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Smart wearable and implantable biosensors enable continuous, real-time monitoring of biophysical
and biochemical signals for personalized and preventive healthcare. Advances in flexible, stretchable,
and biocompatible materials ensure long-term comfort and seamless body integration, while
multimodal and multi-analyte sensing improves robustness. Al enhances signal processing and
predictive insights, yet challenges remain in motion artifacts, energy autonomy, data privacy, and
clinical interpretability. This review summarizes materials, device architectures, and Al-assisted

strategies applications.

Significant paradigm shifts are transforming the medical and healthcare
industries, fueled by advanced technologies and the growing adoption of
services such as telemedicine, wearable diagnostics, remote patient mon-
itoring and personalized treatment strategies'”. Yet several critical chal-
lenges persist. These include the need for continuous, real-time health
monitoring, risks associated with delayed diagnosis or episodic checkups,
limited accessibility for patients in remote or underserved areas, and the lack
of user-friendly, noninvasive systems capable of long-term physiological
acquisition, particularly for patients with chronic or life-threatening
conditions™. In response to these challenges, smart biosensors, especially
those engineered to be flexible, stretchable or implantable, have emerged as
next-generation solutions for real-time health monitoring. These devices
can continuously record a wide range of physiological signals while con-
forming intimately to biological tissues without causing discomfort or
adverse reactions. Their mechanical compliance, biocompatibility, and
seamless integration with the human body make them promising candi-
dates for long-term, noninvasive health tracking in both clinical and per-
sonalized healthcare settings™”.

Smart biosensors have advanced considerably in terms of functionality,
but their design involves much more than the integration of sensing and
data transmission. A successful wearable or implantable device requires
careful balancing of multiple factors. Beyond biocompatibility and safety,
mechanical properties such as flexibility, stretchability, and fatigue resis-
tance are critical to ensure comfortable conformity to the body’s soft,
dynamic tissues without irritation or structural failure over time. This

consideration is especially important for implantable sensors, where
inadequate mechanical design can lead to tissue damage, signal degradation,
or device malfunction®.

Wearable technologies have progressed far beyond early-generation
devices, which were limited to tracking biophysical signals such as heart rate,
body temperature, blood pressure, and physical activity. Modern devices,
designed as portable and skin-integrated platforms, now provide bio-
chemical sensing, electrophysiological signal monitoring, and continuous
real-time insights into health status. In parallel, traditional diagnostic
methods such as blood tests, imaging techniques (e.g., MRI and CT scans),
and laboratory-based biochemical assays remain highly effective but are
often time-consuming, costly, and require specialized infrastructure'*". In
contrast, smart biosensors, especially those enhanced through nano-
technology, offer significant advantages, including improved diagnostic
sensitivity, faster response times and reduced costs, and scalable, low-cost
mass production suitable for both clinical and point-of-care applications'>"".
Recent advances in bio-based materials with excellent flexibility and
stretchability have further improved the comfort and usability of wearable
biosensors, enabling continuous data collection over extended periods'*".

While these sensors excel at generating large volumes of physiological
data, they often lack the capability to translate this information into clini-
cally meaningful insights. Artificial intelligence (AI)-driven technologies,
particularly machine learning (ML) and deep learning (DL), play a major
role in addressing this challenge by enabling advanced data processing,
pattern recognition, and predictive modeling'*"”. These approaches can
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extract clinically relevant insights from complex datasets in real time,
identify subtle physiological variations associated with early disease onset,
provide personalized health recommendations, and deliver automated
decision support for clinicians, thereby enhancing diagnostic accuracy and
treatment efficiency. Thus, the integration of AI with smart wearable bio-
sensors makes these devices more personalized, intelligent and adaptive to
individual health needs'®".

Rapid progress in sensor materials, electronics, and signal proces-
sing has been achieved in recent years, yet comprehensive reviews
addressing the mechanics of biosensors, especially in the context of
continuous monitoring and implantable applications, remain scarce.
This review focuses on the mechanics of wearable and implantable
biosensors, followed by continuous health monitoring techniques, and
the role of Al-driven approaches in transforming raw data into action-
able clinical insights. By combining these perspectives, this review
provides a comprehensive understanding of what makes smart bio-
sensors not only technologically advanced but also practically viable for
real-world healthcare applications. Figure 1 presents an overview of this
review, emphasizing mechanical design principles and Al integration for
continuous health monitoring.

Understanding mechanics in biosensors

Mechanical design considerations in biosensors

Mechanical design considerations are critical for wearable biosensors,
particularly in skin-interfaced, implantable, and ingestible applications, as
they enable devices to move naturally with the body, bending, stretching,
and adapting to skin or tissue without loss of sensing accuracy. Adequate
tensile strength and fatigue resistance help prevent cracking, delamination,
or performance degradation under repeated deformation. Furthermore,
optimizing mechanical robustness alongside sensitivity is essential to ensure
stable signal output under real-world conditions, enabling reliable long-
term health monitoring and continuous physiological data acquisition™*".
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The key mechanical design parameters that influence the performance,
durability, and comfort of flexible biosensors are outlined below.

Key mechanical design parameters for wearable and implantable
biosensors

The mechanical performance of biosensors plays a critical role in deter-
mining their functionality, reliability, and long-term stability under real-
world operating conditions. For clarity, the mechanical properties relevant
to wearable and implantable biosensors can be broadly classified into two
categories: (i) device-level deformation characteristics, which describe how a
sensor accommodates external motion and conforms to biological surfaces
and (ii) material-level strength and durability parameters, which govern the
mechanical integrity of substrates and functional layers. Although con-
ceptually distinct, both categories are essential for achieving mechanically
robust and biologically compatible bioelectronic systems. Figure 2 provides
an overview of representative wearable biosensors used during daily activ-
ities and the diverse mechanical environments they encounter. It highlights
the mechanical mismatch between biological tissues and conventional
electronic materials through a comparison of Young’s modulus and illus-
trates typical bioelectrode configurations employed at biointerfaces. Based
on these considerations, the key mechanical design parameters governing
the deformation behavior and structural reliability of wearable and
implantable biosensors are discussed below.

Flexibility. Flexibility describes the ability of a biosensor to bend and
conform to curved or irregular surfaces, such as human skin or soft
tissues, under low bending strain. This property is particularly important
for wearable and epidermal biosensors, where intimate contact with the
body is required without compromising structural or electrical
integrity””. Flexible substrates such as conductive polymers, nano-
composites, metallic nanowires and hydrogels are commonly employed
to reduce bending stiffness and enhance conformability”***. The bending

Glucose

O -

Body temperature I

| | "h
A .w‘ix:,

ECG
0/7

@,@ &

= Intraocular
™ sensors el
odae
\‘\H % prediction
.
= Adaptive
9_. algorithm
Q

Dataset
analysis

$
Data { i
collection

RNS
implant

shoelinsole

Fig. 1 | Schematic overview of mechanical design strategies and Al integration for continuous health monitoring.
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Fig. 2 | Overview of biosensor applications, material properties, and bioelectrode
designs. a Wearable biosensors for real-time physiological monitoring across dif-
ferent body locations, detecting signals related to movement, cardiovascular activity,
brain function, respiration, and metabolism'', b Mechanical properties of biological
tissues compared to commonly used biosensor materials, illustrating Young’s

WX

Sweat analysis
Body temperature

(4. Respiratory rate

Sweat analysis
Body temperature

Exhaled gas analysis Blood glucose A

Body temperature

Blood glucose
Heart rate
EKG

EMG
Joint motion

®

Electric skin/tattoo

EMG

.- Watch .
\ K Joint motion

Blood pressure
Heart rate

"

F\fngerti_e_ <1> SpO,
N @ Heart rate
™ Pants

EMG . Sweat analysis
Joint motion Body temperature
Walk pace

Metal and silicon-based microelectrode arrays
Nanoparticles

C

— 1
J > TM=
L\ // } -
W Gy < jy S )
V , A /// “Nerve
Microwire Silicon-based i Nerve stil
electrode nerve probe array |

Flexible stretchable electrode

Electrode Ultrasound
v [ A 2
[N 3 U= puas
MS=— = : “Stent y
e~ nanowires S
Retinal Elast i ic nerve  Pi ic
de array stent P mesh electrodes scaffolds
Hydrogel electrode
* e NG -
N S | =24 oK
A~ { %‘?" i
= g 17771 == {
= DT'ug" o " Piezoelectric
~“material L
Patterned Injectable Controlled Anti-FBR Self-adhesive
electrode hydrogel drug release coating hydrogel electrode

modulus ranges for hydrogels, elastomers, plastics, and inorganic/metallic sub-
strates, ¢ Representative bioelectrode configurations, including metal and silicon-
based microelectrode arrays, flexible stretchable electrodes, and hydrogel-based
electrodes, designed for diverse biomedical applications'”.

radius and bending durability are key metrics used to evaluate the flex-
ibility of a biosensor, which reflect a device’s ability to maintain stable
electrical performance under repeated bending associated with body
movement™?.

Stretchability. Stretchability refers to the ability of a biosensor to sustain
tensile deformation without mechanical failure. This property is especially
critical for sensors deployed on highly dynamic regions of the body, such as
joints and muscles, where large and repetitive strains are experienced.
Wearable biosensors are often designed using highly stretchable materials or
strain-accommodating architectures, such as elastomeric substrates and
serpentine interconnects”**. Depending on the sensing location, mode of
deformation, and device architecture, reported stretchability values for
wearable platforms range from several hundred percent to, in some cases,
approaching or exceeding 1000%. In contrast, implantable biosensors

generally operate in more mechanically constrained environments, where
moderate stretchability, typically on the order of ~50-200% is sufficient to
accommodate organ-specific motion while ensuring mechanical compat-
ibility and long-term stability”~**.

Elasticity and recoverability. Elasticity describes the reversible defor-
mation behavior of a material within its elastic regime, whereas reco-
verability refers to the ability of a biosensor to return to its original
geometry after repeated or large deformations, including those
approaching the elastic-plastic transition”. High elasticity and recover-
ability are particularly essential for soft and stretchable biosensors that
must endure cyclic loading without permanent deformation or signal
drift. Materials such as hydrogels, shape-memory polymers, and rubber-
like bio-elastomers such as poly(trimethylene carbonate), poly(glycerol
sebacate) (PGS), poly(diol citrate) (PDC), and poly(ether carbonate) diol
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(PECL), are commonly used to achieve these properties and ensure

consistent sensing performance over extended operational cycles™.

