, X. Tian, C.-W. Qiu, et al., “Metasurfaces for bioelectronics and healthcare,” Nat. Electron., 
vol. 4, pp. 382–391, Jun. 2021, doi: 10.1038/s41928-021-00589-7.
[5] M. Wagih et al., “Microwave-enabled wearables: Underpinning technologies, integration 
platforms, and next-generation roadmap,” IEEE J. Microw., vol. 3, no. 1, pp. 193–226, Jan. 2023, doi: 
10.1109/JMW.2022.3223254.
[6] S. Niu, N. Matsuhisa, L. Beker, et al., “A wireless body area sensor network based on stretchable 
passive tags,” Nat. Electron., vol. 2, pp. 361–368, Aug. 2019, doi: 10.1038/s41928-019-0286-2.
[7] R. Lin, H. J. Kim, S. Achavananthadith, et al., “Wireless battery-free body sensor networks using 
near-field-enabled clothing,” Nat. Commun., vol. 11, Art. no. 444, Jan. 2020, doi: 10.1038/s41467-
020-14311-2.
[8] M. Wagih, “Broadband low-loss on-body UHF-to-millimeter-wave surface-wave links using 
flexible textile single-wire transmission lines,” IEEE Open J. Antennas Propag., vol. 3, pp. 101–111, 
2022, doi: 10.1109/OJAP.2021.3136654.
[9] X. Tian, Q. Zeng, S. A. Kurt, et al., “Implant-to-implant wireless networking with metamaterial 
textiles,” Nat. Commun., vol. 14, Art. no. 4335, Jul. 2023, doi: 10.1038/s41467-023-39850-2.
[10] M. Wagih, G. S. Hilton, A. S. Weddell, and S. Beeby, “Dual-band dual-mode textile 
antenna/rectenna for simultaneous wireless information and power transfer (SWIPT),” IEEE Trans. 
Antennas Propag., vol. 69, no. 10, pp. 6322–6332, Oct. 2021, doi: 10.1109/TAP.2021.3070230.
[11] M. Wagih, J. Shi, M. Li, et al., “Wide-range soft anisotropic thermistor with a direct wireless 
radio frequency interface,” Nat. Commun., vol. 15, Art. no. 452, Jan. 2024, doi: 10.1038/s41467-024-
44735-z.
[12] H. H. Shi, Y. Pan, L. Xu, et al., “Sustainable electronic textiles towards scalable 
commercialization,” Nat. Mater., vol. 22, pp. 1294–1303, Oct. 2023, doi: 10.1038/s41563-023-
01615-z.

Page 145 of 184 AUTHOR SUBMITTED MANUSCRIPT - PMEA-106209.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



Roadmap on Wearables and Textile Innovations

Section 9: Interdisciplinary Collaboration towards Next-
Generation Wearable Sensing Technologies for Healthcare 6.0
Haipeng Liu, Ahmed Albagdady, John Allen
Centre for Intelligent Healthcare, Coventry University, Coventry CV1 5RW, UK
[ad5325@coventry.ac.uk]

Status
We have witnessed in recent years the remarkable advances in wearable technologies including real-
time data processing of physiological parameters, the detection of biomarkers with chemical 
sensors, cloud-based communication, and the rapid evolvement of  wearable electronics towards 
biocompatible, multifunctional, and miniaturized sensors [1]. New findings in material science, 
nanotechnology, microelectronics, and data science are enabling wearable sensors to detect more 
biomarkers, e.g., nanoplasmonic sensors for high-sensitivity photoplethysmography monitoring [2, 
3], nucleic acid-based electrochemical sensors for real-time biomarker analysis [4], flexible magnetic 
field nanosensors for body movement and nanoparticle-based detection of hormone and protein [5-
7]. Towards next-generation wearable technologies in the framework of Healthcare 6.0 which 
highlights precise medicine and data-driven approaches, there is a very clear need for 
interdisciplinary approaches for the design, fabrication, and clinical application of high-performance 
wearable sensors and analytics (Figure 34). In this roadmap, Healthcare 6.0 is conceptualized as an 
evolution beyond Healthcare 4.0 and 5.0, emphasizing continuous, decentralized, and adaptive care 
ecosystems enabled by intelligent, body-integrated systems. Textile-integrated wearables play a 
foundational role by enabling persistent physiological sensing, contextual intelligence, and closed-
loop personalization in everyday life.

Figure 34.  Multidisciplinary innovation lifecycle of wearable technology

Page 146 of 184AUTHOR SUBMITTED MANUSCRIPT - PMEA-106209.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



Roadmap on Wearables and Textile Innovations

Current and Future Challenges
Clinical application of wearable sensors remains limited by technical obstacles (e.g., sensor 
reliability, signal quality, and integration with clinical workflows) as well as ethical and regulatory 
concerns (data privacy, reliability across different cohorts, evidence from clinical trials, policy 
updates, etc.), underscoring the importance of interdisciplinary collaboration. The fabrication of 
miniaturized wearable sensors involves expensive nanomaterials, complicated processes and 
advanced equipment, with unmet need for low-cost, easy-to-perform approaches towards mass 
production. Additionally, limitations in power sources such as batteries constrain the functionality 
and longevity of wearable devices.  New biomedicine and clinical findings propose requirements for 
multifunctional wearable sensors that can detect micro to macromolecules and multimodal bio-
signals, where the collaboration of clinicians, biochemists, and biomedical engineers can work to 
realise new and advanced solutions. Finally, the Internet-of-Medical-Things (IoMT) and the Internet-
of-Bio-Nano-Things (IoBNT) -based healthcare monitoring have not yet been large-scale validated 
and integrated in the health services due to ethical concerns including privacy, cybersecurity, and 
data quality. Data protection is an urgent unmet challenge as IoMT and IoBNT devices are 
susceptible to cyber-attacks that could compromise both patient data and device functionality. 

Advances in Science and Technology to Meet Challenges
Recent endeavours to address the research gaps are made up of multidisciplinary research and 
interdisciplinary collaborations in sensor design, fabrication, and clinical application (Figure 34).
 
1. Sensor Design

Computational simulation can efficiently transform the findings of advanced sciences (physics, 
biochemistry, material science etc.) into engineering solutions for wearable sensors with minimal 
workload and cost. In addition to electronic and biomechanical simulations, the simulation of 
molecular dynamics, quantum calculations, molecular docking, virtual screening, and hybrid 
methodologies can play key roles in optimizing the design of wearable sensors, especially biosensors 
[8]. Biocompatible and antimicrobial properties are underscored in the context of long-term 
monitoring and COVID-19 pandemics. Ergonomic comfort is an increasingly important consideration 
in the design of wearable sensor arrays and devices [9]. For example, Shao et al. recently developed 
a 126 channel accelerometer array to capture high resolution tactile signals during hand 
movements, where the shape of the flexible PCB was ergonomically designed with bowed regions 
that maximize flexibility, helping prevent cable contact interference during hand interactions, and 
allowing unconstrained movements [10]. 

2. Sensor Fabrication

The fabrication of wearable sensors requires complex microfabrication techniques and materials 
processing methods that ensures precision and functionality. These methods include thin-film 
deposition, soft lithography, surface modification, and nanostructuring. The addition of advanced 
materials such as porous materials, eutectogel, nanofibers, and liquid metals can achieve 
nanogenerator-based self-powered wearable sensors with high performance in harsh environment 
[11-14]. 3D printable self-adhesive materials may provide better skin-adhesion and biocompatibility 
[15]. Advanced microelectronics and microfabrication technologies, e.g., nanoimprint 
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/nanosphere/nanotransfer photolithography, material coating, property modification, and micro-
/nanopatterning, provide solutions for miniaturization and integration of wearable sensors, 
including multifunctional probes, microfabricated electrodes, intracellular chips [16], and 
multiplexed sensing platforms [17].

3. Clinical Application

As a core element of IoMT and IoBNT, wireless communication is indispensable for real-time signal 
processing and data analysis based on cloud computing [18]. The AI-enhanced wearable 
electromechanical sensing systems have been applied in tactile perception, gesture/gait recognition, 
and healthcare [19]. The fusion of wearable sensing data and electronic health records (EHRs) can 
generate a big data environment to enhance the effectiveness and patient-specificity of AI-assisted 
diagnostic models and clinical decision-making especially for widespread chronic diseases [20].

