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Wearable Bioelectronics: Toward Future
Personal Health Monitoring
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Abstract

Soft and sustainable wearable bioelectronics are emerging as key platforms for personal health monitoring
and digital healthcare. These systems can continuously acquire electrical, mechanical, and biochemical sig-
nals during daily life by integrating skin-like soft materials, hydrogel-based interfaces, and environmentally
conscious device architectures with wireless communication and data analytics and in some cases, deliver
closed-loop interventions. Recent advances have enabled multimodal skin-interfaced patches for chronic dis-
ease management, soft cardiovascular and neural interfaces for long-term regulation, and intelligent hydrogel
dressings for wound monitoring and therapy. At the same time, concepts of biodegradability, self-healing,
and reduced electronic waste are being incorporated to align device lifetimes with therapeutic needs. In this
Perspective, these key material and system-level strategies are summarized, representative applications in
chronic diseases, cardiovascular and neural regulation, and wound care are highlighted, and the remaining
challenges in long-term biocompatibility and stability, data governance and regulation, and the integration
of artificial intelligence and miniaturized architectures for future soft bioelectronic systems are discussed.
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Introduction

Bioelectronic technologies are increas-
ingly moving from hospital equipment
to skin-interfaced systems that can fol-
low individuals through everyday life.
Wearable bioelectronics, built on recent
advances in soft materials, microelectron-
ics, and wireless communication, are shift-
ing health monitoring from occasional,
clinic-based measurements to continuous
and non-invasive tracking of physiologic
and biochemical signals in daily life [1-
4]. Such skin-interfaced electronics open
a path toward earlier detection of disease
exacerbations and more personalized
management of chronic cardiovascular,
metabolic, and inflammatory conditions
by resolving fluctuations in heart rhythm,
respiration, motion, or sweat chemistry,
and when appropriate, coupling these
readouts to electrical, thermal, or pharma-
cologic interventions. It is worth noting
that this vision depends not only on pre-
cise sensing but also on long-term com-
fort, reliability and seamless integration
into real-world care pathways, themes
that motivated the present work [5-7].
Lab-on-skin platforms have become more
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capable and are increasingly regarded as
key building blocks of precision medi-
cine and digital health infrastructures.
However, most commercial wearables
still rely on rigid chips, brittle intercon-
nects, aggressive adhesives, and dispos-
able batteries, which can cause motion
artefacts, skin irritation, and electronic
waste, and typically provide data streams
that are rich in quantity but limited in
clinical specificity [8—12]. Soft, sus-
tainable, and intelligent skin-interfaced
bioelectronics have therefore attracted
growing interest as a route to more com-
fortable, environmentally responsible,
and clinically meaningful personal health
monitoring platforms [13-20].

In the past decade a wide variety of
soft wearable systems that address dif-
ferent elements of this challenge have
been reported. Ultrathin “electronic skin”
patches, hydrogel-based electrodes, and
other organic mixed ionic-electronic con-
ductors reduce mechanical and chemical
mismatch at the biotic-abiotic interface,
improving signal fidelity during long-term
wear [21-26]. Transient and eco-friendly
designs that incorporate biodegradable
substrates, bioresorbable conductors, and
self-powered modules aim to match device
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lifetime to therapeutic need, while minimizing the burden
of device retrieval and end-of-life waste. At the same time,
multimodal sensing arrays linked to edge computing and
cloud-based analytics are beginning to transform dense,
longitudinal bio-signals into digital biomarkers that can trig-
ger timely alerts or closed-loop interventions [27-30]. In
this Perspective, there is a focus on these three converging
directions, including soft skin-like interfaces, sustainable
device architectures, and intelligent data handling, and how
the integration across chronic disease management, cardio-
vascular and neural regulation, and smart wound care could
turn current prototypes into practical wearable bioelectronic
systems for truly personalized, digitally connected health-
care is discussed. Terminology is used as follows: wearable
bioelectronics refers to body-worn systems that interface
with skin or tissue for continuous sensing and when rele-
vant, therapeutic actuation; and skin-interfaced bioelectron-
ics denotes the subset designed for conformal contact with
skin or wound beds. OMIECs denotes organic mixed ionic-
electronic conductors and SaMD denotes software as a med-
ical device.