Tensile strength and fracture resistance. Tensile strength and fracture
resistance are material-level properties that determine a biosensor’s
ability to withstand mechanical stress without cracking or failure. These
parameters are particularly important for implantable biosensors, where
mechanical integrity must be preserved under sustained loading and
long-term physiological conditions”’. Conventional implantable mate-
rials such as titanium alloys and SUS316L stainless steel exhibit high
Young’s moduli (~110 GPa), which are significantly greater than those of
biological tissues such as bone (10-30 GPa). Consequently, balancing
tensile strength with reduced stiffness and enhanced deformability is
critical to minimizing mechanical mismatch, preventing fracture, and
ensuring long-term device reliability’*”.

Shear and compressive strength. Shear and compressive strength
characterize a material’s resistance to lateral and compressive forces,
respectively. These properties are especially relevant for biosensors
subjected to external pressure or contact forces, such as implantable
pressure sensors, orthopedic monitoring devices, and tactile sensors
integrated into prosthetics***'. Adequate shear and compressive strength
are required to maintain structural integrity and signal fidelity under
complex loading conditions encountered in vivo.

Adhesion to biological tissues and substrates. Adhesion is a key
requirement for biosensors that must maintain stable contact with bio-
logical tissues or supporting substrates over prolonged periods. Insuffi-
cient adhesion can lead to sensor delamination, motion-induced artifacts,
and unreliable signal acquisition®. In epidermal biosensors, bioadhesive
hydrogels and surface microstructures inspired by biological systems
(e.g., gecko-inspired designs) are commonly used to enhance adhesion
while minimizing skin irritation. For implantable biosensors, bio-
compatible coatings and surface modifications promote tissue integra-
tion and reduce inflammatory responses***’.

Biodegradability and mechanical degradation over time. For tran-
sient and resorbable biosensors, biodegradability introduces an addi-
tional mechanical design consideration. These devices must retain
sufficient mechanical integrity throughout their functional lifetime
before undergoing controlled degradation. The degradation rate must be
carefully tuned to avoid premature mechanical failure or excessive
rigidity prior to resorption, ensuring reliable sensing during the intended
operational period®.

Role of mechanics in bioelectronic devices’ performance and
longevity

Unlike conventional rigid electronics, bioelectronic devices must operate in
soft, dynamic, and mechanically challenging environments, such as human
skin, muscles, and internal organs. These devices are constantly exposed to
mechanical deformations, repeated loading cycles, and environmental
stresses, which can affect their signal accuracy, durability, biocompatibility,
and overall performance®. A well-engineered mechanical design is essential
to maintaining stable signal transduction, preventing structural failure, and
ensuring user comfort and long-term integration with biological tissues. As
the body’s outermost interface, skin not only protects underlying tissues but
also undergoes complex motions involving stretching, compression, and
shear. Accordingly, wearable bioelectronic devices are typically positioned
on the epidermis to enable continuous and noninvasive monitoring of
biomechanical and physiological signals, including motion-induced strain
and pressure, pulse waves, electrophysiological signals, and, in some cases,
voice vibrations and movement patterns for activity recognition'’. However,
due to the inherent curvature, anisotropic deformation, and dynamic
motion of different body regions, conventional rigid or planar sensors are
prone to partial detachment and interfacial slippage, which can introduce

motion artifacts and compromise sensing accuracy’*™’. To overcome these
limitations, researchers have focused on designing mechanically compliant
biosensors by patterning, depositing, or integrating functional materials
onto flexible substrates such as polyethylene terephthalate (PET), poly-
dimethylsiloxane (PDMS), thermoplastic polyurethane (TPU), and elasto-
meric or hydrogel-based platforms™. In more advanced implementations,
wireless communication modules integrated into flexible printed circuit
boards (FPCBs) enable continuous biosignal acquisition under free move-
ment conditions™, eliminating rigid interconnects while preserving signal
fidelity during daily activities.

In addition to flexibility, conformal contact and adhesion between the
skin and bioelectronic devices, which enables intimate and uniform adhesion
without creating interfacial gaps or discomfort, is crucial for obtaining
accurate and stable biosignals. Poor adhesion can lead to device detachment,
loss of electrical contact, and inaccurate readings, which severely impact the
effectiveness of biosensors®*. For instance, a biosensor that fails to adhere
properly to the skin may generate inconsistent bioelectrical signals (e.g.,
electrocardiogram (ECG), electromyogram (EMQG), electroencephalogram
(EEG)), leading to unreliable diagnostics™. To achieve conformal contact
with soft and irregular skin surfaces, several design strategies have been
reported in the literature. Ultrathin device architectures reduce bending
stiffness and allow sensors to be laminated onto skin via van der Waals forces,
enabling stable contact without aggressive adhesives™” (Fig. 3a-d). Soft
adhesive hydrogels and elastomeric bioadhesives provide strong yet skin-
friendly adhesion while accommodating natural skin deformation during
daily activities” (Fig. 3e). In addition, microstructured and bioinspired
adhesive interfaces, such as gecko- or octopus-inspired patterns, enhance
conformability by increasing effective contact area and shear resistance under
dynamic conditions™*. Collectively, these adhesion and conformal-contact
engineering strategies ensure continuous, reliable sensor-tissue interaction
while maintaining user comfort and long-term operational stability®".

Beyond flexibility and conformal contact, long-term epidermal
operation of bioelectronic devices critically depends on their ability to
accommodate large, repetitive deformations through sufficient stretchability
and tissue-matched mechanical stiffness. Human skin exhibits low elastic
moduli (typically on the order of ~0.1-2 MPa)* and undergoes complex
stretching, compression, and shear during daily activities. When bioelec-
tronic devices lack adequate stretchability or exhibit significant modulus
mismatch with the skin, localized stress accumulation can occur at the
device-tissue interface, leading to delamination, mechanical fatigue, and
progressive signal degradation over time. Such mechanical incompatibility
not only compromises signal stability but also accelerates material failure
under cyclic loading, thereby limiting device lifespan. Consequently,
achieving skin-like mechanical compliance and strain tolerance is essential
for maintaining reliable electrical performance, minimizing motion-induced
artifacts, and ensuring durable operation of wearable bioelectronic systems
during continuous use™. As a result, skin-matched stretchability and
mechanical compliance play a central role in preserving signal integrity and
device durability during prolonged on-body use. However, when bioelec-
tronic systems are implanted within the body, mechanical requirements
become substantially more demanding due to continuous organ motion,
confined anatomical spaces, and long-term tissue-device interactions®.

Unlike skin, internal organs are continuously exposed to biofluids and
cyclic mechanical loading, necessitating robust encapsulation strategies to
prevent fluid ingress that can induce electrochemical corrosion, electrical
short circuits, and drift in electrode impedance®, ultimately leading to
device failure. For implantable bioelectronic systems, mechanical design is
therefore a decisive factor governing signal fidelity, chronic stability, and
functional reliability under sustained physiological deformation®”. When
laminated onto soft, curved, and dynamically moving tissues such as the
brain or heart, implantable biosensors must maintain intimate conformal
contact while minimizing mechanical mismatch between the device (typi-
cally MPa-GPa modulus) and biological tissues (~1-40 kPa)**. Excessive
modulus mismatch and insufficient strain accommodation result in loca-
lized stress concentrations, interfacial delamination, and progressive
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with the epidermis™”, ¢ Stretchable and deformable bioelectronic platforms exhi-
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glucose sensor integrated with a soft, hydrogel-based adhesive interface that
maintains intimate skin contact under dynamic conditions, enabling continuous,

noninvasive electrochemical monitoring of sweat biomarkers’'°.

degradation of electrode-tissue coupling during long-term implantation. To
mitigate these effects, implantable platforms increasingly employ low-
modulus or mechanically graded substrates, stretch-accommodating
interconnect architectures, and soft conductive interlayers that

redistribute applied strain and suppress strain transfer to active electronic
components’ (Fig. 4a-g). These design strategies reduce peak interfacial
shear and tensile stresses, limit cyclic fatigue under repetitive tissue motion,
and stabilize electrode impedance by preserving a consistent contact area at
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Fig. 4 | Mechanical compliance strategies in implantable bioelectronic devices.
a Ultrasoft stretchable cardiac interface with a soft interlayer maintains conformal
contact and stable ECG signals compared to a conventional device that undergoes
shifting and rotation””, b Soft, flexible neural probes and hydrogel-based electrodes
demonstrating stable implantation and high-fidelity neural signal recording’"*,

¢ Multilayer hydrogel bioelectronic interface with viscoelastic encapsulation and
electrically conductive tracks, exhibiting tissue-matched mechanical properties*”’,
d Monolithic, highly stretchable hydrogel bioelectronic interfaces showing suture-
less tissue adhesion, large-strain tolerance, and stable electrochemical performance
under cyclic deformation™.
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the tissue-device interface. In neural and cardiac environments, such
mechanically compliant systems enable stable multichannel recording and
stimulation under continuous deformation, supporting reliable closed-loop
operation over extended implantation periods™”~”*. Taken together, these
advances demonstrate that mechanical compliance, strain tolerance, and
fatigue resistance are fundamental determinants of the long-term perfor-
mance and durability of implantable bioelectronic devices.

Interaction of mechanics with biological systems

Living cells can sense mechanical forces and convert them into biological
responses. Similarly, bioelectronic devices detect mechanical stimulus, such
as pressure, strain, and deformation, and transform them into electronic
signals for real-time monitoring and diagnostics’. To achieve this,
numerous innovative strategies have emerged, integrating process and
function in a continuous feedback loop, with mechanics serving as a fun-
damental driving force. This dynamic interaction between mechanics and
biological systems is decisive for the design and functionality of bioelec-
tronic devices, ensuring they perform efficiently in wearable, implantable,

75-77

and biocompatible applications™"".

Structural mechanics strategies for flexible wearable
bioelectronics

Wearable bioelectronics are transforming healthcare and personalized
medicine by enabling continuous, real-time monitoring of physiological and
biochemical signals. Unlike conventional rigid electronic devices, these
systems must seamlessly conform to the human body, accommodating
natural movements without compromising functionality’. Similar to their
rigid counterparts, flexible biosensors typically consist of three key com-
ponents: (i) a substrate that provides mechanical support and flexibility to
the entire system, (ii) bioreceptors that selectively interact with target ana-
lytes, and (iii) active materials that transduce biochemical or physiological
interactions into electrical signals™*. These signals are then processed and
converted into readable outputs, enabling real-time monitoring and diag-
nostics. In flexible bioelectronics, the selection of materials and structural
design is critical to achieving mechanical durability, biocompatibility, and
seamless integration with biological systems. Biointerfaces must be adap-
table, conformable, and resilient to external forces to ensure long-term
functionality. Therefore, an ideal biosensor design should incorporate key
attributes such as mechanical flexibility, stretchability, thermal and chemical
stability, resistance to non-target biological fluids, transparency, durability,
and even self-healing capabilities™"".