Innovations in data encryption and privacy technologies are crucial for safeguarding patient 
information and ensuring confidentiality in real-world application of wearable sensors. Advanced 
cybersecurity measures such as blockchain-based authentication and AI-driven threat detection 
systems can enhance protection against cyber-attacks [21]. Looking forward, quantum computing 
holds a promise for further advancing these solutions by offering unparalleled data processing 
capabilities, which can enhance encryption and threat detection.

Concluding Remarks
Based on interdisciplinary collaboration, the future application of multifunctional wearable sensor 
array will enable 7-day 24-hour multimodal monitoring and reshape the landscape of healthcare 
towards data-driven precise medicine [22]. Biomedical engineering practice plays a translational role 
in the innovative lifecycle of wearable sensing technology by bridging advanced sciences towards 
clinical application, which utilizes the latest findings in microelectronics, material science, 
nanotechnology and microfabrication to optimize the design and fabrication of wearable sensors 
towards medical-level devices. Multimodal big data should be instrumental in enabling in-depth 
investigation of pathophysiology and for generating new diagnostic tools. Multidisciplinary research 
is certainly warranted on biocyber interface, multimodal data fusion, cloud-based data processing, 
data management and clinical interpretation to address the concerns in privacy, cybersecurity, and 
ethics in the context of IoMT and IoBNT, which will accelerate the iteration of regulatory 
frameworks.

In next 1-3 years, the priority is the integration and application of established technologies (TRLs: 6-
9), including IoMT, microelectronics-based miniaturized sensors, and big data, with commercialized 
sensors, monitoring devices, and cloud-based data analysis platforms as milestones. In next 4-5 
years, emerging technologies (TRLs: 3-5) including nanotechnologies, biocyber interface and IoBNT 
will potentially be prototyped, with lab testing and clinical validation as milestones. Furthermore, in 
next 6-10 years, emerging concepts (TRLs: 3-5) including big data-driven healthcare and wearable 
sensor array will be in shape, with a vision of technology-enhanced healthcare and medicine based 
on multidisciplinary collaboration. 
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Section 10: Scalability and Manufacturing Challenges
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Status
The transition of wearable and textile-based health technologies from laboratory prototypes to 
commercially viable products is significantly influenced by scalability and manufacturing 
considerations. While proof-of-concept demonstrations continue to showcase technological 
feasibility, mass production remains a major bottleneck. Key issues include the scalability of sensor 
integration processes, cost-effectiveness of advanced materials, and reliability of mass-
manufactured devices [1,2].
Smart textiles, in particular, demand novel production workflows that can accommodate flexible 
substrates, conductive yarns, and embedded electronics without compromising fabric integrity or 
user comfort. Unlike traditional electronics, e-textile manufacturing must account for dynamic 
mechanical stresses, repeated washing, and body-conforming wear, necessitating new quality 
assurance frameworks and standardization protocols [3]. These manufacturing considerations—
including production scalability, cost, quality control, and sustainability—are summarized in Figure 
35.
Cost remains another limiting factor, especially in healthcare applications where affordability, 
reimbursement, and production scalability are critical. While the price of components such as 
microcontrollers and energy harvesters has declined, large-scale fabrication techniques for smart 
garments are still maturing. Moreover, the adoption of sustainable and ethically sourced materials is 
increasingly demanded by both consumers and regulators, adding complexity to the supply chain [4]. 
These challenges span production scalability and cost considerations, quality control and 
standardization, as well as environmental and ethical considerations, which collectively determine 
the feasibility of large-scale deployment.
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Current and Future Challenges
One of the foremost challenges is the lack of established, scalable manufacturing pipelines tailored 
to smart textiles. Conventional textile fabrication methods like weaving, knitting, and printing need 
to be reengineered to accommodate electronic functionalities without compromising comfort or 
durability. Additionally, the integration of multiple sensing modalities—e.g., ECG, motion, and 
temperature—often requires hybrid techniques that are not easily compatible with existing 
assembly lines [2].
Quality control and standardization present another pressing issue. Minor inconsistencies in 
conductive coatings, sensor positioning, or textile elasticity can lead to substantial variations in 
signal quality. Current testing methods are often manual or destructive, limiting their use in high-
throughput environments. Developing robust, automated quality control and standardization 
systems is essential for commercial scalability [5].
Environmental and ethical considerations, including responsible material sourcing and labor 
practices, are increasingly shaping manufacturing choices. The disposal of wearable electronics 
raises concerns about electronic waste and microplastic pollution. Furthermore, the sourcing of raw 
materials, particularly rare earth elements and synthetic fibers, can have significant environmental 
footprints. Future manufacturing strategies must prioritize circular design principles, biodegradable 
materials, and energy-efficient production processes [4,6].

Advances in Science and Technology to Meet Challenges
Emerging additive manufacturing techniques such as inkjet printing, screen printing, and 3D printing 
are proving effective for embedding functional materials into textiles at scale. These methods enable 
precise deposition of conductive inks and polymers on flexible substrates, allowing for mass 
production of multilayered and multifunctional smart fabrics [1,3].

Efforts to standardize fabrication methods have led to the development of open-source platforms 
and modular textile circuits, which promote design interoperability and facilitate cross-industry 

Figure 35.  Key scalability and manufacturing challenges in wearable and textile-based healthcare technologies. The figure highlights 
four major factors: production scalability, cost considerations, quality control and standardization, and environmental and ethical 
concerns. Addressing these challenges is essential to transition from prototypes to mass-market, clinically validated solutions.
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adoption. Additionally, machine vision and AI-powered inspection systems are being explored for 
real-time defect detection during textile production, thereby enhancing yield and consistency [5].
To address environmental concerns, researchers are exploring biodegradable conductors, organic 
semiconductors, and natural fiber composites. Green chemistry approaches are being integrated 
into fabrication workflows to reduce the use of toxic solvents and heavy metals. Furthermore, life 
cycle assessments (LCAs) are now routinely conducted during product development to evaluate 
environmental impact and guide sustainable design [4,6].

Concluding Remarks
Scalability and sustainable manufacturing remain key hurdles in the widespread adoption of 
wearable and textile-based healthcare technologies. Addressing these challenges requires not only 
technological innovation but also systemic changes in production, regulation, and design philosophy. 
As the field moves forward, collaborative efforts across academia, industry, and policy will be critical 
in building scalable, standardized, and environmentally responsible smart textile solutions.
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Status

Biodegradable adhesives play a critical enabling role in textile-integrated wearables by mediating 
skin–textile interfaces and textile–device bonding. Key challenges include maintaining adhesion 
under sweat, motion, and repeated washing, while supporting durability, user comfort, and end-of-
life recyclability of e-textile systems.

In parallel, biodegradable adhesives have long been explored in broader biomedical applications, 
including tissue reconstruction and wound closure, where strong yet transient adhesion is required. 
The earliest known adhesives, produced by dry distillation of birch bark and dating back roughly 
200,000 years, exemplify early biodegradable adhesive technologies [1]. Insights from these 
biomedical developments provide valuable design principles for modern adhesive systems intended 
for textile-integrated wearable applications.

Modern biodegradable adhesives, whether synthetic (e.g., cyanoacrylates, polyurethanes, 
polyesters) or naturally derived (e.g., fibrin, polysaccharides), are designed to degrade safely without 
releasing harmful byproducts [2, 3]. Clinically, these materials have been used for tissue 
reconstruction, wound closure, vascular repair, and skin graft stabilization, where they can minimize 
inflammation and eliminate the need for removal surgery. Although sutures, metallic grafts, and skin 
closure strips remain the clinical gold standard for tissue reconstruction [4], these methods can 
trigger inflammation or discomfort upon removal, underscoring the need for degradable 
alternatives. Such applications highlight the capacity of biodegradable systems to meet mechanical 
and biological requirements simultaneously. Beyond reconstructive medicine, bioinspired and 
polymer-based adhesives are now being developed for wearable and bio-integrated technologies, 
where comfort, breathability, and environmental compatibility are equally critical. These aspects 
underpin ergonomic design and user acceptance, central to long-term wearability in continuous-use 
devices. In this context, biodegradable adhesives serve as a bridge between traditional surgical 
materials and emerging stimuli-responsive platforms capable of safe, on-demand detachment and 
potential integration with disease-monitoring electronics [5]. Figure 36 summarizes the functional 
roles of biodegradable adhesives at skin–textile and textile–device interfaces, highlighting their dual 
requirements for mechanical robustness, biocompatibility, and controlled degradation in wearable 
healthcare systems.