Many existing reviews discuss soft bio-interfaces, sustain-
ability or transient electronics, and artificial intelligence (Al)
or digital-health analytics as separate topics. This Perspective
treats such medical devices as a coupled design space and
emphasizes how hydrogel and OMIEC interfaces, sustain-
ability constraints, and SaMD-level data governance jointly
shape translation from prototypes-to-deployable systems.

Key technologies and advances

This section summarizes the enabling technologies that
underpin the three threads outlined in the Introduction: soft
skin-like interfaces; sustainable device architectures; and
intelligent data handling. First, there is a focus on materi-
als and bio-interfaces that reduce biotic-abiotic mismatch.
Then, how sustainability-oriented architectures and sys-
tem integration are shaping practical wearable platforms
are highlighted. The evolution of bioelectronics from
rigid, lab-based instruments-to-personal health monitoring
platforms has been driven by concurrent advances in soft
materials, microfabrication, and energy systems. Wearable
bioelectronics now represent the leading edge of this transi-
tion, moving from simple activity trackers-to-*“lab-on-skin”
systems capable of acquiring complex physiologic and bio-
chemical signals in real time. A central theme in this devel-
opment is the need to reconcile the profound mechanical,
electrical, and chemical mismatch between conventional
silicon-based electronics and soft, curvilinear, dynamic tis-
sues. This challenge has prompted a shift from rigid chips
and thick encapsulants-to-ultrathin, stretchable architec-
tures that approximate the mechanics of skin, allowing con-
formal adhesion, reduced motion artifacts, and improved
comfort during prolonged wear [31-34].

At the materials level, elastomeric substrates, such
as PDMS, still provide the basic mechanical framework
but the functional core of many contemporary devices
is built from intrinsically conductive and ion-permeable

components. Hydrogels exemplify such skin-interfacing
electrodes because the high water content and tissue-like
modulus support efficient ionic conduction and low interfa-
cial impedance, while the softness accommodates repeated
deformation without causing irritation [8, 35-37]. The
emergence of OMIECs further bridge the gap between the
biologic ionic milieu and the electronic domain of sensors
and circuits, enabling highly efficient signal transduction
in electrophysiology, chemical sensing, and neuromodu-
lation. In parallel, nanomaterials, such as metallic nano-
particles, silver nanowires, carbon nanotubes, graphene,
and MXenes, are dispersed within soft matrices to form
percolating networks that combine high conductivity with
stretchability. The large specific surface area also provides
abundant sites for biorecognition, which is crucial for
detecting biomarkers at low concentrations [38—41].

Within this broader materials toolbox, hydrogel-based
bioelectronics have emerged as a particularly versatile plat-
form. Pristine hydrogels behave as soft electrolytes in which
dissolved ions carry charge. Ionic conductivity depends on
ion type, concentration, and polymer-network morphology,
and is sufficient for low-frequency impedance sensing or
as an ionic bridge between metal contacts and tissue. For
applications that demand lower impedance and higher cur-
rent density, including low-noise electrophysiology, high-
charge-density stimulation, and dense flexible interconnects,
composite hydrogels incorporating PEDOT:PSS, metallic
nanowires, carbon nanotubes, graphene, or MXenes provide
mixed ionic—electronic conduction over a broad range of
moduli [42, 43]. The key design problem is to increase the
density of electronic pathways without sacrificing softness,
transparency, or long-term stability. In practice, this issue
has led to hierarchical filler networks, strong filler—polymer
interactions, and tough double-network or organohydrogel
architectures that decouple modulus from fracture toughness
and maintain stable conductivity under large strains [44, 45].