Over the years, various flexible substrates have been explored, each
exhibiting different combinations of these essential properties. The flexible
substrate serves as the backbone of the biosensor, offering mechanical
support, a smooth and uniform surface for functionalization, and a robust
framework that binds all components together while preserving signal
integrity™. Since bioreceptors and active materials are primarily integrated
into these substrates, they must maintain their mechanical strength and
stability even under continuous deformation, prolonged use, and exposure
to dynamic biological environments.

There are two primary strategies commonly employed for designing
flexible and stretchable biosensors: (1) developing materials that inherently
possess both flexibility and stretchability while exhibiting conductive or
semi-conductive properties, and (2) adapting rigid or semi-rigid materials
by incorporating geometric engineering techniques (e.g., serpentine designs,
kirigami structures, or porous frameworks) to enhance flexibility*’. Thin
metallic foils with a thickness of less than 200 um, such as gold (Au), copper
(Cu), silver (Ag), aluminum (Al), and platinum (Pt), serve as excellent
flexible and conductive substrates, providing high electrical conductivity,
superior thermal stability, mechanical robustness, and enhanced durability
against external mechanical stresses™. These materials are widely used in
bioelectronic applications such as wearable sensors, implantable devices,
and flexible electrodes due to their ability to maintain stable electrical per-
formance under repeated deformation®. Additionally, semi-metallic foils,
such as indium tin oxide (ITO)* and doped graphene films, offer a balance

between flexibility, transparency, and conductivity, making them ideal for
applications requiring optical clarity, such as transparent biosensors, elec-
tronic skin, and stretchable displays”. However, these methods involve
higher manufacturing costs, require high-temperature processing that can
damage fragile bioreceptors, and lack biodegradability, thereby limiting
their applicability in eco-friendly biosensing.

In contrast, paper stands out as an affordable, flexible, and widely
available substrate, perfect for rapid point-of-care diagnostics, especially in
resource-constrained environments. Paper-based substrates such as cellu-
lose, cellulose nanocrystals (CNCs), nanofibrillated cellulose (NFCs), and
bacterial nanocellulose (BNCs) can support various sensing modalities like
optical, electrical, and electrochemical. Their versatility can be enhanced
through conductive coatings, composites, or integration with soft metal
foils. Though paper’s mechanical fragility and low wet stability pose chal-
lenges, these issues can be addressed through material modifications,
offering an eco-friendly alternative for biosensors®. Similar to paper-based
substrates, textiles are also an inexpensive and versatile option for biosensor
applications. Various types of textiles, such as knitted, woven, nonwoven,
and crocheted fabrics, made from materials like nylon, polyester, cotton,
spandex, and silk, are commonly used for applications including wearable
sensors, healthcare monitoring, and implantable electronics. Conductive
properties can be integrated into these textiles through various fabrication
techniques, with conductive yarns being embedded by weaving, knitting, or
electrospinning methods. Textiles offer multiple daily life advantages such
as comfort, flexibility, breathability, and the ability to seamlessly integrate
into clothing, making them ideal for long-term, continuous use in wearable
bioelectronics®. Other than the above-mentioned substrates, polymers,
both synthetic and natural, are widely used as flexible substrates due to their
desirable properties such as optical transparency, high elasticity, low
modulus, and biocompatibility. Synthetic polymers like PDMS, poly-
urethane (PU), polyvinyl alcohol (PVA), polycaprolactone (PCL), and PET,
along with natural polymers like chitosan, collagen, gelatin, alginate, and
hyaluronic acid, are commonly utilized. These polymers are nontoxic in
nature, making them compatible for both in vitro and in vivo applications.

Another advantage of these materials is that they can be easily molded
into desired shapes and structures, facilitating the fabrication of bioelec-
tronic devices with intricate designs and conformable properties®. For
example, polyimides (PI), such as Kapton®, are flexible, thermally stable
materials that can be molded easily and modified for various functionalities.
They are used as substrates in bioelectronics, including neural implants, due
to their excellent dielectric properties, biocompatibility, and ability to
enhance conductivity through metal deposition”, and PDMS is a type of
silicone-based elastomer known for its low cost, thermal stability, and
flexibility. It is widely used in biomedical devices, such as catheters and
implants, offering high elasticity, optical transparency, and biocompat-
ibility, making it suitable for both in vitro and in vivo applications. Figure 5
highlights diverse flexible substrates demonstrating their use in wearable
and epidermal biosensors.

To achieve flexibility and stretchability in bioelectronics, innovative
geometric engineering techniques are employed to transform rigid, brittle
materials into adaptable substrates capable of conforming to dynamic, soft
biological tissues. Among the most effective methods are metallic buckling,
serpentine configurations, and kirigami structures, each offering distinct
advantages in terms of mechanical performance and integration with bio-
logical systems“. Metallic buckling, for instance, is a process where metal
films are deposited on pre-strained elastomers. Once the strain is released,
the metal forms a wrinkled, curved structure that can withstand repeated
stretching without compromising electrical properties”™. This technique has
been successfully applied in stretchable semiconductor electronics, where
GaAs nanoribbons on pre-stretched PDMS demonstrate stable perfor-
mance under strain, providing a foundation for flexible and durable
electronics™.

Serpentine structures, featuring in-plane configurations, are widely
utilized for bioelectronics requiring conformal attachment to soft tissues
such as skin. These structures, designed with soft materials like Au for
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disposable, and mechanically compliant platforms for bio-FET wearable e-skin
devices'”. d Flexible P1I films provide a mechanically resilient substrate that balances
flexibility and structural integrity, enabling reliable signal acquisition for long-term
operation™”. e Self-adhesive WPU substrates highlight conformal, adhesive-free
integration with skin, enabling reliable epidermal biopotential recording across
diverse skin conditions™".

electrodes and Pt for sensors, provide an excellent balance between
stretchability and electrical conductivity”. A prime example is the devel-
opment of wearable bioelectronics composed of strain, temperature, and
electrophysiological sensors that conform to the skin’s surface, enabling
seamless integration with the human body. This design allows for real-time
monitoring of physiological signals with high mechanical compliance,
ensuring stable function even during skin deformation. In addition to fully
deformable architectures, rigid-island designs, where strain-sensitive elec-
tronic components are placed on mechanically stable islands interconnected

by stretchable serpentine bridges have emerged as an effective strategy to
protect active devices from excessive strain while preserving overall system
flexibility’**. Figure 6 showcases representative structural design strategies
that enhance stretchability, conformability, and multifunctionality in
wearable biosensors.

Kirigami-based configurations take flexibility a step further by
incorporating cut patterns that enable both in-plane and out-of-plane
deformation. This approach, inspired by the traditional paper-cutting
art, allows bioelectronics to maintain stable performance even under
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and mechanical resilience for continuous physiological monitoring™’. d Flexible
electrochemical sensors incorporating serpentine interconnects demonstrate
effective strain redistribution and conformal skin contact, enabling stable sweat
ascorbic acid sensing during mechanical deformation®”, e 3D micro-serpentine
structures illustrate geometry-driven mechanical compliance, allowing large
reversible strain without compromising device integrity or signal fidelity””’.
f Kirigami-inspired wearable systems illustrate mechanically programmable
deformation and scalability, enabling multifunctional health and crowd-monitoring

applications on the wrist™".

extreme stretching, mimicking the complex, irregular motion of human
tissue”. For example, a kirigami-structured supercapacitor patch made
from polyimide (PI) film demonstrated remarkable stretchability, with
the electrochemical properties remaining stable even under elongation
of up to 282.5%”. This highlights the potential of kirigami-based
designs to enhance the mechanical flexibility of bioelectronics while

retaining functionality, making them ideal for use in wearable sensors
and other biointegrated devices.

Beyond these strategies, advanced design principles such as nanoscale
engineering have been employed to make even high-modulus materials, like
metals and semiconductors, more flexible. Techniques such as nano-pat-
terning, serpentine layouts, and fractal designs can be used to enable
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bending, stretching, and conforming to various shapes while maintaining
the intrinsic properties of conductive materials like Ag, Cu, and Au nano-
materials. For example, gold nanowires and silver nanoparticle-based cir-
cuits have been engineered to maintain excellent conductivity while
exhibiting significant mechanical deformation capabilities™”. These
nanoscale structures are particularly valuable in the development of bioe-
lectronics that require high performance and reliability under mechanical
stress.

The application of these geometric engineering techniques in the field
of biosensing has the potential to revolutionize the design of flexible,
stretchable sensors capable of detecting a wide range of biological and
chemical analytes. While much of the current research focuses on
improving the mechanical properties and electrical performance of these
materials, ongoing work is expanding into the immobilization of bior-
ecognition molecules and their integration into flexible biosensor platforms.
These advancements are poised to enable the development of highly sen-
sitive, wearable biosensors capable of continuous, real-time monitoring of
biomarkers, offering new possibilities in personalized medicine, health
monitoring, and diagnostics.

Interplay between biocompatibility and mechanical compatibility
in flexible and implantable bioelectronics

To accurately detect a wide range of biosignatures, including electro-
physiological, physical, and biochemical signals, these devices must be able
to maintain long-term integration with the human body for continuous
daily use'”. However, conventional electronic devices often lack mechanical
adaptability, leading to discomfort and poor compatibility with biological
tissues. This can result in skin irritation, inflammation, allergic reactions,
and pressure sores. In implantable bioelectronics, prolonged mechanical
mismatch may further induce tissue injury, fibrosis, and chronic inflam-
mation, ultimately impairing device performance and long-term stability.

In addition to mechanical mismatch, exposure to biofluids such as
sweat, saliva, mucus, and interstitial fluid can penetrate these devices,
altering their original properties and compromising performance'”.
Ensuring stable adhesion remains one of the most significant challenges in
developing reliable and long-lasting bioelectronic systems. Collectively,
these factors highlight that the long-term functionality of bioelectronic
devices largely depends on the biological and mechanical compatibility of
the materials used in the devices with human tissues'”’. Thus, the primary
challenge hindering the advancement of wearable and implantable bioe-
lectronics lies in overcoming limitations related to biocompatibility and
mechanical compatibility with body tissues. To develop highly functional
and reliable bioelectronic devices, the materials replacing conventional rigid
components must satisfy two closely interrelated requirements: (1) bio-
compatibility, to minimize immune responses and ensure safe tissue
interaction'” and (2) mechanical compatibility, since mismatched stiffness,
flexibility or stretchability, can directly trigger inflammation, fibrosis, and
device failure during long-term use'™. Accordingly, this section discusses
the key material and surface-engineering strategies that have been devel-
oped to improve biocompatibility in wearable and implantable bioelectronic
devices, while simultaneously ensuring mechanical compatibility with
biological tissues.