 Current and Future Challenges

Although biodegradable adhesives show great promise for future healthcare applications, several 
limitations remain. A significant concern with commercially available adhesives is the potential 
damage they may cause upon removal. Medical adhesive-related skin injuries (MARSI) are lesions 
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that persist on the skin after adhesives are manually removed. This removal process can damage up 
to 40% of the delicate skin found on neonates, the elderly, and patients with specific conditions, 
such as those requiring vascular access, skin grafts, or treatments for burn wounds. The excessive 
force applied when peeling off an adhesive, ranging from 19 to 41 N m-1 for common adhesives, 
often tears the outer layer of these fragile tissues [6, 7]. Thus, the frontier of wearable adhesives is 
trending towards biodegradable alternatives that maintain strong adhesion properties, while still 
being easy to remove after use. This is a complex task, as materials with high adhesive strength, on 
the order of MPa, tend to resist removal, while those designed for easy removal often fail to provide 
adequate adhesion [8]. Specific challenges are associated with both internal and external body 
applications. For internal applications, the key challenges include limited effectiveness in wet 
environments, maintaining hemostasis in blood, and preventing cytotoxicity in deep tissue-
interfaced applications. In contrast, external applications face challenges such as comfort, sensitivity 
and limited protection from weather and environmental factors. These challenges are not limited to 
wearable systems but also remain critical for internal biomedical uses such as tissue reconstruction, 
wound repair, and vascular sealing, where balancing strong adhesion with safe biodegradation is 
essential for clinical success. Additionally, comfort, durability, and irritation remain critical concerns 
for the development of new wearable adhesives that can potentially replace current gold standards 
for commercial acceptance. Comprehensive wearability testing, including prolonged skin-contact 
and motion studies, will be essential to ensure user comfort and compatibility across diverse skin 
types and activity levels. Finding solutions to these challenges is paramount for significantly 
improving healthcare quality, enhancing patient outcomes, and advancing the field of medical 
adhesives. 

Advances in Science and Technology to Meet Challenges

Comfort and compatibility of 
adhesives is of paramount concern 
in the field.  In this regard, focus is 
shifted towards artificial skin 
grafts, which can replace damaged 
or missing tissue to treat large 
burns and chronic wounds by 
mimicking natural tissue. Inspired 
by the multi-layered fibrous 
structure of skin, Hao et al. 
designed SPRABE-skin, a soft and 
stretchable material with high 
adhesion strength [9]. Innovations 
in stimuli-responsive and 
bioinspired adhesive design directly address these same demands across both reconstructive and 
wearable applications, aiming to achieve controlled degradation, tissue compatibility, and 
adaptability under physiological conditions. Bone fracture repair is another area where adhesives 
offer several advantages over traditional fixation methods, such as bone plates or screws. Adhering 
arbitrarily shaped bone fragments together can avoid the need for secondary surgery to remove 
them, reducing the risk of infection and pain. Li et al.  developed a polyurethane-based adhesive 
with a unique molecular design, taking inspiration from catechol-decorated proteins in mussels, to 
address the need for a biocompatible, degradable, and osteogenic bone adhesive [10]. By 
incorporating disulfide bonds into the polyurethane backbone, these adhesive materials degrade 
over time in response to the reducing agent glutathione. Bioinspired catechol functionalization 
increases the material’s performance in wet media through dynamic hydrogen bonding with various 
substrates. This modification also promotes osteogenesis, or new bone tissue formation, via 
mineralization by adsorbing free calcium ions. 

Figure 36: Overview diagram of biodegradable adhesives for healthcare applications.
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Stimuli-responsive adhesives have emerged as candidates to overcome advanced healthcare 
challenges. These materials utilize chemistries programmed to undergo modulation in their bulk 
mechanical properties upon exposure to specific signals from their surroundings. Such changes can 
rely on endogenous (e.g., pH, redox, enzyme, salts) or exogenous (e.g., light, mechanical, 
temperature, electrical, magnetic) stimuli [11]. These stimuli target specific molecular functionalities 
in the adhesives, triggering debonding and allowing for safe removal. Dynamic covalent bonds, for 
example, are molecular bonds which can actively break and reform with another chemical partner.  
Wang et al. applied this concept to synthesize reversible underwater adhesives inspired by marine 
organisms [12]. They incorporated tannic acid, a natural product with abundant catechol 
functionality, into a hydrogel of gelatin and hyaluronic acid. The result was a biocompatible and 
biodegradable adhesive which demonstrated adhesion strength over three times higher than fibrin 
glue, the current widely used tissue sealant. The hydrogel also responded to mechanical stress 
stimuli from the surrounding tissue, conforming to the surface and increasing tissue compatibility. 
Efficient underwater adhesion makes them desirable candidates for applications on human 
vasculature, such as sealants for ruptured vessels, embolizing agents for rediverting blood from 
varicose veins, and maintaining homeostasis during surgery. Lee et al. also turned to stimuli-
responsive adhesives to address issues with dural sealants used during neurosurgery, where sutures 
and traditional sealants cannot create a watertight seal in 94% of cases [13]. To prevent the leakage 
of cerebrospinal fluid due to intracranial pressure and high suction during surgery, they prepared a 
photocurable hyaluronic acid-based sealant. In response to five seconds of low-energy light 
exposure, the photo sealant firmly adhered to the dura forming a watertight seal which retained 
stability for over four weeks, the relevant therapeutic timeline. It outperformed its commercial 
counterparts in measures of biocompatibility, showed no cell degeneration, and even promoted 
osteogenesis, all the while being safe and effective. 

User Comfort and Wearability

Beyond clinical performance, ergonomic design and user acceptance are critical for wearable and 
bio-integrated adhesives. Recent studies emphasize that material comfort, breathability, and skin 
compatibility determine whether users tolerate extended wear. For true long-term wearability, 
materials should sustain continuous skin contact for 14–30 days with minimal edge-lift (< 5 %), low 
irritation scores (≤ grade 1 erythema), and perceived comfort rated below 3 on a 10-point 
pain/discomfort scale, as established in clinical adhesive-tolerance studies [14]. Maintaining a water-
vapor transmission rate (MVTR) of 500–1000 g m⁻² day⁻¹ supports breathability and moisture 
balance [15], while substrate choice and mechanical softness directly affect how users perceive 
comfort during prolonged use. Soft, on-skin sensor platforms have also underscored the importance 
of adhesive interface design, skin–material interactions, and fatigue resistance under motion for 
maintaining mechanical and perceptual comfort [16]. Standardized testing can quantify these 
properties: ASTM D3330 (peel adhesion), ASTM D3654 (shear adhesion), and ISO 10993-1 
(biocompatibility for skin contact) provide relevant benchmarks. Complementary in-vivo wear trials, 
following these standards and conducted over at least 21 days under realistic movement and 
perspiration conditions [15, 16], are recommended to assess comfort, adhesion stability, and long-
term user compliance. Incorporating ergonomic geometries, breathable adhesives, and stimuli-
responsive release mechanisms further supports safe removal and re-application, bridging the gap 
between short-term clinical adhesives and next-generation wearable platforms. Such quantitative 
evaluation ensures that biodegradable adhesives meet both mechanical and physiological criteria for 
next-generation wearable devices.

Concluding Remarks

Biodegradable adhesives with improved comfort and compatibility and new stimuli-responsive 
behaviour represent transformative advancements in healthcare that offer innovative solutions to 
ongoing challenges in tissue reconstruction and wearable technologies. This field has opened new 
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pathways to developing dynamic, adaptable materials that cater to diverse healthcare needs, from 
skin grafts to vascular repair. Looking forward, biodegradable adhesives could be integrated with 
existing wearable electronics for disease monitoring [17]—where controlled adhesive 
biodegradation enables gentle removal from fragile tissues—creating multifunctional platforms that 
combine strong yet transient adhesion with real-time sensing on the body. The next steps involve 
improving material biocompatibility, functionality, and scalability to ensure their widespread usage 
in clinical settings. Future development should integrate ergonomic modeling, skin-mimetic 
mechanics, and longitudinal user studies to fully establish material comfort and long-term 
wearability.
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Status
As wearable and textile-based technologies advance from research prototypes to real-world 
healthcare applications, navigating the complex regulatory and compliance landscape has become 
increasingly critical. Regulatory frameworks govern the safety, effectiveness, interoperability, and 
privacy aspects of medical devices—and smart textiles are no exception. However, the 
multidisciplinary and hybrid nature of these systems challenges conventional classification and 
approval processes [1,2].

Current regulatory systems, such as those of the U.S. Food and Drug Administration (FDA), European 
Medicines Agency (EMA), and other national authorities, are primarily designed around traditional 
medical devices. Consequently, many wearable technologies fall into gray zones, particularly those 
that blend wellness monitoring with clinical-grade capabilities. For example, a smart shirt tracking 
ECG and respiration may require different regulatory routes depending on intended use, data 
processing, and claims made by the manufacturer [3]. 