These principles translate naturally into two archetypal
device classes (skin-interfaced patches and hydrogel-based
wound dressings). In the former device, hydrogel elec-
trodes and interconnects offer lower contact impedance
and fewer motion artifacts than dry or gelled Ag/AgCl
counterparts, supporting long-term ECG, EMG, and EEG
recordings as well as strain and motion sensing during
daily activity [46]. In the wound setting, hydrogels already
provide a moist healing environment. Hydrogels become
intelligent dressings that can detect infection, report wound
status, and deliver therapy in a more controlled fashion
when engineered to host embedded pH, temperature, oxy-
gen or glucose sensors, microheaters, and drug reservoirs.
Zwitterionic, catechol-functional, and supramolecular for-
mulations further ensure strong, reversible adhesion on wet
tissue, while resisting protein fouling and bacterial colo-
nization, which is essential for maintaining signal fidelity
and reducing secondary damage during dressing changes
[47-49]. Recent work has extended these concepts to mul-
timodal, closed-loop systems in which spatially patterned
hydrogel domains simultaneously monitor mechanical,
thermal, and biochemical signals and drive actuators, such
as heaters or electrical stimulators, under guidance from
machine-learning models.
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In recent years these advances in soft interfaces have
increasingly been viewed through a sustainability lens.
Conventional wearable and implantable devices rely heavily
on non-degradable plastics, persistent metals, and disposable
batteries, raising concerns about electronic waste, long-term
biocompatibility, and the environmental footprint of large-
scale deployment. As a result, there is growing interest in
transient and eco-friendly bioelectronic systems that align
device lifetime with therapeutic need, then undergo con-
trolled degradation into benign products. At the structural
level, natural polymers, such as cellulose, chitosan, alginate,
gelatin, hyaluronic acid, and sericin, together with syn-
thetic degradable matrices, such as poly(lactic acid) [PLA],
poly(e-caprolactone) [PCL], and poly(lactic-co-glycolic
acid) [PLGA], serve as hydrogel scaffolds and substrates
derived from renewable resources and capable of enzymatic
or hydrolytic breakdown [50-52]. Degradable conductors,
including bioabsorbable metals (Mg, Zn, Fe, and Mo) and
tailored conductive polymers or carbon-based composites,
are incorporated to maintain electrical performance during
the intended service period, then gradually lose conductivity
as the conductors are resorbed [53-55].

Sustainability during use depends not only on end-of-life
degradation but also on prolonging functional lifetime and
minimizing biofouling. Self-healing hydrogels based on
dynamic supramolecular interactions or reversible covalent
chemistries can restore mechanical integrity and conductive
pathways after damage, reducing device replacement rates.
Antimicrobial functions, provided either intrinsically by
zwitterionic or cationic polymers or extrinsically by silver
nanoparticles, ZnO, MXenes, or photothermal agents, sup-
press bacterial colonization at skin and wound interfaces and
reduce the need for aggressive topical antibiotics [56-58].
It is worth noting that these self-healing and antibacterial

features are particularly powerful when integrated into smart
wound dressings, in which continuous sensing of pH, tem-
perature, and bacterial burden can trigger local drug release
or electrical stimulation, while the material autonomously
reseals after mechanical disruption.

These developments point toward a new generation of soft,
sustainable bioelectronic platforms (Figure 1). Conductivity,
mechanical compliance, adhesion, degradation time, and
antimicrobial activity are treated as coupled variables in this
design space rather than isolated targets (Figure 1A). Life
cycle considerations are increasingly being considered with
traditional performance metrics, such as signal-to-noise ratio
or charge injection capacity, from raw material procurement
and solvent usage to end-of-life dissolution (Figure 1B)
[59-61]. Consequently, the same set of material principles
supports a continuum of devices ranging from simple skin
electrodes-to-complex, Al-assisted wound dressings and
transient implants (Figure 1C). The following sections build
on this foundation to examine how these platforms can be
deployed in chronic disease management, cardiovascular
and neural regulation, and digital wound care.