Over the past decades, extensive research has demonstrated the
effectiveness of various biocompatible materials in bioelectronics, including
natural biopolymers and synthetic polymers, which have been widely
explored for their mechanical flexibility and biocompatibility. To enhance
the electrical properties of bioelectronic devices, conductive polymers,
including polypyrrole (PPY), polyaniline (PANI), and poly(3,4-ethylene-
dioxythiophene) (PEDOT), have been incorporated. These polymer-based
biosensors have been successfully employed in detecting a wide range of
analytes, including glucose, lactate, dopamine, and nucleic acids, making
them essential for continuous health monitoring, disease diagnostics, and
wearable sensing applications'”'”’. Among these, hydrogels have emerged as
particularly advantageous for human tissue engineering, wound healing,
and in vivo drug delivery, owing to their high-water content, tunable

mechanical properties, and excellent biocompatibility. Their 3D porous
network structure provides an ultrasensitive platform for detecting bio-
molecules such as proteins, enzymes, and DNA, making them highly
effective in biosensing and regenerative medicine'*.

Next-generation bioelectronic devices incorporate various nano-
materials, including Ag and Au nanoparticles, carbon nanotubes
(CNTs), graphene, transition metal dichalcogenides (TMDs), and
MZXenes, which significantly enhance device performance'”'*'**'".
These nanomaterials offer numerous advantages, such as exceptional
sensitivity towards biomolecular interactions, high thermal stability,
rapid electron transport, and superior mechanical flexibility""'"". Fur-
thermore, functionalized nanomaterials allow for effective conjugation
with biological molecules, including enzymes, nucleic acids, and anti-
bodies, thereby improving their biocompatibility and specificity for
biomedical applications such as wearable health monitoring, neural
interfaces, and point-of-care diagnostics'”. Despite their advantages,
nanomaterial-based bioelectronics face challenges such as cytotoxicity,
as materials like CNTs and metal nanoparticles can induce oxidative
stress and inflammation. High fabrication costs and complex synthesis
methods hinder large-scale production, while long-term stability issues,
including  aggregation and oxidation, compromise device
performance'”. Biofouling and surface contamination compromise
sensor performance and increase measurement variations, and toxic
degradation byproducts raise safety concerns. Additionally, regulatory
and environmental challenges limit clinical translation. Addressing these
issues requires advances in biodegradable nanomaterials, improved
surface functionalization, and cost-effective fabrication techniques to
enhance safety, stability, and scalability'"*. Some of these disadvantages
can be mitigated by applying various functional coatings over nano-
materials, such as non-immunogenic coatings, hydrophobic/hydrophilic
antibiofouling coatings, and biocompatible polymer coatings. Existing
coatings include polyethylene glycol (PEG) coatings to reduce biofoul-
ing, zwitterionic coatings for improved protein resistance, self-assembled
monolayers to enhance surface functionality, and polydopamine coat-
ings for strong adhesion and biocompatibility'*"". These strategies
improve the stability, biocompatibility, and overall performance of
nanomaterial-based bioelectronic devices.

For implantable bioelectronics, bioelectronic devices implanted in the
human body, the body’s immune system perceives those devices as foreign
objects, triggering a foreign body reaction. This response leads to the for-
mation of a dense fibrotic capsule around the implant, which significantly
impairs overall device functionality'*. To overcome this challenge, surface
coatings have been developed to enhance biocompatibility and reduce
immune responses. Self-mimicking coatings, such as zwitterionic or cell-
membrane-coated surfaces, replicate natural cellular environments, mini-
mizing immune activation and promoting seamless integration with tissues.
Drug-releasing coatings, like dexamethasone-loaded hydrogels, provide
localized anti-inflammatory effects, reducing fibrosis and enhancing long-
term device performance. Immunoactive coatings, such as interleukin-10
(IL-10) or transforming growth factor-beta (TGF-f)-functionalized sur-
faces, actively modulate immune responses, suppressing chronic inflam-
mation and facilitating stable bioelectronic operation'*’. These advanced
coatings significantly improve the longevity and functionality of implan-
table bioelectronic devices.

Enhancing the assessment of bioelectronic biocompatibility requires a
combination of in vivo, in vitro, and ex vivo methodologies to compre-
hensively evaluate their interactions with biological systems. In Vivo animal
models provide critical insights into long-term tissue integration, immune
responses, and device functionality under physiological conditions. In vitro
tissue culture studies enable controlled investigations of cytotoxicity, cellular
adhesion, and inflammatory markers, offering rapid and reproducible data
on material-tissue interactions. Additionally, cell adhesion assays help
determine how well bioelectronic surfaces support cellular attachment and
proliferation, which is crucial for stability and integration'””. Together, these
complementary evaluation approaches provide a systematic framework for
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assessing material-tissue interactions and guiding the rational design of
biocompatible bioelectronic devices.

In addition to biocompatibility, these materials exhibit excellent
mechanical compatibility with biological tissues, which is essential for the
effective performance and longevity of bioelectronic devices. Biological
tissues and internal organs in the human body are extremely soft, with an
elastic modulus of ~0.1-1kPa for the central nervous system and
10-100 kPa for internal organs such as the heart, liver, and lungs, while their
structural deformability allows for large mechanical strain without failure.
In contrast, conventional rigid bioelectronic devices, such as silicon-based
neural implants and metallic electrodes, possess an elastic modulus
exceeding 100 GPa and a strain-at-break of less than 1%, making them
significantly stiffer than biological tissues. This pronounced mechanical
mismatch promotes localized stress concentration at the tissue-device
interface, accelerating inflammatory responses, fibrotic encapsulation, and
progressive degradation of signal quality during long-term implantation'”.

Overcoming this challenge requires the development of bioelectronic
materials that not only exhibit mechanical compatibility closer to soft tissues
but also maintain durability and functionality under dynamic physiological
conditions. Three key mechanical properties are essential for ensuring
mechanical compatibility with biological tissues: flexibility, stretchability,
and conformability”*'*'. These properties collectively enhance the integra-
tion of bioelectronic devices with the body, reducing the risk of mechanical
failure and adverse biological responses. Such mechanical matching
improves overall comfort, stability, and long-term functionality of bioe-
lectronic devices, allowing for their successful integration into biomedical
applications. Building on mechanical and biological compatibility, reliable
long-term operation of flexible biosensors requires stable electrical outputs
under prolonged physiological exposure and repeated mechanical
deformation'”. Accordingly, several material and structural strategies have
been developed to address signal drift, noise fluctuations, and performance
degradation. Mechanically compliant substrates and stretchable device
architectures reduce stress concentration at the tissue-device interface,
preserving electrical continuity during bending and stretching'>’. Strong and
durable adhesion layers minimize interfacial slippage and motion-induced
artifacts, particularly in skin-interfaced and implantable systems'*'. Beyond
their established role in improving biocompatibility, antifouling and anti-
inflammatory surface coatings, such as PEG, zwitterionic, and hydrophilic
coatings'”, limit biofluid infiltration, protein adsorption, and foreign body
reactions, which are major causes of long-term signal instability'**. To
further elucidate how these modified surfaces interact with surrounding
biological environments and device components, advanced surface energy
characterization techniques capable of probing nanoscale interfacial prop-
erties should be integrated into biosensor development'””'**. Collectively,
these material, structural, and interfacial engineering strategies play a critical
role in maintaining stable outputs and ensuring the long-term and dynamic
stability of flexible bioelectronic devices under real-world operating con-
ditions. Figures 7 and 8 present representative implantable biosensors from
the literature, emphasizing their mechanical adaptability and tissue-
compatible designs for on-organ monitoring and bioelectronic interfaces.

Biocompatible wearable and implantable biosensors
for continuous health monitoring

Continuous health monitoring integrates wearable biosensors with digital
health technologies to enable real-time acquisition of physiological signals,
supporting proactive and data-driven healthcare. The effectiveness of
continuous monitoring systems critically depends on their mechanical
design, as long-term operation requires stable skin-sensor interfaces, sup-
pression of motion-induced artifacts, and durability under repetitive
deformation, as discussed in the previous section™. Recent advances in
flexible and skin-conformal bioelectronics have enabled uninterrupted
signal acquisition during daily activities, significantly improving data con-
tinuity and signal fidelity are key requirements for reliable continuous
monitoring'”. The rapid growth of this industry, driven by technological
advancements and rising health awareness, is transforming traditional

healthcare into a personalized, predictive, and preventive system'”’. Within
this context, recent wearable biosensor platforms serve as representative
case studies demonstrating how mechanically compliant designs enable
robust, long-term physiological monitoring in real-world conditions.

Wearable biosensors for continuous health monitoring

Wearable biosensors have emerged as a key technological solution for
continuous monitoring, enabling real-time tracking of diverse physiological
and biochemical parameters through noninvasive and user-friendly plat-
forms. These systems are now widely explored for applications ranging from
cardiovascular and metabolic monitoring to stress assessment, hydration
tracking, sleep analysis, and fatigue detection. A defining advantage of
continuous wearable biosensing lies in its ability to capture subtle temporal
variations and long-term biomarker trends that are often inaccessible
through intermittent clinical measurements. Consequently, recent research
has focused on developing highly sensitive, multimodal, and mechanically
compliant wearable sensors that enhance measurement accuracy while
maintaining user comfort and operational stability during prolonged
usel}l,lSZ'

Sheng et al. have developed a flexible wearable biosensor for pressure
monitoring. Recent advancements have led to capacitor sensors using 3 M
VHB 4905 tape and GalnSn, integrated with the CAV444 chip, which
exhibited a highly linear response to stretching, rotation, and pressure. The
prepared sensors have promising applications in motion tracking, electronic
skin, accident alerts, and remote monitoring. With high stretchability
(250%), excellent repeatability (>500 cycles), and a fast response time
(<10 ms), they offer new possibilities for biomedical sensor design and
healthcare applications'”. Carreiro et al. reported a wearable biosensor to
monitor physiological changes during opioid use. Tested on 30 ED patients,
the wristband tracked electrodermal activity, skin temperature, and loco-
motion before and after opioid administration. The results exhibited
decreased locomotion and increased skin temperature, while electrodermal
activity changes were inconsistent. The heavy opioid users exhibited greater
reductions in fidgeting movements without any significant differences based
on gender or opioid type'*". That work highlights the potential of wearable
biosensors for real-time opioid use monitoring and relapse detection.