Recent regulatory guidance, including the FDA’s recommendations on Predetermined Change 
Control Plans (PCCP) for AI-enabled medical devices and the IMDRF Good Machine Learning Practice 
(GMLP) principles, provides an emerging framework for managing adaptive algorithms throughout 
the device lifecycle. These frameworks are directly relevant to textile-integrated wearables 
employing continuous learning, personalization, and software updates.

Additionally, most wearable systems incorporate AI algorithms for data analysis and personalized 
feedback. These algorithms, especially if adaptive, pose regulatory concerns regarding explainability, 
validation, and version control. The shift from static to dynamic software-based medical devices 
adds another layer of complexity to compliance [4].

In parallel, a growing set of international standards is emerging to guide the safe and effective 
deployment of wearable systems. Core requirements include IEC 60601 for electrical safety, ISO 
10993 for biocompatibility of skin-contact materials, and ISO 13485 for quality management 
systems. For connected and wireless wearables, IEEE 2621 provides guidance on interoperability and 
reliability. AI-enabled wearable systems increasingly fall under Software as a Medical Device (SaMD) 
regulations, requiring compliance with medical software lifecycle standards and explicit validation of 
algorithm performance, robustness, and version control.

Current and Future Challenges
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One key challenge is the absence of harmonized international standards for wearable medical 
textiles. Developers must often navigate multiple, overlapping regulations depending on geography, 
intended application, and data handling practices. This fragmentation increases development 
timelines and market entry costs [2].

Compliance standards and certifications—such as ISO 13485 for medical devices, ISO 10993 for 
biocompatibility, IEC 60601 for electrical safety, and MDR (EU Medical Device Regulation)—are not 
always tailored to wearable systems that involve textiles, skin contact, and continuous data capture. 
As a result, companies frequently rely on consultants or ad hoc interpretations to achieve conformity 
[3,5].
Another rising concern is cybersecurity and data protection. With wearables collecting continuous, 
personal health data, regulators are now focusing on cybersecurity measures and compliance with 
frameworks like the GDPR (General Data Protection Regulation) and HIPAA (Health Insurance 
Portability and Accountability Act). Ensuring compliance while maintaining device usability and 
connectivity remains an ongoing balancing act [4].

Regulatory classification remains a major challenge for vital-sign monitoring wearables such as ECG, 
blood pressure, PPG, and EEG devices, as approval pathways depend strongly on intended use and 
clinical claims. Devices marketed for wellness purposes typically face lighter oversight, whereas 
medical-grade wearables must demonstrate clinical validation, accuracy benchmarks, and risk 
mitigation in line with FDA or EMA expectations. This distinction is particularly critical for AI-driven 
systems, which must comply with SaMD requirements related to dataset representativeness, 
algorithm stability, and post-market surveillance.

Advances in Science and Technology to Meet Challenges
Recent regulatory efforts have aimed to adapt to digital health innovation. For instance, the FDA’s 
Digital Health Center of Excellence and the EU’s Artificial Intelligence Act are developing guidance for 
AI-driven diagnostics and adaptive algorithms. These frameworks recognize the iterative nature of 
software-based systems and propose mechanisms for pre-certification and continuous learning 
models [1,6].

Regulatory alignment with clinical practice is evolving through initiatives such as the EU Medical 
Device Regulation (EU MDR), which mandates clinical evaluation, risk classification, and post-market 
surveillance for monitoring devices seeking CE marking. In the United States, the FDA’s Good 
Machine Learning Practice (GMLP) framework provides guidance for AI-based medical devices across 
their lifecycle. Given the sensitive nature of continuously collected health data, compliance with 
GDPR and HIPAA has become integral to wearable system design, underscoring the need for 
harmonized global regulatory approaches.

Emerging industry standards, such as IEEE 2621 (standard for wireless wearable devices), are gaining 
traction as benchmarks for interoperability and safety. Collaborative efforts between industry 
groups, regulators, and academic institutions are driving consensus on best practices for testing, 
documentation, and risk mitigation.
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To address compliance with textile-specific challenges, researchers are creating testbeds and 
simulation platforms to evaluate material biocompatibility, durability, and washability under real-
world conditions. Integration of digital twins, blockchain for traceability, and AI for regulatory 
intelligence are also being explored to streamline certification and auditing processes [5,6].

To address textile-integrated electronics, the International Electrotechnical Commission (IEC)—
through IEC Technical Committee 124 (IEC TC 124)—is developing dedicated standards for electronic 
textiles. Key examples include IEC 63203-101-1 (test methods for smart garments), IEC 63203-201-3 
(motion sensors and glove-type systems), and IEC 63203-204-1 (performance evaluation of fitness 
wearables). Importantly, regulatory pathways for medical e-textiles already exist, as demonstrated 
by FDA-approved wearable EEG systems for epilepsy, LiveMetric’s FDA-cleared cuffless smartwatch-
like blood pressure sensor, and 12-lead ECG remote monitoring garments developed by Mater 
Cousin and VivoMetrics.

Concluding Remarks
Wearables and smart textiles straddle the boundaries between medical devices, consumer 
electronics, and fashion. As such, regulatory clarity and flexible compliance pathways are essential to 
unlocking their full potential. Ongoing dialogue between stakeholders and continuous adaptation of 
regulatory frameworks will be vital in supporting the safe, ethical, and scalable deployment of 
wearable healthcare technologies.
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Section 13: System-Level Integration Challenges for Textile-Based 
Health Systems
Building on the material (Section 5) and system-level (Section 7) challenges discussed earlier, this 
section synthesizes cross-cutting integration issues.

13.1 – Technical and non-technical challenges
Darpit Dave, Steven Steinhubl
Purdue University, West Lafayette, Indiana, USA
[darpit@purdue.edu, ssteinhu@purdue.edu]

Status
The integration of flexible and stretchable devices into everyday items like clothing, bedding, and 
medical gear which can sense, heat, and transmit data has led to the development of smart textiles 
[1]. The origins of ‘smart textiles’ (also referred as ‘e-textiles’) can be traced back to the 1850s when 
researchers began investigation the use of electricity in clothing, such as corsets and belts [2]. 
However, it wasn’t until 1955, that wearable computing gained significant attention from the 
scientific community, following the success demonstrated by Edward Thorpe and Claude Shannon  
[3]. Since then, smart textiles have grown rapidly and are estimated to reach a valuation of $23.82 
billion, reflecting a 25% growth from 2021 to 2031 [4].

Smart textiles are the result of interdisciplinary efforts combining art, computer science, design, 
electronics, electrical engineering and materials science [5]. While smart textiles have applications 
have diverse applications, they are particularly prominent in the areas of healthcare, fitness and 
fashion. The evolution of smart textiles can be divided into several phases, based on the methods 
used to integrate electronics onto textiles  [6-8]. The first generation (1910-) smart textiles involved 
embedding electronic component onto textiles. The second generation (1990-) saw the knitting or 
weaving of conductive yarns onto the textile structure to create electronic functionality. The third 
generation (2010-) saw smart textiles become more durable, comfortable, and reliable with 
electronic systems and sensors fully integrated into garments, making these smart textiles more 
suitable for production than their predecessors. The fourth generation, also referred to as the future 
age of smart textiles, primarily exists in the concept or the prototype stage and involves state-of-art 
technology that seamlessly integrates electronic functionality into textiles. 

Despite their potential, smart textiles are still in its early stages of development and requires 
significant advancements before they can achieve widespread acceptance. The multidisciplinary 
nature of smart textiles brings both challenges and opportunities. In this sub-section, we focus on 
the technical and non-technical barriers that current limit large-scale deployment and on the 
solutions that have already been demonstrated in prototypes, pilot studies, and early commercial 
products. Figure 37 provides a system-level overview of these technical and non-technical challenges 
in smart textiles, mapping key concerns across materials, electronics, design, economic, and 
environmental domains alongside representative solution pathways.