Applications for soft and
sustainable bioelectronics

The discussion now translates the enabling materials and
system concepts introduced above into application-level
needs and clinical or home-care workflows. To keep the
narrative concrete, representative use cases are grouped into
three domains in which continuous sensing and, feedback
and intervention when appropriate, can change outcomes,
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Figure 1 Sustainable and eco-friendly bioelectronic systems. (A) Biodegradable materials and controlled transience using natural polymers
and bioabsorbable metals that resorb into non-toxic by-products. (B) Self-healing and antibacterial hydrogel systems incorporating dynamic
reversible bonds, conductive fillers, and antimicrobial/anti-fouling components. (C) Environmental impact considerations and life-cycle assess-
ment, from renewable raw materials and green manufacturing-to-device use and end-of-life degradation or recycling.
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as follows: chronic disease management; cardiovascular and
neural regulation; and wound care within broader digital
health infrastructures (Figure 2) [62-64]. In each case, con-
tinuous sensing is coupled to different degrees with feedback
and intervention, shifting care from episodic monitoring
toward more proactive and personalized management.

For chronic diseases, such as diabetes, heart failure, and
chronic obstructive pulmonary disease, important physio-
logic changes can unfold over hours or days, making short
clinic visits a poor sampling strategy (Figure 2A). Skin-
interfaced electronics address this mismatch by collecting
data continuously during daily life, provided the devices
remain comfortable under sweat, movement, and routine
handling [62]. Ultra-flexible patches that combine soft elas-
tomer substrates, stretchable interconnects, and on-board
processing can record heart rate, respiration, temperature,
and motion, while biochemical sensors and microfluidic
sampling layers extend monitoring to glucose, lactate, cor-
tisol, and cytokines in sweat, interstitial fluid, and tears [63,
65, 60]. These heterogeneous streams are aggregated on
digital health platforms that transform raw time series into
trends, alerts, and risk scores. In practice, adherence depends
as much on feedback, reminders, and visualization strate-
gies as on sensor precision [45]. When such monitoring is
connected to local actuation-electrical stimulation modules,
smart textile sleeves or closed-loop drug delivery signals
related to joint loading, muscle activity, or metabolic sta-
tus can be used to guide rehabilitation, neuromodulation, or
therapy titration in real time [67—69].

Cardiovascular and neural regulation represent another
major application space (Figure 2B). Soft chest and neck
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patches that integrate stretchable electrodes, strain sen-
sors, and photoplethysmography components enable long-
term recording of electrocardiograms, pulse waveforms,
and subtle mechanical signatures of cardiac performance
in cardiovascular medicine [70]. These platforms support
arrhythmia detection, surrogate blood-pressure estimation,
and heart-failure monitoring with mechanical compliance
and stable skin contact emerging as key requirements for
reliable data [71]. In addition to monitoring, flexible epi-
cardial arrays and low-modulus vagus-nerve cuffs made
from stretchable conductors and compliant substrates are
being explored for direct regulation of cardiac and auto-
nomic function [72, 73]. Here, transient or bioresorbable
device concepts are particularly attractive because devices
designed to operate for a finite therapeutic period then dis-
solve can reduce the need for surgical removal and align
well with sustainable materials strategies. Neural interfaces
impose even stricter constraints because brain and periph-
eral nerve tissues are highly sensitive to chronic mechanical
irritation. Ultrathin polymer substrates, soft encapsulation,
and hydrogel coatings are therefore favored for cortical
surface arrays, injectable mesh electronics, and peripheral
nerve cuffs, which underpin neuromodulation approaches
for epilepsy, Parkinson’s disease, chronic pain, and organ
control, and provide continuous neural data for personalized
computational models of disease dynamics [74].