Kweon et al. designed a polymer-based pressure biosensor using
conductive core/shell nanofibers composed of PVDF-HFP/PEDOT.
Fabricated through 3D electrospinning and vapor deposition poly-
merization, the sponge-like 3D membranes exhibited high porosity and
a hierarchical conductive surface, enhancing pressure sensitivity. The
sensors demonstrated a sensitivity of 13.5kPa™, over twice that of
conventional electrospun mats, with a detection limit of 1Pa and
durability over 10,000 cycles. That study revealed the potential of
scalable, low-cost polymer-based pressure sensors for biomedical
diagnostics, environmental monitoring, and wearable electronics'”.
Hallfors et al. developed a novel self-powered wearable IoT ECG sensor
using Nylon® coated with reduced graphene oxide (rGOx). The con-
ductive fabric functioned as ECG electrodes, capturing reliable signals
from the wrist and neck. That study highlights the potential of rGOx-
based ECG sensors for continuous cardiovascular monitoring and
emergency response' . Sekine et al. prepared a wearable fluorometric
microfluidic platform for sweat analysis, integrating a smartphone-
based imaging module for real-time biomarker detection. The system
features microchannels and reservoirs pre-filled with fluorescent probes
that selectively react with chloride, sodium and zinc in sweat with high
selectivity. Field studies demonstrated accurate measurements of
chloride, sodium, and zinc levels, matching conventional lab techni-
ques. This offered a low-cost, user-friendly solution for point-of-care
diagnostics and wearable health monitoring'”.

Anuradha et al. reported a paper strip-based optical biosensor for
noninvasive salivary glucose analysis. The sensor is glucose oxidase and a
pH indicator on a filter paper strip, which is able to detect glucose by color
change, which is scanned and analyzed with RGB profiling software. The
sensor showed a strong correlation between salivary glucose (SGL) and
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fracture repair exemplifies geometry-driven mechanical adaptability, combining
compact insertion with high compressive strength after deployment™'. d Kirigami-
engineered parylene films provide highly transparent, stretchable, and tissue-
conformal interfaces for brain and cardiac electrophysiology, enabling large-strain
deformation without mechanical mismatch or tissue damage™”. e serpentine, ring-
shaped polyimide platform integrating metallic interconnects and antennas
demonstrates strain-tolerant implantable biosensing, enabling continuous tear-
glucose monitoring through mechanically compliant ocular interfaces™’.

blood glucose levels, with a detection range of 9-1350 mg/dL and a response
time of 45 s. Moreover, the prepared biosensor is a low-cost, rapid method
for diabetes screening, but is influenced by interferents like lactic and
ascorbic acid. Further studies are planned for improvement and
standardization'”. Table 1 provides an overview of recent wearable bio-
sensors designed for monitoring diverse physiological signals. These studies
represent just a glimpse into the recent advancements in continuous
monitoring technologies, showcasing their transformative potential in
healthcare and personal wellness. While these wearable platforms demon-
strate the effectiveness of mechanically compliant, skin-mounted biosensors

for continuous and noninvasive monitoring, implantable sensing platforms
have emerged as a highly effective approach for achieving uninterrupted,
long-term physiological surveillance. While wearable systems enable con-
venient surface-level measurements, implantable biosensors provide direct
access to internal organs and deep tissues, allowing more stable and phy-
siologically relevant signal acquisition over extended periods. By interfacing
directly with the biological environment, implantable devices enable con-
tinuous monitoring of critical internal parameters that are difficult to assess
reliably through epidermal interfaces, albeit with additional material,
mechanical, and biological design considerations.
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biointegration at load-bearing tissues™”. ¢ Regioregular PSHT/SEBS rubbery bio-
optoelectronic devices with Au nanomesh electrodes exemplify soft, tissue-matched
electronics capable of maintaining intimate contact with dynamic cardiac tissue for
reliable stimulation and sensing™. d Liquid metal-based stretchable electrode arrays
showcase an alternative strategy for achieving extreme deformability and bio-
compatibility in neural interfaces, with histological analysis confirming minimal

tissue response across major organs””.

Implantable biosensors for long-term continuous health
monitoring

Extending continuous health monitoring beyond wearable systems,
implantable devices have revolutionized modern medicine by enabling
continuous monitoring and treatment of various health conditions. In the
year of 1950s, when Clark and Lyons pioneered the first implantable devices,
advancements in sensor technology have significantly expanded their
applications'”. Nowadays, the devices incorporate electrochemical,
mechanical, optical, and thermal sensors to monitor cardiac health, neu-
rological conditions, and glucose levels, improving patient care and out-
comes. The performance of implantable devices depends on the materials
based on the construction, with biocompatibility, corrosion resistance,
flexibility, and conductivity being critical factors. Each material plays a vital
role, from signal conduction to energy storage and device protection,
ensuring both safety and functionality. Additionally, the advanced manu-
facturing techniques such as microfabrication, 3D printing, and nanofab-
rication have enabled the development of highly intricate and efficient
implantable devices. As technology continues to evolve, innovations in
materials and fabrication methods will further enhance the capabilities of

implantable devices, paving the way for improved diagnostics, personalized
treatments, and long-term health monitoring solutions™“*'*". Kim et al.
developed a flexible, implantable temperature sensor for dental applications
that can provide early warning signals in real time before implant failure.
The sensor was fabricated on a flexible polyimide film using a micro-
fabrication process and exhibited high accuracy, durability, and stability,
with a temperature coefficient of resistance (TCR) of 3.33 x 10*°C™. The
mechanical stability tests confirmed its suitability for long-term implanta-
tion, underscoring its potential for advanced dental health monitoring and
personalized diagnostics'. Seongmun et al. reported an implantable
electromagnetic-based glucose sensor as a novel alternative to enzyme- and
optical-based continuous glucose monitoring (CGM) systems. Instead of
directly detecting glucose molecules, the sensor tracks blood glucose trends
by measuring changes in dielectric permittivity. Proof-of-concept in vivo
studies on swine and beagles demonstrated a strong correlation between
sensor frequency and blood glucose levels during glucose tolerance tests.
The dedicated sensor interface module and mobile application enable real-
time, continuous monitoring. While still in the early stages, the technology
shows promise for long-term glucose tracking with ongoing developments
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in biocompatible packaging and system optimization'*. Li et al. developed a

wireless implantable bio-microsystem for real-time bladder pressure
monitoring. Initially, tested in rabbits, the device featured a flexible, bio-
compatible sensor with a <1% error rate and a temperature rise of <2 °C. It
wirelessly transmitted data with high accuracy (correlation 0.885) to an
external unit. Long-term tests confirmed durability, stability, and superior
sensitivity over conventional methods. The future improvements focus on
miniaturization, wireless charging, and optimized buoyancy, making this
system a promising solution for long-term physiological monitoring and
clinical applications'**.

Ma et al. developed a self-powered, multifunctional implantable
triboelectric active sensor (iTEAS) capable of real-time biomedical
monitoring without the need for external power sources. The device
harvests biomechanical energy from organ motion via the triboelectric
effect, enabling continuous monitoring of multiple physiological
parameters such as heart rate, respiration, blood flow, and blood
pressure with high accuracy (~99%). The core-shell packaging ensured
device durability and biocompatibility, maintaining functionality for
72 h post-implantation and proving safe after two weeks in vivo. The
flexibility and minimally invasive implantation, iTEAS represents a
promising advancement in next-generation biomedical sensors for
long-term healthcare monitoring'*. De la Paz et al. reported a battery-
free, self-powered ingestible biosensing capsule for real-time glucose
monitoring in the small intestine. The device integrates a glucose bio-
fuel cell that harvests energy, enabling wireless telemetry via magnetic
human body communication. Validated in porcine models, the sensor
demonstrated high specificity, stable performance, and minimal cross-
reactivity with interfering compounds. In situ tests confirmed accurate
glucose detection, correlating well with blood glucose levels'*. Table 2
summarizes furthermore research works focused on implantable bio-
sensors designed for monitoring diverse physiological and biochemical
signals within the body.

Beyond the representative systems summarized in Table 2, the long-
term functionality of implantable bioelectronic devices is often constrained
by chronic foreign body responses at the tissue-device interface. Following
implantation, nonspecific protein adsorption and acute inflammatory sig-
naling trigger macrophage recruitment and activation, which subsequently
drives fibroblast proliferation and collagen deposition over timescales ran-
ging from weeks to months. This progressive fibrotic encapsulation
mechanically isolates the device from surrounding tissue, increases inter-
facial stiffness, and elevates electrical impedance, collectively leading to
signal attenuation, reduced signal-to-noise ratio, and long-term recording
instability. In addition to biochemical fouling, the mechanical mismatch
between rigid electronic components and soft tissues exacerbates
micromotion-induced stress, further accelerating inflammatory responses
and fatigue-driven electrical failure. Recent studies highlight that mitigating
these chronic degradation pathways requires intrinsically soft, tissue-
matched materials, antifouling or bioactive interfacial coatings, and
mechanically compliant encapsulation strategies that suppress immune
activation while preserving stable performance. Addressing these immune-
mechanical interactions is therefore critical for extending device lifetime and
ensuring reliable long-term performance of implantable bioelectronic
systems'”. To mitigate these chronic failure mechanisms, several studies
have reported antifouling and anti-fibrotic surface-engineering strategies,
including zwitterionic coatings, hydrogel-based interlayers, ultrasoft elas-
tomeric encapsulation, and bioinspired slippery or hydrated interfaces. Wai
et al. developed a zwitterionic hydrogel-conducting polymer system to
mitigate foreign body responses in implantable bioelectronics. The zwit-
terionic PEDOT: PSS hydrogel reduced fibrotic encapsulation by approxi-
mately 64% compared with unmodified PEDOT: PSS and exhibited a
significantly lower collagen density at the tissue-device interface. Simulta-
neously, the modified hydrogel enhanced electrical conductivity by more
than an order of magnitude. Chronic in vivo electrocardiographic record-
ings in murine models demonstrated that electrodes incorporating this
zwitterionic hydrogel interface maintained more stable signal quality over

extended implantation periods, highlighting its potential for improving
long-term biocompatibility and electrical reliability in implantable electro-
physiological devices'™.

Tan et al. reported a bioactivated encapsulation membrane strategy to
mitigate fibrotic encapsulation and enhance cell survival in long-term
implantable systems. In this work, semiporous poly(ether sulfone) (PES)
hollow-fiber membranes were functionalized internally with fibronectin to
promote therapeutic cell attachment and externally with the anti-
inflammatory cytokine interleukin-4 (IL-4) to polarize macrophages
toward an M2 phenotype and attenuate local foreign body responses. In a
murine subcutaneous model, dual-coated fibers showed markedly reduced
immune cell accumulation, elevated M2 macrophage presence, and sup-
pressed fibrotic encapsulation compared with unmodified membranes,
which was accompanied by enhanced survival and functional integration of
encapsulated islet cells with host vasculature. This study highlights how
immunomodulatory surface coatings on implantable devices can reshape
host responses and decrease fibrotic tissue formation to improve chronic
implant performance and therapeutic cell viability'*’. Wang et al. developed
an antifouling, super-water-absorbent supramolecular polymer hydrogel
(N-acryloyl glycinamide (NAGA) and carboxybetaine acrylamide (CBAA))
designed as an artificial vitreous body for long-term implantation. The
hydrogel combines high-water content (98.4 wt%) and supramolecular
network architecture with strong antifouling characteristics imparted by
zwitterionic polymer segments, which significantly reduce nonspecific
protein adsorption and cell adhesion compared to conventional hydrogels.
In vivo studies demonstrated that this hydrogel maintained stable volume
and mechanical properties in the vitreous cavity over extended periods (after
16 weeks post operation), while minimizing inflammatory responses and
foreign body reactions. Its structural and optical properties closely mimic
those of the natural vitreous humor, suggesting its promise as a long-lasting,
biocompatible substitute that resists biofouling and maintains functional
integration with ocular tissues'. Overall, recent implantable biosensor
designs demonstrate impressive progress in flexible electronics, wireless
operation, and multifunctional physiological monitoring. However, chronic
implantation introduces additional challenges beyond initial device per-
formance, particularly immune-mediated encapsulation, long-term impe-
dance drift, and mechanically induced signal degradation. Addressing these
issues requires a shift toward tissue-matched mechanical properties and
interface-engineered materials that actively regulate the biological response.
Such approaches are expected to play a central role in enabling stable, long-
term implantable bioelectronic systems for clinical translation.