Current and Future Challenges
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Challenges can be broadly categorized as technical and non-technical challenges.
Technical challenges: 
These challenges fall into several recurring themes such as durability and washability, sensor 
integration and accuracy, energy storage and harvesting, user-centered design, and regulatory and 
sustainability constraints, each of which involves multiple disciplines.
1) Material science-based challenges: Washability and durability: Smart textiles incorporate 
electronic components such as cables, sensors, conductive threads, batteries, and circuits into 
fabrics, which must withstand repeated washing and high-humidity environments without losing 
their electronic performance  [9]. Smart textiles, like the ICD+ textile coat developed by Philips and 
Levi, requires the removal of all electronic components before washing, highlighting the ongoing 
challenge of making these textiles durable and reusable [10]. Comfort and Material compatibility: 
The underlying choice of textiles is crucial and tricky. Metal-based yarns, while offering superior 
electrical conductivity, can be uncomfortable against the skin. Organic thin-film transistors, though 
flexible, present challenges when integrated with textile structures [5]. Recent developments with 
carbon nanotube (CNT) yarns provide a great alternative with its excellent electromechanical and 
thermal properties while providing structural flexibility that can easily be wrapped with traditional 
textile yarns.  [11]. 
2) Mechanical engineering-based challenges: Currently, sensors are integrated into garments 
through sewing or embroidering, making it vulnerable to mechanical distortion. For example, flexible 
displays often rolled around cylinders have diameters of a few centimetres, whereas smart textile 
are exposed to much smaller bending radii and large tensile strains, which can compromise the 
fabric's flexibility and comfort [12].
3) Electronics and electrical engineering-based challenges: Miniaturization of power sources: 
Conventional batteries, though reliable, are large, bulky, and difficult to fully integrate into textile 
architecture. Alternative power sources, such as flexible or elastic batteries, supercapacitors, solar 
cells, and energy-harvesting devices, offer potential solutions but fall short of traditional batteries in 
terms of capacity and current output [13]. Wiring for power and data transfer: Wiring must be 
flexible and securely integrated into seams, which can impact sensor accuracy and precision. The 
need for reliable textile-compatible power supplies remains a significant challenge [1].
4) Computer science-based challenges: Sensor integration and accuracy are key challenges here. 
Incorporating embedded systems within sensors to process data in real-time and wirelessly 
communicate it to nearby devices increases power consumption and adds further complexity to 
powering smart textiles [14].
5) Design-based challenges: It is crucial to approach development of smart textiles from the end-
user perspective. To achieve this, smart clothing must be designed and developed with 
consideration of technical, functional, aesthetics and cultural requirements [15].

Non-technical challenges:
These challenges refer to development philosophy, regulatory, economic, and environmental 
considerations around smart textiles. Development philosophy: The dominance of electronics over 
textile-related challenges in product development and research leads to incomplete integration in 
smart textiles. The imbalance between the two industries complicates successful development, as it 
hindered by differing jargon, high costs, and safety concerns [16]. Compliance and standardization: 
The lack of standard protocols and clear regulatory guidelines for the design, development, and 
commercialization of smart textiles poses a significant challenge. For example, in 2004, Eleksen 
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created 109 textile keyboard prototypes but secured only three deals [13]. Economic viability: High 
R&D and manufacturing costs for integrating advanced electronics with textiles make smart textiles 
expensive, limiting their accessibility to average consumers. For example, smart jackets retailing 
about $3,000 whereas a simple sports shirt or sports bra cost upwards of $250 [13]. Environmental 
considerations: Concerns about the biodegradability of smart textiles have also emerged recently 
[17]. Popular smart-textile materials like synthetic polymer fibers (e.g., nylon and polyester), which, 
despite their flexibility and strength, have low biodegradation rates. The complexity and harmful 
ingredients involved in the synthesis of synthetic fibers also raise environmental concerns [18].

Current Solutions and Mitigation Strategies
The growing field and evolving research offer plenty of advancements to over the challenges 
surrounding smart textiles. Creating hybrid fabrics by combining materials that offer the desired 
properties from both textile and electronic perspectives can help overcome challenges related to 
comfort, durability, and mechanical distortion [19]. These hybrid fabrics aim to seamlessly integrate 
electronic components into textiles that can withstand distortion and twisting without 
compromising flexibility or comfort. More recent examples such as the Eleksen textile keyboard, rely 
on waterproof packaging to protect sensitive electronics during washing. Alternative power sources 
such as flexible or elastic batteries, supercapacitors, solar cells, and energy-harvesting devices like 
thermoelectric and piezoelectric generators are increasingly used as textile-compatible 
complements to conventional batteries [13, 20]. While these options do not yet match traditional 
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batteries in terms of capacity, recent prototypes have shown that they can reliably power heart rate, 
motion, and temperature sensors over multiple wear and wash cycles. Printed interconnects and 
flexible wiring that can be securely integrated into seams without affecting sensor accuracy are 
likewise being demonstrated, improving the reliability and precision of smart sensor accuracy are 
likewise being demonstrated, improving the reliability and precision of smart textiles. Early ‘system-
on-fabric’ approaches, in which circuits and sensors are directly printed or woven into the textile, 
further illustrate how complete sensing systems can be realized on cloth rather than only on rigid 
modules.
Enhancing standardization and regulatory development can make smart textiles more affordable 
and viable. There is a growing push for smart textiles to meet American Society for Testing and 
Materials (ASTM) standards, which would help improve design, innovation, marketing, and other 
services [1]. Standardization, in turn can lead to improved feedback, improving manufacturing 
processes further lowering the costs associated with smart textiles, making them more accessible to 
consumers [14]. Sustainability initiatives: Researchers are exploring more sustainable materials and 
processes for smart textile production, aiming to address environmental concerns related to 
biodegradability and the harmful ingredients used in synthetic fiber synthesis. These efforts include 
developing textiles that are both electronically functional and environmentally friendly. Recent 
updates on bacterial-cellulose-based conductive macrofibres used as biodegradable strain sensors, 
fully biodegradable conductive fibres that disintegrate in soil while supporting temperature and 
electromyography sensing, and Tencel-based e-textiles with inject-printed graphene and Poly (3,4-
ethylenedioxythiphene) polystyrene sulfonate (PEDOT:PSS) for heart-rate monitoring [21, 22]. Such 
demonstrates show that sustainability can be addressed without sacrificing sensing performance, 
although large-scale deployment and end-of-life logistics remain open challenges.

Concluding Remarks
Despite numerous challenges, smart textiles have progressed from early conceptual designs to 
robust prototypes and initial commercial products that can withstand repeated laundering, integrate 
multiple sensors, and communicate wirelessly. Existing solutions such as hybrid fabrics, and 
encapsulated electronics for durability, textile-compatible batteries and energy harvesters, user-
centered garment design processes and the first sustainability and standardization initiatives 
demonstrate that technically viable and user-acceptable systems are achievable today.
At the same time, important gaps remain. Long-term durability and washability across real-world 
use, reliable large-area sensor integration with lower power consumption, scalable manufacturing 
and repair, clear regulatory pathways, and circular-economy models for end-of-life management are 
still incompletely addressed. These current achievements and outstanding barriers provide the 
foundation for the emerging material, energy, and sustainability solutions that are explored in 
Section 13.2.
hold great potential for the future since clothing is the only wearable that adjusts to our daily lives 
over lifetime [5]. It represents a strong candidate to become the next interface between the real and 
the digital world, potentially replacing or extending smartphones and other portable connected 
device. By seamlessly capturing physiologic, kinematic, biochemical data etc., they could pave the 
way for new research and countless possibilities to enhance human lives. However, to realize this 
potential, several important aspects should be considered for the design and development of smart 
textiles, with usability being the most critical. Designing smart textiles that prioritize user comfort 
and needs will improve acceptance, ultimately helping to achieve the goals behind their creation. 
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While these challenges present significant hurdles, ongoing innovations in materials, power sources, 
and design are rapidly addressing these limitations. The following section (13.2) outlines emerging 
solutions aimed at bridging current technological gaps and accelerating the adoption of smart 
textiles.
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Status
The continued evolution of smart textiles and wearable technologies faces a range of technical and 
non-technical challenges, as detailed in the previous Section 13.1. However, innovation is rapidly 
advancing, offering new pathways to address these obstacles. This subsection focuses on emerging 
solutions and future-oriented solutions that aim to enhance the durability, energy efficiency, and 
sustainability of smart textiles, while also driving improvements in sensor integration, circular-
economy practices, and regulatory frameworks.

1. Advanced Materials: Biohybrid, Adaptive, and Self-Healing Textiles

As highlighted in Section 13.1, ensuring washability and durability without compromising electronic 
functionality remains a central hurdle. Building on the hybrid fabrics and encapsulation strategies 
already deployed today, emerging material platforms move towards biohybrid, adaptive and self-
healing textiles that can actively respond to their environment and repair damage.