Wound care offers a third, highly illustrative setting in
which hydrogel-based materials and sustainability con-
cerns intersect (Figure 2C). Hydrogels are already widely
used as dressings for acute and chronic wounds. Embedding
pH, temperature, oxygen, and impedance sensors with
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Figure 2 Applications of soft and sustainable bioelectronics in digital health. (A) Chronic disease management with multimodal skin-inter-
faced sensors, digital health platforms, and closed-loop intervention. (B) Cardiovascular and neural regulation using soft patches, epicardial
arrays, nerve cuffs, and transient implants. (C) Wound care and digital health integration via smart hydrogel dressings that combine sensing,

drug delivery, and connected clinical workflows.
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heaters, electrical stimulators, and drug reservoirs convert
these familiar matrices into smart dressings without dis-
rupting existing clinical workflows [42]. A notable exam-
ple is the wireless smart bandage that integrates hydrogel
electrodes, flexible sensors, and a remotely powered cir-
cuit to monitor wound status and deliver electrical cues in
a simple feedback loop, accelerating closure and reducing
infection in animal models [75]. Building on the wireless
smart bandage, conductive hydrogel dressings combined
with machine-learning models can classify wound state
and suggest or adjust therapy patterns, effectively linking
local bioelectronic feedback to wider digital adherence
frameworks [43]. Once connected to smartphones and
cloud platforms, data from smart dressings, cardiovascu-
lar patches, and metabolic sensors are visualized together,
enabling dynamic risk assessment for patients who often
live with multiple chronic conditions. At the same time,
the environmental footprint of frequent dressing changes
has prompted strategies that separate reusable electronic
modules from single-use hydrogel interfaces or employ
bioresorbable conductors and substrates wherever possi-
ble, reinforcing the role of wound-care bioelectronics as
elements of a resource-aware digital health ecosystem [76,
77].

Several common design principles persist across chronic
disease management, cardiovascular and neural regula-
tion, and wound care. These design principles include soft
and conformal interfaces, multimodal sensing that cov-
ers electrical, mechanical, and biochemical signals, and
device life cycles that are acceptable for patients and the
environment.

Table 1 brings these aspects together for different appli-
cation domains and representative device platforms. Table 1
shows that the dominant signals and clinical roles differ from
case-to-case but the underlying material choices and archi-
tectural strategies are closely related. Taken as a whole, these
applications suggest that soft and sustainable bioelectronic
platforms can help to move healthcare from occasional and
reactive interventions toward more continuous, proactive,
and personalized management.

Challenges and future
directions

The preceding sections have shown how soft, hydrogel-
based, and sustainable bioelectronic platforms can bridge
mechanical and chemical gaps at the biotic—abiotic inter-
face and enable applications in chronic disease management,
cardiovascular and neural regulation, and smart wound care.
Herein these three challenges were used as a simple organiz-
ing spine to clarify what currently limits translation and what
near-term opportunities could best directly accelerate real-
world deployment. Translating these concepts into robust,
widely deployed technologies requires confronting three
tightly coupled challenges [long-term biocompatibility and
stability, data governance and regulation, and the integration
of Al and miniaturized architecture; Figure 3] [74].

From a materials and device perspective, soft hydrogels,
organogels, and bioresorbable substrates alleviate the mod-
ulus mismatch that has historically driven foreign-body
responses around rigid implants but do not eliminate bio-
logical reactivity. Even mechanically compliant systems
must contend with protein adsorption, macrophage activa-
tion, fibrotic encapsulation, and microbial colonization over
months-to-years, particularly in neural and cardiovascular
settings [78]. On the device side, soft conductors, such as
OMIECs, metallic nanowire networks, and MXene-based
composites, operate in electrolytes or humid environ-
ments that promote oxidation, delamination, and microc-
rack formation under strain [79-81]. Leaching of dopants,
swelling-induced microstructural changes, and hydrolysis
of crosslinks can cause gradual drift in conductivity and
charge-injection capacity in hydrogel electrodes and inter-
connects. These issues are amplified in transient systems,
in which hydrolysable substrates and bioresorbable metals
are intentionally designed to degrade; controlling degrada-
tion kinetics is essential to avoid premature loss of function
or residual fragments persisting longer than intended [82,
83]. Increased biodegradability or programmed transience
can trade off against electrical performance and long-term