Importance of modern biosensing methods in continuous
monitoring

While wearable and implantable platforms provide the physical interface for
continuous health monitoring, the reliability and clinical value of long-term
operation are ultimately governed by the underlying biosensing meth-
odologies. Biosensors have transformed various industries, with the most
profound impact in medical, clinical, and healthcare applications'". They
play a pivotal role in disease detection, retinal prostheses, MRI contrast
imaging, heart diagnostics, medical mycology, and continuous health
monitoring. Beyond diagnostics, biosensors drive advancements in wear-
able and portable healthcare technologies, contributing to disease surveil-
lance, treatment, fitness tracking, and overall well-being while lowering
healthcare costs. Their growing adoption across different age groups has
accelerated global healthcare market expansion.

Unlike traditional periodic checkups and manual biomarker mea-
surements, modern continuous health monitoring systems provide real-
time, accurate, and automated physiological data tracking. These innova-
tions empower individuals to take a proactive approach to health man-
agement while enabling remote monitoring by healthcare providers.
Modern biosensing methods integrate wearable, electrochemical, and
optical sensors to monitor vital parameters such as heart rate, glucose levels,
oxygen saturation, and molecular biomarkers. Technologies like ECG
sensors, molecular biosensors, and lab-on-a-chip systems enable rapid,
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point-of-care diagnostics. Nanotechnology-integrated biosensors further
enhance detection sensitivity, facilitating early disease identification. Inno-
vations such as smart contact lenses for glucose monitoring and flexible
sensors for hydration tracking make healthcare more personalized, acces-
sible, and proactive. One of the most critical applications of biosensors is in
cardiovascular disease diagnosis, as heart disease remains the leading global
cause of mortality, claiming over 17 million lives annually. By utilizing
highly sensitive biomarkers such as C-reactive protein (CRP), myoglobin,
myeloperoxidase (MPO), interleukin-1 (IL-1), interleukin-6 (IL-6), and
tumor necrosis factor alpha (TNF-a), biosensors enable early detection and
precise monitoring of heart conditions"**'*’. Advanced biosensor technol-
ogies, integrating innovative surface chemistries and nanomaterials, are
crucial for enhancing diagnostic accuracy and improving clinical outcomes.

Similarly, biosensors play a transformative role in diabetes management,
addressing the rising prevalence of diabetes worldwide. The demand for rapid
and preventive glucose monitoring continues to grow, driving innovations
that enhance sensitivity, specificity, and real-time monitoring accuracy. Bio-
sensors are transforming diabetes care by enabling continuous, real-time
glucose monitoring and proactive disease management. By integrating bio-
marker analysis, these technologies facilitate personalized treatment, mini-
mizing the risks of hypoglycemia and hyperglycemia. Noninvasive
biomarkers like glycated HbAlc and C-peptide aid in early diabetes detection,
allowing timely intervention and potential disease prevention. Beyond glucose
tracking, biosensors can detect early signs of diabetic complications such as
nephropathy and neuropathy, ensuring prompt treatment'™*'”. These
advancements ensure minimally invasive, reliable, and continuous monitor-
ing, making biosensors indispensable in personalized diabetes management.

Additionally, biosensors play a crucial role in remote healthcare,
improving patient accessibility and reducing the burden on healthcare
facilities. Wearable and implantable biosensors facilitate real-time health
tracking, ensuring continuous monitoring outside clinical settings'*’. This is
particularly beneficial for elderly patients, individuals in remote areas, and
those with limited access to medical care. Energy-harvesting biosensors and
self-powered systems also contribute to long-term monitoring solutions
without the need for frequent replacements or external power sources. As
biosensing technology continues to evolve, its impact on digital health,
precision medicine, and preventive care will expand. By integrating bio-
sensors with smart wearables, telemedicine platforms, and AI-driven ana-
lytics, modern healthcare is shifting towards a more proactive, patient-
centric approach. These advancements ensure continuous, accurate, and
efficient monitoring, significantly improving health outcomes and rede-
fining the future of medical diagnostics™”'*".

Comparison with traditional measurement methods

Despite the widespread utility of conventional monitoring, traditional
measurement approaches are largely episodic and lack the temporal
resolution required for truly continuous health assessment. Traditional
continuous monitoring methods rely on manual, automated, or hybrid
approaches. Manual systems require human oversight, such as log
reviews and physical inspections, whereas automated systems use soft-
ware tools to track performance, health, or security in real time, trig-
gering alerts when anomalies occur. Hybrid systems combine
automation with human decision-making, yet they still cannot fully
capture dynamic physiological changes or subtle trends occurring
between measurement intervals'”.

Despite their utility, traditional monitoring approaches have sig-
nificant drawbacks. Manual systems are slow, often dependent on human
response, leading to delays in issue resolution. They are also prone to human
error, increasing the risk of missed alerts and inaccurate data interpretation.
Additionally, these methods are labor-intensive and costly, making them
difficult to scale for modern, complex environments. Intermittent reviews
fail to capture issues occurring between monitoring intervals, and surveil-
lance systems may overlook real-time threats. Even hybrid models, despite
integrating automation, still rely on human decision-making, reducing

160

efficiency .

In contrast, modern continuous monitoring systems, particularly those
enabled by biosensor technology, offer automated high-fidelity data
acquisition that mitigates many of these limitations. By continuously
recording physiological signals, these platforms reduce gaps in information,
minimize human error, and improve predictive accuracy. Furthermore, the
integration of AI and data analytics enhances the utility of continuous
monitoring by enabling adaptive anomaly detection, predictive analytics,
trend forecasting, and automated decision-making. Al is revolutionizing
clinical practice by enhancing disease diagnosis, optimizing treatment
recommendations, and improving patient engagement. Al-powered algo-
rithms analyze vast medical data, including imaging scans and lab results, to
detect patterns and abnormalities with high accuracy, aiding in the early
detection of conditions like cancer and cardiovascular diseases. In treat-
ment, Al-driven decision support tools integrate insights from clinical trials
and patient histories to suggest personalized therapies, improving drug
selection and minimizing adverse effects. Additionally, AT enhances patient
engagement through wearable health trackers, real-time monitoring, and
virtual assistants that provide medical guidance and support remote care.
Despite its benefits, Al adoption in healthcare faces challenges such as
ethical concerns, data privacy issues, algorithmic bias, and the need for
regulatory frameworks to ensure fairness and transparency. Human
expertise remains crucial in interpreting AI-generated insights and making
final medical decisions, reinforcing the collaborative role of Al in modern
healthcare. By addressing these challenges, AI-driven innovations can sig-
nificantly improve diagnostic accuracy, treatment outcomes, and overall
patient care'®’. Unlike traditional methods that rely on static rules and
manual analysis, Al-driven approaches enhance accuracy, adaptability, and
efficiency. With their ability to predict and mitigate risks before they esca-
late, Al-based monitoring has become indispensable in dynamic and
complex environments.

Real-time Al-enabled analytics

Alongside advances in wearable and implantable biosensing platforms, real-
time Al-enabled analytical frameworks have become essential for trans-
forming continuously acquired physiological and biochemical signals into
clinically actionable information. The integration of AI with wearable and
implantable biosensing technologies represents a transformative evolution
in continuous health monitoring, enabling the conversion of raw physio-
logical and biochemical data into clinically actionable insights'®’. However,
conventional analytical techniques, while effective in detecting and quan-
tifying specific biological analytes, often suffer from inherent limitations
such as delayed processing, susceptibility to noise interference, poor real-
time adaptability, and reliance on extensive sample preparation and
laboratory infrastructure. Recent advancements in Al-driven acquisition
techniques, particularly those leveraging ML and DL, have revolutionized
biosensing by enabling adaptive signal enhancement, predictive analytics,
and autonomous real-time decision-making. These Al-powered approa-
ches not only enhance both the quantitative and qualitative accuracy of
biosensing data but also enable simultaneous multi-analyte detection with
superior efficiency'**'*.

In addition to data analysis, Al plays a pivotal role in system robustness
and error mitigation. While AI does not directly repair hardware, ML and
DL models can compensate for variability in sensor readings caused by
motion, environmental fluctuations, and gradual sensor drift, improving the
reliability and interpretability of real-time outputs'® and even enabling
learned compensation for hardware non-idealities in flexible electronics'®.
Edge Al architectures, which process data locally on the devices rather than
relying on cloud connectivity, reduce latency, preserve user privacy, enhance
real-time decision-making and allow continuous monitoring even in
resource-constrained or network-limited environments'”’, and support
adaptive, real-time model correction strategies for wearable systems'®.
These developments echo the need for AI-driven modeling frameworks that
adapt to device variability in challenging contexts'®, and motivate materials-
Al co-design strategies that integrate algorithmic error mitigation with
hardware physics for enhanced reliability'”. Furthermore, Al integration

npj Flexible Electronics | (2026)10:46

17


www.nature.com/npjflexelectron

https://doi.org/10.1038/s41528-026-00560-6

Review

supports clinical impact and personalized healthcare by enabling early
detection of anomalies, predictive trend analysis, and individualized mon-
itoring. Multimodal AT models can fuse data from multiple sensor types to
improve accuracy and provide actionable feedback, extending the utility of
biosensors beyond conventional laboratory settings into real-world, con-
tinuous healthcare applications'""””. Overall, Al-enabled analytics are
transforming wearable and implantable biosensors into intelligent, adaptive
platforms capable of continuous, precise, and personalized health mon-
itoring, paving the way for next-generation point-of-care diagnostics and
proactive medical interventions.