A significant hurdle in smart textile development remains ensuring washability and durability 
without compromising electronic functionality. Emerging material solutions directly address this:

• Hybrid and Biohybrid Fabrics: Building on the conductive hybrid textiles described in Section 
13.1, recent work combines conventional fibres with living or bio-derived components such 
as bacterial cellulose or engineering microbial biofilms to create fabrics that can self-heal 
micro-damage, respond to humidity or pH, and potentially host biosensing functions [1-3].

• Adaptive and Self-Healing Polymers: Self-healing coatings and adaptive polymer networks, 
originally developed for soft robotics, are being translated to textiles, enabling fabrics that 
can recover conductivity after cuts or abrasions and change stiffness or shape in response to 
temperature or electric fields [4, 5].

• Next-Generation Conductive Fibres: Fully biodegradable and conductive fibres such as those 
based on bio-derived polymers or transient electronic composites aim to combine high 
flexibility and conductivity with controlled degradation at end-of-life. These fibres can 
support sustainable e-textile design beyond the synthetic-fibre systems used today [6].

The progression of material durability in smart textiles over the past decade is illustrated in Figure 
38. The figure demonstrates the steady improvements driven by innovations in carbon nanotube-
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based yarns and encapsulation technologies, with data sourced from Hossain et al. (2023)[7] and Tao 
et al. (2017)[8]. This upward trend reflects advancements in hybrid materials and structural 
resilience, which are critical for enhancing the longevity and reliability of smart textiles in real-world 
applications. These improvements are pivotal to overcoming one of the core limitations of early 
smart textiles—ensuring durability during repeated wash cycles and mechanical stress.

Figure 38: Material Durability Improvements in Smart Textiles (2015-2025). This figure highlights the steady progression in material 
durability of smart textiles over the past decade, driven by innovations in carbon nanotube-based yarns and encapsulation technologies. 
Data was adapted from the studies by Hossain et al.[7] and Tao et al.[8], which demonstrated enhanced durability metrics in repeated 
wash cycles and mechanical stress tests. The increase in durability is indicative of ongoing improvements in hybrid materials and structural
resilience, pivotal to the commercialization and adoption of smart textiles in daily use.

2. Energy and Self-Powered Self-Textile Systems

Energy storage and management remain pivotal for smart textile reliability and user comfort. The 
following innovations are helping to overcome the limitations of conventional batteries:

• Flexible and Printed Batteries: Lightweight, printable batteries that conform to the shape of 
textile fibers are being developed, ensuring seamless integration without compromising 
aesthetics or flexibility[9].

• Energy Harvesting Technologies: Thermoelectric generators (TEGs), piezoelectric materials, 
and flexible solar textiles harness body heat, movement, and ambient light to generate 
energy, promoting sustainability by reducing the reliance on traditional power sources[10].

• Micro-Supercapacitors: Recent advances in micro-supercapacitor technology offer high 
energy density and fast charging, allowing smart textiles to store harvested energy more 
efficiently[11].

The comparative efficiency of key energy harvesting technologies is presented in Figure 39. The 
figure highlights  into electricity, and while slightly less efficient than TEGs, they excel in applications 
involving high-motion activities, such as athletic gear and fitness trackers. Flexible solar textiles 
outperform both TEGs and piezoelectric materials, providing up to 50% efficiency by harnessing 
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ambient light, making them suitable for outdoor and adventure wearables. Data compiled from 
Mokhtari et al. (2020)[10], Matsuhisa et al. (2015)[11] and Chen et al. (2020)[12] emphasize the 
increasing efficiency of these technologies, underscoring the transition toward self-powered and 
battery-independent wearable systems. This shift reduces reliance on conventional power sources 
and accelerates the adoption of more sustainable and eco-friendly smart textiles.

Figure 39: Efficiency of Energy Harvesting Technologies. This bar chart compares the efficiency of key energy harvesting technologies 
currently being integrated into smart textiles. Data has been compiled from Mokhtari et al.[10], Matsuhisa et al.[11], and Chen et al.[12] 
emphasizing the efficiency of thermoelectric generators (TEGs), piezoelectric materials, and flexible solar textiles. The rapid improvement 
in energy harvesting efficiency underscores the transition toward more sustainable and self-powered wearable technologies, reducing the 
dependency on conventional battery systems.

Beyond these individual technologies, recent roadmaps emphasize self-powered smart textiles in 
which energy harvesting and storage are distributed across the garment and managed by integrated 
power-management circuits [13]. Multi-source harvesters that combine body-heat, motion and 
ambient light, along with fibre-shaped batteries and textile micro-supercapacitors, point toward 
garments that can operate for long periods without conventional battery replacement, particularly 
in healthcare, industrial safety, and defense applications.

3. Sensor Integration and Data Accuracy

Reliable and accurate sensor data is crucial for the adoption of smart textiles. Where section 13.1 
outlined how fabric deformation, wiring, and motion artefacts degrade signal quality, emerging 
solutions increasingly rely on material design and algorithms to compensate for these effects. New 
solutions enhance integration while maintaining comfort and minimizing interference:

• Printed Sensors and Circuits: Direct printing of sensors and circuits onto textiles eliminates 
the need for bulky attachments, significantly reducing overall weight and enhancing 
wearability [14].

• AI-Driven Calibration: Real-time data calibration through machine learning mitigates 
inaccuracies caused by fabric deformation, ensuring continuous and accurate monitoring 
[15].
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• Stretchable Sensors: Innovations in stretchable electronics enable the creation of sensors 
that expand and contract with the fabric, maintaining performance during motion or 
stretching [16].

4. Circular Economy and Sustainable Development

Addressing environmental concerns remains paramount in the evolution of smart textiles. 
Sustainability efforts focus on material development and recycling:

• Biodegradable Conductive Materials: Research into organic conductive polymers and silk-
based fibers supports the creation of fully biodegradable smart textiles, minimizing 
environmental impact [17].

• Closed-Loop Recycling Systems: Developing systems that allow for the extraction and reuse 
of embedded electronic components facilitates the recycling of smart textiles, promoting 
circular economy principles [18].

• Sustainable Manufacturing: Processes such as waterless dyeing, 3D knitting, and low-energy 
manufacturing reduce the overall carbon footprint associated with smart textile production 
[19].

Recent reviews on sustainable e-textiles and flexible electronics highlight design frameworks such as 
the ‘4R’ paradigm (repair, recycle, replace, reduce) and emphasize modular architectures and 
design-for-disassemble as key enablers of circularity in smart textiles [20-23]. Emerging recycling 
technologies including enzymatic depolymerization of synthetic fibres and bio-based fibre spinning 
platforms suggest that future systems may be able to recover both textile substrates and embedded 
electronics with significantly lower environmental impact than today’s linear ‘take-make-waste’ 
models. 

5. Regulatory and Standardization Efforts

Regulatory frameworks are evolving alongside technological advancements to ensure the safe and 
standardized development of smart textiles:

• ASTM and ISO Standards: Collaborative efforts between industry leaders and regulatory 
bodies are accelerating the development of international standards for smart textiles, 
facilitating market entry and ensuring consumer safety [24].

• Interdisciplinary Consortia: Partnerships between textile manufacturers, electronics 
companies, and regulatory agencies are fostering a harmonized approach to product 
development and compliance [25].

Looking ahead, smart textiles will be likely need to comply not only with safety and performance 
standards but also with emerging ‘safe and sustainable by design’ and digital product password 
frameworks, which are beginning to be proposed for nanotechnology enabled textiles and flexible 
electronics [23, 26].

6. Future Applications

As materials, energy systems, and circular-economy practices evolve, smart textiles are expected to 
expand into increasingly demanding applications. For example, in healthcare, biohybrid and self-
powered garments could enable continuous monitoring of cardiovascular, metabolic, or 
dermatologic signals in outpatient settings, linked to AI-based triage systems [3, 13]. In sports and 

Page 171 of 184 AUTHOR SUBMITTED MANUSCRIPT - PMEA-106209.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



Roadmap on Wearables and Textile Innovations

occupational performance, adaptive compression and temperature-regulating textiles may 
dynamically respond to exertion levels and environmental conditions [5, 27]. For environmental 
monitoring, self-powered textiles integrated into workwear, tents, or infrastructure could track air 
quality, noise, or structural health in a distributed manner, leveraging both local sensing and 
networked data fusion.

Concluding Remarks

The rapid advancements outlined in this subsection complement the challenges detailed in Section 
13.1, offering actionable solutions that bridge current gaps in smart textile development. By 
integrating cutting-edge material science, sustainable practices, and interdisciplinary collaboration, 
the industry is poised to unlock new possibilities for healthcare, fitness, and everyday applications. 