Table 1 Representative Application Domains for Soft and Sustainable Bioelectronics and the Main Characteristics
Application Domain Representative Device Dominant Signals or Main Practical Advantages Refs.
Platform (Examples, Refs.) Functions
Chronic disease Skin-interfaced multimodal Heart rate, activity, temperature, Long-term wearability; earlier [4, 99]
management patches for vital signs and glucose, and metabolites detection of loss of control
biochemical sensing
Cardiovascular Soft ECG/PPG chest or neck ECG, PPG, pulse waveforms, Ambulatory rhythm monitoring; [70, 72]
regulation patches; flexible epicardial and local activation maps support for pacing and
arrays mapping
Neural regulation Flexible cortical and Local field potentials, spikes, Circuit-level neuromodulation [100]
peripheral nerve interfaces and stimulation currents with improved tissue
compatibility
Wound care Wireless smart hydrogel pH, temperature, oxygenation, Early infection detection; [51, 75]
dressings with integrated impedance; local stimulation guided local therapy; fewer
sensors and stimulators dressing changes
Digital health Cloud-linked multi-sensor Aggregated physiologic and Telemedicine, risk [101]
integration systems combining wound-related data streams stratification, and longitudinal

wearables and dressings

analytics

Abbreviations: ECG: electrocardiogram; PPG: photoplethysmography; ROS: reactive oxygen species; pH: acidity.
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stability. Degradable substrates and encapsulants often
increase water and ion permeability, which can accelerate
swelling, dopant migration, and corrosion, leading to rising
impedance and signal drift. Conversely, strategies that pre-
serve electrical performance (e.g., stronger encapsulation or
denser conductive networks) can slow degradation and may
leave residues that persist longer than desired. In practice,
reliability, stability, durability, and longevity are distinct but
intertwined. A device may be mechanically robust yet elec-
trically unstable or stable under benchtop testing but unrelia-
ble under the stochastic loads of daily life (Figure 3A) [84].
User comfort and multi-day wearability often set the prac-
tical limit for real-world performance. Breathability, sweat
and hygiene, skin irritation, and pressure points from stiff or
bulky components can reduce adherence during extended use
and should be considered with electrical metrics. Therefore,
long-term implants need combinations of mechanically
matched hydrogels or elastomers, robust encapsulation,
graded interfaces, and self-diagnostic circuits that detect
drift before catastrophic failure, whereas disposable patches
and dressings primarily demand predictable performance
over days-to-weeks and benign degradation products.

On the information side, dense longitudinal data streams
from multimodal wearables and smart dressings raise ques-
tions about data quality, bias, privacy, and cybersecurity
(Figure 3B). Performance of clinical and research wearables
can vary with skin tone, body habitus, co-morbidities, and
contextual factors, so Al-based risk scores or wound-heal-
ing classifiers may systematically underperform in under-
represented groups if datasets and validation strategies are
not carefully designed [85, 86]. Persistent connectivity
enlarges the attack surface, and compromised devices can
leak sensitive health information, or in extreme cases, be
manipulated to disrupt therapy. Regulators have started to
respond. For example, the US FDA now treats cybersecurity

as a core quality-system consideration and has issued guid-
ance on threat modelling, secure updates, and vulnerability
disclosure, while similar expectations are emerging under the
EU MDR [87, 88]. At the same time, regulatory pathways are
complicated by the convergence of hardware and software.
Biosensors embedded in wearables or dressings are regu-
lated as medical devices, whereas Al algorithms that analyze
outputs may fall under the category of SaMD with separate
requirements for clinical evidence and lifecycle monitor-
ing [89]. Existing frameworks are largely oriented toward
“locked” algorithms that do not change after approval and
offer limited guidance for adaptive or continuously learning
models, even though such models are natural fits for long-
term bioelectronic monitoring [90, 91]. Key regulatory ques-
tions include how updates are bounded and documented,
what update thresholds trigger re-validation, and how each
deployed model version is traced to its training data and
evidence base for adaptive or continuously learning models.
Continuous adaptation also complicates post-market surveil-
lance because algorithm drift can be confounded with sensor
drift and population shift. This complication motivates pre-
defined monitoring metrics, clear rollback mechanisms, and
secure update pipelines for model deployment. Harmonizing
device- and data-centric regulations, clarifying responsibili-
ties among manufacturers, healthcare institutions, and cloud
providers, and defining acceptable levels of transparency and
explainability for safety-critical decisions remain open tasks.