Overview of data processing and interpretation

Although the fundamental stages of signal conditioning and feature
extraction are shared with conventional signal processing, their imple-
mentation in Al-integrated wearable and implantable biosensors is
increasingly optimized for real-time learning, adaptive inference, and
resource-constrained deployment. Advances in wearable and implantable
biosensors generate vast streams of complex physiological and biochemical
data that require sophisticated processing to extract meaningful informa-
tion. Raw signals collected from these platforms are often noisy, irregular,
and influenced by environmental factors, motion artifacts, or device lim-
itations, which can compromise diagnostic accuracy if left uncorrected. To
address these challenges, artificial intelligence, particularly ML and DL, has
emerged as a critical tool for real-time signal preprocessing, feature
extraction, and interpretation, enabling high-fidelity monitoring and rapid
decision-making' ™',

Raw biosensor outputs generally require systematic signal condition-
ing to suppress noise and improve data fidelity. This process follows a
structured analytical pipeline comprising signal acquisition, preprocessing,
feature extraction, pattern recognition, and final interpretation'”. Signal
preprocessing plays a critical role in ensuring reliable downstream analysis
by attenuating noise and artifacts while preserving physiologically mean-
ingful information. A wide range of established filtering strategies have been
reported for biosensor signal conditioning, including high-pass filtering for
baseline drift removal, Savitzky-Golay smoothing, moving-average filtering,
Kalman filtering, and wavelet-based approaches such as the stationary
wavelet transform. These methods aim to balance effective noise suppres-
sion with the retention of essential signal morphology, which is critical for
accurate feature extraction and physiological interpretation. In complex or
non-stationary signals, typical in wearable sensors monitoring ECG, EEG,
or biochemical markers hybrid filtering strategies often provide superior
performance by combining multiple approaches to preserve essential
information while minimizing noise'’*""”*,

Once preprocessed, signals are transformed into meaningful repre-
sentations through feature extraction, reducing dimensionality while cap-
turing critical temporal, spectral, or spatial characteristics. Time-domain
analyses, frequency-domain transformations, and advanced methods such
as principal component analysis (PCA) or independent component analysis
(ICA) are routinely employed'”. These extracted features form the basis for
predictive modeling, enabling real-time detection of physiological changes,
disease markers, or environmental perturbations. Advanced architectures,
including convolutional neural networks (CNNs), recurrent neural net-
works (RNNs), and transformer-based models, further enhance feature
representation by learning hierarchical and temporal patterns directly from
raw data, obviating the need for manual feature selection**"'*.

A particularly promising development is the integration of multi-
omics approaches into Al-enabled biosensors. By concurrently monitoring
multiple molecular layers, such as metabolites, proteins, and nucleic acids,
these platforms can capture the dynamic interplay of physiological pro-
cesses in real time'”’. Unlike traditional multi-omics studies that rely on
batch processing and centralized laboratories, biosensor-based multi-omics
allows continuous observation at the individual level. This capability facil-
itates early detection of pathological changes, personalized intervention
strategies, and real-time trend analysis, bridging the gap between high-
throughput molecular profiling and everyday health monitoring. ML

algorithms, as they can integrate multi-layered datasets, identify complex
interdependencies among biomarkers, and generate clinically actionable
predictions with higher sensitivity and specificity'*’. Through these AI-
enabled processing pipelines, biosensors can deliver not only accurate and
continuous health assessment but also predictive insights that enable
proactive interventions. Importantly, the robustness of these systems
depends on the quality and diversity of training datasets, careful calibration,
and the selection of appropriate ML/DL architectures, which together
ensure generalizability across heterogeneous populations and environ-
mental conditions. Unlike conventional digital signals, biosensor-acquired
data are often affected by sensor-specific noise sources, including motion
artifacts, electrode-skin impedance variation, and irregular sampling caused
by power and bandwidth constraints. These characteristics impose strict
requirements on Al models deployed in wearable and implantable plat-
forms, favoring lightweight, low-latency edge Al architectures capable of
real-time inference under limited computational and energy resources'®.
Moreover, physiological prediction models face interpretability challenges,
as black-box decisions may obscure clinically relevant signal features'”,
motivating the integration of explainable AI techniques for reliable health
monitoring. Personalization further remains essential, as inter-subject
variability and longitudinal physiological drift limit the generalizability of
population-trained models.

Integration of machine learning and data analytics for continuous
monitoring

While the preceding subsection emphasized Al-enabled analytical frame-
works and real-time inference architectures for biosensing systems, their
practical utility ultimately depends on how effectively learning algorithms
are trained, validated, and deployed under continuous monitoring condi-
tions. In this context, machine learning-driven data analytics form the
operational backbone that transforms raw, high-frequency biosensor out-
puts into reliable physiological insights, enabling sustained, adaptive, and
personalized health monitoring,

Continuous monitoring in healthcare and biomedical research
refers to the real-time tracking and analysis of patients’ physiological
and biological signals using wearable and implantable sensors, medical
devices, and advanced data analytics. To ensure high-quality healthcare,
continuous monitoring of vital parameters, the ability to detect complex
diseases at an early stage, and the provision of timely medical inter-
ventions are essential. However, several challenges remain, such as data
accuracy and reliability, real-time data processing limitations, and
ensuring patient privacy and security in remote monitoring systems.
Overcoming these challenges requires advancements in sensor tech-
nology, efficient signal processing techniques, and robust machine
learning models for improved real-time decision-making'”>'*. Thus, in
recent years, the integration of ML and data science has been pivotal for
early detection, accurate diagnosis, and personalized treatment of var-
ious diseases. Beyond inference, ML plays a critical role in model
training and continuous recalibration, particularly for wearable and
implantable sensors where signal drift, inter-subject variability and
environmental interference are unavoidable'”’. Effective training stra-
tegies enable models to generalize across users while maintaining sen-
sitivity to subtle physiological changes during long-term monitoring.

Recent global health crises, such as the COVID-19 outbreak, have
further highlighted the critical role of Al and data analytics in the assessment
of life-threatening conditions, predicting disease progression, and opti-
mizing healthcare resources'”’. Given the immense volume and diversity of
data produced through continuous health monitoring, ML algorithms are
essential for identifying meaningful patterns, improving predictive accu-
racy, and facilitating automated decision-making to ensure timely medical
interventions. Deep learning, a subset of ML, leverages neural networks with
multiple layers to automatically extract intricate features from raw data'”". It
excels in analyzing complex biomedical signals, enabling precise disease
prediction, anomaly detection, and personalized treatment recommenda-
tions in real-time conditions of patients, including future conditions, and
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critical diseases such as diabetes, cardiovascular diseases, cancer, neurolo-
gical disorders, respiratory diseases, kidney failure, and so on'”.

Al plays a pivotal role in advancing continuous health monitoring
systems, leveraging ML-generated data. Unlike conventional software, ML
models adapt and improve by utilizing large datasets, enabling them to learn
and perform tasks through a range of algorithms such as Support Vector
Machines (SVM), Decision Trees, Random Forests, K-Nearest Neighbors
(KNN), Naive Bayes, Neural Networks, and advanced DL frameworks like
CNN and RNN"”. However, training robust ML and DL models for self-
developed wearable biosensors remains challenging due to limited labeled
datasets, subject-dependent signal variability, and the difficulty of collecting
long-term clinical data'’. To address these constraints, recent studies
increasingly adopt data-efficient strategies such as transfer learning, semi-
supervised learning, self-supervised representation learning, and synthetic
data augmentation'”. These approaches allow models to leverage knowl-
edge from related datasets or unlabeled signals while reducing dependence
on large annotated cohorts.

As illustrated in Fig. 9, Al-enabled continuous monitoring systems
generally operate through an end-to-end real-time pipeline in which mul-
timodal biosignals are first acquired and preprocessed on-device, followed
by feature extraction, model inference, and application-level decision out-
puts. Figure 9a highlights representative preprocessing workflows for elec-
trophysiological and biomechanical signals, emphasizing filtering and
normalization steps that suppress noise and standardize inputs prior to
learning. The corresponding inference stage, summarized in Fig. 9b, relies
on a range of neural network architectures, including convolutional and
recurrent models selected to balance predictive accuracy with low-latency
requirements in wearable systems. Model training and validation are inte-
gral to this pipeline, as illustrated in Fig. 9¢c, where epoch-wise learning
behavior and confusion-matrix-based evaluation are used to assess con-
vergence, generalization, and classification reliability under continuous
monitoring conditions. For self-developed wearable and implantable bio-
sensors, collecting large, well-labeled datasets remains a major bottleneck
due to limited subject pools, short deployment durations, and device-
specific signal characteristics. This constraint necessitates data-efficient
training strategies, such as transfer learning from public physiological
datasets, subject-adaptive fine-tuning, and self-supervised pretraining on
unlabeled biosensor data, to achieve robust performance under real-world
monitoring conditions. Beyond classification tasks, Fig. 9d, e emphasizes the
importance of temporal and hybrid modeling strategies for physiological
parameter estimation. In particular, LSTM-based and LSTM-ANN hybrid
architectures enable robust learning of long-range temporal dependencies in
biosignals, improving the stability and accuracy of vital sign prediction in
real-world continuous health monitoring.

While real-time pipelines operate at the individual sensor and
patient level, their continuous deployment over extended monitoring
periods inevitably generates large-scale, heterogeneous datasets. As
wearable and implantable biosensors transition from isolated systems to
networked healthcare infrastructures, advanced big data analytics
become essential for aggregating, managing, and interpreting these
longitudinal data streams. In healthcare, continuous health monitoring
relies on effective data utilization for accurate diagnostics and informed
decision-making. Both structured and unstructured data are integrated:
structured data follows a predefined schema, while unstructured data, or
Big Data, lacks a fixed format, complicating storage and analysis. Big
Data Analytics (BDA) overcomes these challenges by using advanced
tools to extract meaningful insights, enabling predictions and trend
analysis. A significant challenge is managing the vast, continuously
growing streams of data from electronic medical records, wearable sen-
sors, and social media. Additionally, the medical industry generates
extensive clinical records, imaging data, genomic sequences, and health
behavior data, all of which require sophisticated processing. Proper use of
Big Data enhances clinical decision-making, supports disease surveil-
lance, and strengthens public health management, transforming

healthcare monitoring'”.