As these solutions mature, smart textiles will continue to redefine the intersection of technology and 
fashion, becoming a seamless part of daily life. Beyond enhancing personal health monitoring and 
convenience, these innovations will play a crucial role in fields such as remote patient care, sports 
performance optimization, and environmental sensing. The convergence of artificial intelligence, 
flexible electronics, and advanced energy systems will further drive the transition from prototype to 
large-scale commercialization, addressing key consumer needs for reliability, comfort, and 
sustainability.

Moving forward, fostering collaboration between academia, industry, and regulatory bodies will be 
essential to overcoming remaining barriers and accelerating the path to market-ready products. 
With continued investment and research, smart textiles are set to reshape how we interact with 
technology, offering transformative benefits across diverse sectors.
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Section 14: Roadmap Priorities and Time-Horizon Actions

Rather than reiterating previously discussed challenges, this section outlines prioritized roadmap 
actions across short- (3–5 year) and mid- to long-term (5–10 year) horizons, focusing on translational 
milestones, regulatory readiness, and large-scale deployment of textile-integrated health 
technologies.

14.1 – Future Directions and Emerging Trends in E-Textiles 
Chakaveh Ahmadizadeh1, Valeria Galli2, Brett C. Hannigan3, Yuanlong Li4, 
Alexander V. Shokurov5, Carlo Menon6

Biomedical and Mobile Health Technology Lab, ETH Zürich, Lengghalde 5, 8008 
Zürich, Switzerland
[1chakaveh.ahmadizadeh@hest.ethz.ch, 2valeria.galli@hest.ethz.ch, 3brett.hannigan@hest.ethz.ch, 
4yuanlong.li@hest.ethz.ch, 5alexander.shokurov@hest.ethz.ch, 6carlo.menon@hest.ethz.ch] 

Status 
Advances in materials have anticipated a new era where purely textile devices can sense, transmit 
information, and power themselves in comfortable packages indistinguishable from ordinary 
clothing. Printing of conductive traces and functional layers is a standard technique for flexible 
circuits. However, a shift to textile-based substrates often precludes existing printing techniques to 
be used for creation of devices in fabric. Cloth is non-homogeneous and is made of myriad individual 
fibres, each flexible and often also stretchable. This fact makes the application of rigid components 
and materials in textile undesirable; this includes use of traditional conductive inks required for 
construction of sensors and interconnects. The repeating and hierarchical structure of fabric can be 
cleverly utilized to overcome this problem. Simple electronic devices like resistors, capacitors, and 
inductors can be produced as fibres and further permuted into complex patterns using textile 
processes to unlock sophisticated functions while maintaining the ease of mass production. Recent 
advances use weaving to produce complete integrated circuits made fully in textiles [1]. Methods to 
produce printed circuit board (PCB)-like traces and interconnects on woven and knitted fabrics show 
high promise in wearable sensing [2]. Photolithography, a process that was previously mostly 
reserved for rigid substrates, has now been adapted for textiles and enables unprecedented 
resolution for production of electronic patterns and miniaturized electrochemical sensors [3]. 

More advanced electronic components have been developed in form of fabrics and textiles: 
antennas, power generators, diodes, and more. Whereas conventional batteries contrast with the 
goals of lightweight, unobtrusive fabric electronic devices, wireless power transmission and energy 
harvesting are promising candidates to eliminate rigid batteries and their associated connections. 
Harvesting sustainable electrical energy from wasted mechanical energy, electromagnetic energy, or 
thermal energy to power highly efficient textile electronics has recently become an area of intensive 
research. 

In this roadmap, we focus on sensing, wireless transmission of data and power, self-powered textile 
devices, and applications of these in sports and health. For each, we identify the main challenges 
with developing the technology. We identify some recent advances in materials and processes which 
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have promise to address these challenges and further the progress of wearable all-textile electronic 
systems. Figure 40 summarizes these core technology pillars—strain sensing, wireless readout, and 
energy harvesting—and illustrates their convergence toward fully integrated, self-powered e-textile 
systems.

Current and Future Challenges
Sensing
Two major applications of sensing in textile devices are that of mechanically transduced signals and 
those measured electrochemically. Using textile strain sensors placed along joints is well established 
for human kinematics measurements. To approach the accuracy of inertial measurement units and 
optical motion capture, clusters of sensors are often required, which bring challenges with 
connecting and interfacing large textile sensor arrays. Resulting data must be processed by models 
to yield kinematics estimations. Despite the progress in machine learning, model performance 
degrades sharply when generalizing between individuals. Electrochemical sensors produced on 
textiles are most often utilized to analyse sweat, as this biofluid is probably the most readily 
available analytical medium that contacts garments [4]. The micro-scale pores formed by 
intersection of textile fibres can have a microfluidic effect that aids in sweat collection and flow-
through analysis [5]. Textile electrochemical cells have been produced with embroidery techniques 
[6], but challenges persist especially for sweat sensing, where corrosion, degradation during 
washing, and resilience of the device are obstacles to practical use.

Wireless Transmission of Data and Power
As sensing solutions using textiles become denser and more integrated, the need for reliable, high-
bandwidth data transmission increases. Wireless transmission of data is favourable because the 
wearable device can receive power and transmit information to a receiver placed in a pocket, 
decoupled from the garment for easy washing. Many current solutions require integrated circuits on 
the garment side that use digital communication protocols such as radio frequency identification 
(RFID) [7]. Passive resonators using inductive coupling eliminate rigid electronics on the garment [8]. 
However, passive methods currently have poor spectrum efficiency and require expensive and bulky 
readout devices [9]. There is a need for a wireless readout system that maximally avoids rigid 
devices yet allows efficient transmission of data and power.

Self-Powered Textile Devices
Due to the varying availability of different types of energy in environments, it is necessary to develop 
diverse energy harvesters. Designing textile circuits that are compatible with fabric characteristics 
and can rectify AC signals to power subsequent devices presents a significant challenge.

Applications and Adoption
The long-term monitoring of bio-signals throughout daily life provides great value in healthcare. In 
this area, the use of conductive textile as soft electrodes for the acquisition of ECG and EMG is of 
great interest [10]. The requirement for low electrical impedance between the skin and the textile 
electrodes is a challenge in the presence of dynamic movements of daily life. There have been recent 
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efforts to address this challenge by improving the adherence of dry electrodes to the skin, but these 
still require tight fitting garments.

Figure 40. Key technologies for the development of e-textiles.

Advances in Science and Technology to Meet Challenges
Sensing
The development of soft strain and pressure sensor materials is reasonably mature, with the 
realization of highly sensitive fibres with excellent linearity possible using many techniques. The 
challenge of increasing sensor array density and processing the data is less addressed. Distributed 
arrays promise to both reduce the need for connections to many sensing elements [11] and increase 
the amount of information acquired from sensors. For example, a 2D strain map can be estimated 
from a resistive mesh sensor network with perimeter connections [12]. Another recent work uses 
sensing films directly printed on the skin to infer hand gesture and even classify the shape of an 
object being manipulated [13]. The authors use few-shot learning to rapidly calibrate the prediction 
model to new tasks or subjects, which is a step towards solving the problem of generalizing between 
subjects. The fibre structure in textiles enables distributed arrays of multiplexed electrochemical 
sensors, where a single thread comprises a functional electrode for detection of multiple analytes 
[14].

Wireless Transmission of Data and Power
Current approaches to improve the practicality of all-textile wireless readout include fine tuning the 
operating frequency of passive resonators by manipulating their dielectric materials [15]. Recent 
advances include human body coupling of textile based electronic fibres [16]. Other solutions use 
passive and chip-less textile RFID tags changing their property based on stimuli like bending, 
stretching, or temperature. However, signals from these RFID antennas can be corrupted by  
perturbations both from folds in the garments or external electromagnetic fields [17]. These 
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approaches combined with improved RF modelling of the entire textile system are of interest for the 
coming years.

Self-Powered Textile Devices
Currently, researchers have begun to fabricate transducer devices on fabrics and have achieved 
environmental energy harvesting. For example, semiconducting materials have been embedded 
onto fabrics to convert energy dissipated by friction into rectified electrical energy [18]. These textile 
devices exhibit excellent flexibility, stability, and comfort. Additionally, others have integrated radio 
frequency energy and solar energy harvesting devices to power wearable electronics [19]. The 
direction of progress in self-powered devices is toward flexible energy harvesting from a variety of 
sources to improve power density and conversion efficiency.