Looking ahead, several technological trajectories may
help address these cross-cutting challenges (Figure 3B).
One technological trajectory is the migration of Al from
remote servers to the edge of the network, where energy-
efficient inference engines embedded in flexible electron-
ics or companion modules can perform on-device feature
extraction, anomaly detection, and closed-loop control,
thereby reducing latency, bandwidth requirements, and
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privacy risks [92]. Such edge-Al architectures are particu-
larly attractive for neuromodulation and wound care, in
which local feedback between sensed variables and stimu-
lation patterns must operate on timescales that are difficult
to achieve through cloud-mediated loops. Local feedback
aligns naturally with digital-twin concepts in which person-
alized models are continuously updated, while only sum-
mary parameters are transmitted to remote server. A second
direction is the miniaturization and distribution of bioelec-
tronic modules. Next-generation wireless implants aim to
integrate sensing, stimulation, energy harvesting, and com-
munication into millimeter-scale packages that function as
networks rather than single devices. Advances in hydrogel,
organogel, and hybrid gel encapsulation enable these mod-
ules to be embedded within soft, tissue-conformal matrices
that provide mechanical buffering and in some cases, biore-
sorbable scaffolds [93-96]. Ultimately, progress will depend
not only on new materials and circuits but also on shared
evaluation practices. Emerging perspectives in bioelectronic
medicine argue for common quantitative benchmarks for
reliability, stability, and longevity across device classes with
standardized reporting of dataset composition and algorith-
mic performance. Coupling such benchmarks as life-cycle
assessments for materials and environmental impact would
help ensure that future soft bioelectronic platforms are not
only intelligent and minimally invasive but also safe, equita-
ble, and sustainable.

A closely related extension is oncology, in which soft,
skin-conformal platforms can couple longitudinal biomarker
sensing with localized actuation to support outpatient or
home-based care. Wearable biosensing platforms offer new
prospects for tumor management by integrating flexible sen-
sors and stimulators for continuous monitoring and precisely
triggered therapy. For example, microneedle-based patches
can non-invasively detect tumor markers and use ultrasound
or electrical stimulation to trigger drug release, thereby
enhancing immune responses. Such devices allow for long-
term home-based monitoring, reduce hospital visits, and
provide a feasible approach to personalized cancer therapy
[97]. Among the devices, the wearable flexible ultrasound
microneedle patch (wf-UMP) utilizes ultrasound stimula-
tion and microneedle-delivered piezoelectric nanoparticles
for tumor treatment, while enabling real-time monitoring of
drug diffusion, reactive oxygen species (ROS) generation,
and immune modulation processes [98].

Conclusion

Soft and sustainable bioelectronics are reshaping how the
human body is monitored, understood, and treated across
timescales from minutes-to-years by enabling continuous
acquisition of electrical, mechanical, and biochemical signals
during daily life rather than only in brief clinic visits. By tailor-
ing skin-interfaced platforms, hydrogel-based interfaces and
environmentally conscious device architectures to approxi-
mate the mechanics, hydration, and chemistry of living tissues,
similar material and design principles can be deployed across
chronic disease management, cardiovascular and neural reg-
ulation, and intelligent wound care embedded within broader
digital health infrastructures. The central challenge now is to
translate these prototypes into robust, manufacturable systems
that are acceptable to patients and the environment, relying
on materials that combine long-term biocompatibility with
programmable degradation, devices that integrate multimodal
sensing with closed-loop actuation and on-device process-
ing, and data infrastructures that protect privacy, while still
enabling population-level learning. If these technical and reg-
ulatory hurdles can be addressed in a coordinated way, soft
and sustainable bioelectronics are well-positioned to support
a shift from episodic, reactive care toward more continuous,
proactive and personalized health management, operating as
an unobtrusive yet functionally rich layer within future digital
healthcare ecosystems.
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