BDA in healthcare is categorized into four main areas: descriptive,
predictive, prescriptive, and discovery analytics. Descriptive analytics con-
verts historical and real-time data into insights for performance evaluation,
patient trends, and resource optimization. Predictive analytics uses past data
to identify patterns, forecast health outcomes, and model epidemics. Pre-
scriptive analytics combines medical knowledge with data-driven insights to
optimize decision-making for treatments and drug prescriptions. Discovery
analytics uncovers new medical discoveries, such as drug innovations or
previously unknown diseases. These analytics methods work synergistically,
driving more efficient healthcare interventions'”. The effectiveness of BDA
is grounded in the Four V’s of Big Data: Volume, Variety, Velocity, and
Veracity. Volume refers to the massive data from EHRs, imaging, wearables,
and genomics. Variety encompasses structured data (like lab results) and
unstructured data (like clinical notes and social media). Velocity describes
the rapid generation and processing of real-time data for continuous health
monitoring. Veracity ensures data accuracy and reliability, making insights
actionable. Integrating these Four V’s enhances BDA’s ability to support
precision medicine, early disease detection, and overall healthcare
efficiency'”. In conclusion, data analytics has revolutionized healthcare by
improving diagnostic accuracy, optimizing treatments, and enabling early
interventions, particularly in preventive medicine. The integration of data
analytics into healthcare systems enhances patient outcomes and fosters
proactive, personalized care, shaping the future of healthcare delivery.

Challenges and future directions of smart wearable and
implantable biosensors

Smart wearable biosensors are rapidly transforming health monitoring by
combining flexible, stretchable materials, miniaturized electronics, and
advanced signal processing to capture real-time physiological and bio-
chemical information. Despite these advances, several challenges limit their
long-term use. Mechanically, devices must remain highly flexible and
fatigue-resistant while conforming to complex skin or organ surfaces, yet
repeated movement or deformation can cause delamination or micro-
fractures that compromise performance. Biocompatibility is equally crucial,
especially for implantable sensors, as chronic immune responses or tissue
irritation can affect reliability. Maintaining accurate and stable signals is also
difficult due to motion artifacts, environmental changes, and interference
from sweat or other biological fluids, and integrating multiple sensing
modalities often involves trade-offs between sensitivity, specificity, and
flexibility. Table 3 provides a comparative overview of wearable and
implantable biosensors, highlighting their key characteristics, performance
requirements, and emerging research directions.

Power is another key concern; wearable sensors require energy-
efficient solutions or integrated harvesting systems, such as thermoelectric,
piezoelectric, or biofuel-based converters, to function continuously without
frequent recharging. Al-assisted biosensors hold enormous promise for
predictive health insights, personalized monitoring, and early disease
detection, but challenges remain, including limited high-quality datasets,
algorithmic bias, overfitting, high computational demand, and lack of
interpretability, all of which can hinder clinical adoption. Addressing these
challenges will require explainable AI models, edge computing for real-time
analysis, adaptive learning algorithms, and robust data privacy measures to
build trust.

Looking forward, the next generation of wearable biosensors will likely
combine self-healing, biodegradable, and highly responsive materials with
micro-/nano-structured electrodes and integrated energy-harvesting plat-
forms to enhance comfort, durability, and sensitivity. AI will play a critical
role not only in analyzing data but also in guiding the design of materials and
devices, optimizing their performance and sustainability. Innovations in
multiplexed sensing, quantum-computing-assisted data processing, and
secure data management will further enable real-time, personalized, and
predictive healthcare, environmental monitoring, and food safety applica-
tions. Together, these advances are paving the way for intelligent, adaptive,
and clinically reliable biosensors that can truly transform healthcare delivery
and empower individuals with actionable health insights.
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Fig. 9 | Al-enabled signal processing and learning architectures for continuous
biosensor-based health monitoring. a Representative end-to-end data flow in AI-
driven IoT biosensor networks, illustrating how raw physiological signals are
acquired, preprocessed, transmitted, and analyzed to enable real-time clinical
inference and remote decision-making™**. b Conceptual overview of neural network
architectures commonly employed in biosensing, highlighting their role in auto-
mated feature extraction, noise suppression, and pattern recognition across het-
erogeneous biological signals™”. ¢ Example of a CNN-based biosensing workflow,
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demonstrating training convergence, cross-validation, and independent testing as
key elements for ensuring model robustness and generalization in disease classifi-
cation tasks*’. d LSTM-based multistage modeling strategy for blood pressure
estimation, emphasizing the importance of temporal dependency learning in con-
tinuous cardiovascular monitoring™'. e Hybrid LSTM-ANN architecture integrat-
ing sequential feature learning with nonlinear regression, illustrating how model
fusion enhances predictive accuracy and stability in real-time photo-
plethysmography-based blood pressure monitoring™*
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Table 3 | Comparative overview of wearable and implantable biosensors outlining their key characteristics, performance
requirements, and emerging research directions

Parameters Wearable biosensors Implantable biosensors Emerging research needs for both wearable
and implantable biosensors
Operational Functions at the skin-device interface, Functions within complex biological For wearables, ensuring stable performance

environment

constantly exposed to variations in
humidity, temperature, and mechanical
strain during motion.

environments, such as interstitial fluids, tissues,
or organ surfaces with fluctuating ionic and
enzymatic activities.

under sweat, friction, temperature shifts, and
repetitive deformation. For implantables,
maintaining stable operation in enzyme-active
and corrosive bodily fluid environments over
long periods is crucial.

Interaction with Body

Noninvasive attachment on the
epidermis to monitor signals such as
sweat electrolytes, temperature, pulse
or even more physiological signals.

Embedded beneath skin or within tissue for
continuous measurement of neural, cardiac, or
other metabolic signals.

Realizing long-term biointerfaces that
minimize irritation or inflammation. Hybrid
coatings that mimic the extracellular matrix
could promote biointegration and tissue
harmony.

Miniaturization and less
invasive implantation

Compact and flexible designs for
unobtrusive daily wear.

Requires micro- to nanoscale architectures to
enable minimally invasive implantation that can be
implemented without major surgery via injection
or bioresorbable microneedles.

Advancing ultrathin, soft, and self-deploying
architectures that reduce surgical trauma and
enhance implant safety.

User / clinical comfort

Lightweight, breathable, and skin-
compatible for prolonged wear.

Must minimize immune rejection, fibrosis, and
inflammation.

Designing tissue-conformal, minimally
invasive systems that balance comfort,
function, and safety during chronic use.

Material requirement

Use of soft, breathable, and stretchable
materials (PDMS, TPU, conductive
textiles) enabling conformal skin
adhesion and comfort.

Employ biocompatible and often biodegradable
materials (PLGA, silk fibroin, collagen) for safe
tissue integration.

Developing bioadaptive and self-healing
materials that combine mechanical softness
with stability under physiological stress.

Mechanical
compliance

Must sustain repeated bending,
stretching, and torsion without loss of
function.

Elastic modulus should closely match soft tissues
(10-100 kPa) to avoid mechanical mismatch.

Engineering materials with tunable
viscoelasticity and fatigue resistance for
prolonged bio-conformability.

Material degradation/
stability

Chemically stable and skin-friendly,
though typically non-biodegradable.

Often designed for controlled biodegradation or
long-term biostability.

Achieving programmable degradation kinetics
and nontoxic byproducts to ensure safe device
clearance or longevity.

Multimodal sensing

Integration of motion, temperature, and
biochemical sensing on flexible
platforms.

Integration of chemical, electrophysiological, and
metabolic sensing at organ/tissue interfaces.

Advancing multi-analyte, spatially resolved
sensors with real-time data fusion to improve
diagnostic precision.

Signal type and
sensitivity

Detects surface-level physiological or
biochemical parameters (e.g., sweat
ions, temperature, strain).

Captures deep-tissue biochemical,
electrophysiological, or electrochemical signals
(e.g., glucose, neural activity).

Improving multimodal sensing and cross-
signal calibration to maintain accuracy under
dynamic biological noise.

Signal stability

Affected by motion artifacts, sweat, pH
variation, and temperature fluctuations.

Limited by biofouling, enzymatic degradation,
and immune encapsulation.

Developing antifouling, self-healing, and
thermally stable coatings to ensure long-term
operational stability.

Proactive disease
detection and
intervention

Continuous tracking of external
biomarkers for early symptom detection
(stress, dehydration, wound infection).

Real-time monitoring of internal biochemical
markers for early intervention in metabolic or
neural disorders.

Integrating Al-driven predictive analytics for
early disease diagnosis and adaptive therapy
delivery.

Power source and data
communication

Powered by rechargeable micro-
batteries or energy-harvesting modules;
Bluetooth or NFC for data transfer.

Wireless power transfer, inductive coupling, or
biofuel-based systems for energy and
communication through tissues.

Designing self-powered, miniaturized
telemetry systems with low power
consumption, secure, interference-free
wireless communication, and bidirectional
data exchange.

Durability and lifetime

Short- to mid-term use (weeks to
months); easily replaceable.

Long-term (months to years) or transient
operation, depending on biodegradation.

Enhancing electrochemical, mechanical, and
biological stability for prolonged,
maintenance-free function.

Data security and
regulatory standards

Relies on wireless and cloud-based data
sharing, which can risk data leakage or
unauthorized access.

Handles continuous physiological data streams
that directly reflect patient health and identity.

Establishing robust data encryption, privacy
protocols, edge computing for on-site
analysis, and transparent regulatory
frameworks to ensure both privacy and clinical
reliability.

Applications Fitness tracking, wound monitoring, Neural sensing, cardiac and metabolic Translating laboratory prototypes into
thermal mapping, sweat analysis, ECG/  monitoring, drug delivery, and organ diagnostics.  clinically reliable systems through real-time
EEG recording. analytics, data fusion, and Al-assisted
interpretation.
Conclusion substrates, advanced sensing methods, sensor architectures, and Al-assisted

Looking ahead, the field of smart wearable and implantable biosensors is
growing rapidly, driven by multiple breakthroughs in materials, sensing
technologies, and the integration of artificial intelligence. Its inherently
interdisciplinary nature demands synergistic collaborations across engi-
neering, materials science, and medicine to address the challenges discussed
in previous sections. Continuous innovation in flexible and functional

healthcare monitoring,

analytics will be critical to push the boundaries of personalized and real-time

Smart wearable and implantable biosensors are redefining healthcare by
enabling continuous, personalized, and predictive monitoring of human
physiology. Advances in flexible materials, self-healing substrates, and bio-
compatible designs have enhanced comfort and durability, yet challenges
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remain in achieving long-term reliability, accurate multi-analyte sensing,
energy autonomy, and secure data management. Al-assisted biosensors offer
powerful capabilities for data interpretation, pattern recognition, and indi-
vidualized healthcare, yet overcoming limitations in datasets, algorithmic
bias, computational demands, and model transparency is essential for clinical
translation. Future developments will leverage the synergy of advanced
materials, multiplexed sensing, edge Al and quantum-assisted computing to
develop next-generation devices that are highly adaptive, precise, and clini-
cally robust. By integrating these innovations, smart biosensors have the
potential to improve patient engagement, enable early disease detection, and
expand applications beyond healthcare to include environmental monitor-
ing, food safety, and precision medicine. This review highlights the pivotal
role of combining materials science, biocompatibility, and AI technologies in
shaping the future of smart biosensing and outlines a strategic roadmap for
translating these advances into practical, real-world solutions.
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