Applications and Adoption
The sports market is growing application of textile electronics evidenced by products such as smart 
socks, smart shirts, and smart insoles used for the monitoring of movement and heart rate in 
recreational and professional sports. Particularly for monitoring electrical bio-signals, developments 
in dry adhesives based on hierarchical structures may address the difficulties of obtaining reliable 
conductivity with textile electrodes [20]. 

Concluding Remarks
Despite recent advancements in advanced functional textiles, their adoption in daily life remains 
limited. Smart clothing needs to be washable, mechanically robust, and sustainably manufacturable 
at high scale and low price. Many of these needs are more easily met with maximally textile devices. 
The increased availability of novel materials in fibre and fabric form and advances in manufacturing 
could enable further solutions in self-powered, and passive sensing systems with wireless data 
communication. 

• Electrochemical and strain sensing stand to benefit from high-density arrays of sensors with 
their data processed by improved models.

• Wireless transmission of data, ideally avoiding rigid circuits, improves washability and makes 
e-textile garments feel like their non-functionalized counterparts.

• The application of new materials to enable rectifying electrical junctions in soft substrates 
allows energy harvesting from sliding motion, electromagnetic fields, and temperature 
gradients to power the textile system.

Together, these developments driven by materials advances set the direction of e-textile research 
toward intelligent, fully textile devices that are nearly indistinguishable from ordinary clothing.
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14.2 – Biohybrid and Sustainable Smart Textiles: Pioneering the 
Next Generation
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Status
The evolving landscape of intelligent textiles is expanding beyond traditional electronic integration, 
steering towards biohybrid materials, environmentally responsive fabrics, and sustainable designs 
that dynamically react to environmental and physiological stimuli [1]. As global priorities shift 
towards eco-conscious development and circular economy models, the textile industry is 
increasingly adopting biodegradable, self-healing, and bioengineered solutions that minimize 
environmental impact while enhancing functionality [2]. This section highlights these transformative 
trends, paving the way for the future of wearables that seamlessly merge biological processes with 
advanced materials for enhanced adaptability and user experience.

1. Biohybrid and Living Materials: Blending Biology with Textiles

One of the most radical advancements in textiles involves biohybrid materials—that is, integrating 
living cells, bacteria, and proteins into fabric matrices [3]. Such materials hold promise for providing 
dynamic functionality such as wound healing, chemical detection, and moisture regulation, making 
them ideal for healthcare, sports, and environmental monitoring.

• Living Textile Sensors: Biohybrid fibers embedded with microbial sensors can detect harmful 
pathogens or pollutants in the air, offering a proactive approach to health monitoring. For 
example, fabrics infused with genetically modified bacteria fluoresce in the presence of 
toxins or allergens [4].

• Self-Regenerating Textiles: Inspired by natural processes, researchers are developing 
materials that mimic skin regeneration. Textiles integrated with fibroblast cells can repair 
small tears or abrasions autonomously, significantly extending product lifespan and reducing 
waste [5].

• Moisture-Responsive Garments: Hydrogels or protein-based fibers embedded in garments 
enable fabrics to absorb or release moisture based on humidity levels, improving comfort 
and preventing overheating during physical activity [6].

2. Shape-Memory and Adaptive Textiles: Responsive to External Stimuli

Adaptive textiles represent the convergence of materials science and engineering, allowing garments 
to change shape, stiffness, or permeability in response to environmental factors.

• Thermoresponsive Polymers: These polymers expand or contract at different temperatures, 
enabling garments to adjust ventilation or insulation based on weather conditions [7].

• Shape-Memory Alloys: Integrated into compression garments or orthopedic wearables, 
these alloys allow textiles to dynamically tighten or loosen depending on muscle movement 
or body position [8].
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• Mechanical Actuation in Textiles: By embedding soft actuators into fabric, designers can 
create garments that adjust posture, provide muscle support, or deliver targeted 
compression without external power sources [9].

3. Circular Economy and Fully Recyclable Textiles

A significant shift in the textile industry revolves around achieving a closed-loop system—producing 
textiles that are not only recyclable but capable of being fully disassembled and repurposed.

• Modular Textile Sensors: Unlike single-use smart garments, modular sensors and 
detachable circuits are designed to be removed and reused in new garments, aligning with 
sustainable product lifecycle [10].

• Biodegradable Conductors: Researchers are developing conductors made from plant-based 
polymers and silk-derived threads that decompose naturally, leaving minimal environmental 
impact [11].

• Textile Upcycling Programs: Manufacturers are investing in initiatives that allow users to 
return worn smart garments for disassembly and reprocessing, contributing to a more 
sustainable consumer model [12].

4. Smart Textiles for Environmental Interaction

Smart textiles are increasingly being developed to interact with environmental conditions and 
provide insights into wearers' surroundings. Textiles can serve purposes beyond personal health, 
such as climate-resilient fabrics and pollution-detecting garments.

• Air Quality Monitoring Textiles: Embedded with electrochemical threads, these fabrics can 
track pollutants, greenhouse gases, and particulate matter, providing real-time feedback to 
users and researchers [13].

• Solar-Powered Textiles: Advanced lightweight photovoltaic fibers allow garments to collect 
solar energy, enabling long-term outdoor wearables without reliance on external power 
[14].

• Erosion-Detecting Fabrics: Specialized textile membranes embedded in soil or infrastructure 
monitor erosion, water flow, and material stress, expanding the role of textiles in 
environmental preservation [15].

5. Future Directions in Sustainable Textiles

The next phase of textile innovation is driven by cross-disciplinary collaboration between biologists, 
materials scientists, and engineers, exploring textile technologies that harmonize with nature rather 
than disrupt it.

• Probiotic-Infused Garments: Researchers are investigating textiles that release probiotics 
beneficial to skin health or antimicrobial treatments that maintain hygiene without chemical 
additives [16].

• Enzyme-Embedded Fibers: Textiles integrated with enzymes that break down pollutants or 
stains provide self-cleaning garments, reducing the need for frequent washing and 
conserving water [17].

• Fungal-Based Fabrics: Mycelium, the root structure of fungi, is emerging as a sustainable 
material capable of forming flexible, durable, and fully biodegradable garments [18].

Conclusion
Biodegradable, biohybrid, and shape-adaptive textiles are promising for the next generation of 
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wearable technology. By integrating living cells, renewable materials, and modular designs, the 
future of textiles offers not only enhanced functionality but also minimal environmental impact and 
greater alignment with sustainable goals. This evolution reflects a holistic approach to textile 
innovation, where the boundaries between technology, biology, and materials science continue to 
blur.
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Section 15: Conclusion 
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Summary of Key Findings
The roadmap on wearable and textile innovations outlines the rapid evolution and growing maturity 
of technologies that merge flexible electronics with fabrics to enable personalized, non-invasive, and 
continuous health monitoring. Across multiple sections, the paper identifies significant 
advancements in sensing technologies, energy harvesting, data analytics, and AI integration. 
Applications span diverse fields—from chronic disease management and mental health monitoring 
to functional rehabilitation and remote diagnostics—underscoring the versatility and transformative 
potential of smart textiles.

Implications for the Future
The convergence of biotechnology, materials science, and machine learning in wearable systems 
offers a clear trajectory toward decentralized, real-time healthcare. However, critical barriers 
persist: scalability, long-term biocompatibility, regulatory clarity, and affordability. Future 
developments must focus not only on performance but also on inclusivity, sustainability, and ethical 
deployment. Clinical-grade validation, AI fairness, and cross-platform interoperability will be central 
to securing trust and adoption across both high-resource and underserved settings.

Final Thoughts and Recommendations
To fully unlock the potential of wearable and textile innovations, we recommend:

1. Interdisciplinary collaboration between academia, industry, and regulatory bodies to 
accelerate translation from lab to clinic.

2. Standardization efforts to ensure consistency in sensor performance, data formats, and 
integration with healthcare IT systems.

3. Sustainable practices in materials sourcing and product lifecycle management, minimizing 
environmental footprint.

4. Proactive regulatory frameworks that evolve with technology and emphasize safety, data 
privacy, and inclusivity.

5. Investment in open-source platforms and scalable manufacturing to democratize access to 
next-generation health technologies.

Ultimately, wearable and textile systems stand at the forefront of personalized medicine and digital 
health. With responsible innovation, these technologies are poised to transform the global 
healthcare landscape, making it smarter, fairer, and more human-centered

Page 184 of 184AUTHOR SUBMITTED MANUSCRIPT - PMEA-106209.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t

mailto:mohamed.elgendi@ku.ac.ae

