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Abstract

The rapid evolution of telehealth has catalyzed the development of wearable glucose biosensors capable of continuous, non-invasive monitoring.
However, the transition from rigid, planar electronics to skin-conformal systems remains hindered by significant mechanical mismatches,
environmental instability, and poor breathability. This review provides a comprehensive analysis of the material and structural strategies
employed to bridge this gap. We first evaluate the limitations of conventional substrates and the emergence of intrinsically stretchable
nanocomposites incorporating graphene, MXenes, and liquid metals. Particular emphasis is placed on the 'biotic—abiotic interface,' where
porosity engineering and microfluidic integration are essential for long-term wear ability and signal fidelity. Furthermore, we discuss the shift
from passive sensing to autonomous, closed-loop systems that integrate wireless communication, local data processing, and therapeutic
actuation. By examining the synergy between materials innovation and system-level engineering, this review outlines a roadmap toward next-
generation, self-sufficient electronic skins that can fundamentally reshape personalized diabetes management.
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INTRODUCTION

Recent shift in personal healthcare toward decentralized and
patient-centric systems has driven an increasing demand for
technologies capable of continuous, accurate, and user-friendly
data collection. In this context, telehealth has emerged as a
transformative model connecting patients and clinicians
through digital networks. These systems autonomously collect,
transmit, and analyze physiological signals in real time,
necessitating the development of wearable sensors that can
operate conformally on the human body to provide long-term,
reliable, and noninvasive access to clinically meaningful
data.[1] Within this field, stretchable electronics have achieved
significant milestones by leveraging sophisticated techniques
to fabricate semiconductor devices using soft materials
designed for integration with curvilinear and dynamic
biological tissues. These devices not only monitor continuous
biophysical parameters,[2] such as heart rate, motion, or
pressure, but have also demonstrated enhanced sensitivity for
molecular-level sensing, representing the next generation of
clinical diagnostics and proactive health management.[3] The
advancement of telehealth depends on accurate and highly
sensitive monitoring of a user’s physiological status beyond
macroscopic vital signs. For example, glucose represents the
most intensively studied biomarker due to its crucial role in
metabolism and its direct implications for diabetes
management. Diabetes mellitus remains one of the most
common chronic diseases, affecting over half a billion
individuals globally and contributing to significant morbidity
and soaring healthcare expenses.[4] Therefore, precise control
of glucose level is critical for preventing both acute
complications and long-term organ damage.[5] While
traditional finger-prick testing provides reliable concentration
of blood glucose, it requires invasive sampling, limiting patient
compliance.

*Corresponding Author: Rylie Choe
Archbishop Riordan High School, San Francisco, CA, USA

As an alternative, current commercial continuous glucose
monitoring (CGM) devices typically rely on subcutaneous
implantation and involve minor invasiveness. However, it still
suffer from signal drift, calibration requirements, and
discomfort during long-term wear.[6] Accordingly, there has
been growing interest in noninvasive or minimally invasive
wearable glucose sensors that can continuously monitor
glucose dynamics from alternative biofluids such as sweat,
interstitial fluid, tears, and saliva.[3,7] On the other hand,
technical advancements in wireless communication and low-
power data processing have established a robust foundation for
the remote application of biosensing systems within telehealth
infrastructures. Wireless modules, specifically those based on
Bluetooth Low Energy (BLE) or Near-Field Communication
(NFQO),facilitate real-time data transmission to smartphones or
cloud-based servers.[8] At these hubs, sophisticated algorithms
analyze cumulative glucose trends and provide predictive
feedback. The convergence of flexible electronics,
microfluidics, and data analytics has consequently transformed
conventional glucose sensors from simple diagnostic tools into
intelligent network systems capable of supporting complex
clinical decision-making.[9] Furthermore, the integration of
artificial intelligence (AI) expands this potential toward
advanced pattern recognition, anomaly detection, and closed-
loop control, such as automated insulin delivery in artificial
pancreas systems.[10] These developments emphasize that
molecular sensors are evolving into active participants within
digital healthcare ecosystems, moving beyond their transitional
role as passive monitoring devices. Despite extensive
advancements, several critical challenges hinder the
widespread adoption of wearable glucose sensors within
telehealth ecosystems. A primary hurdle is ensuring reliable
accuracy across diverse populations and fluctuating
physiological states, which necessitates overcoming inter-
individual variability in biofluid composition, the inherent
time-lag between peripheral and blood glucose levels, and
environmental interferences.[11] Furthermore, the long-term
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operational stability is often compromised by enzyme
degradation, Dbiofouling, and material fatigue, which
collectively degrade the signal-to-noise ratio over time.[12]
Beyond the sensor level, the miniaturization of power sources
and the establishment of robust data security frameworks
represent significant technical and ethical imperatives.[13]
Addressing these multifaceted challenges demands a holistic
design paradigm that integrates advanced materials innovation,
precise device engineering, and seamless system integration,
all grounded in a profound understanding of the
physiochemical interfaces between devices and biological
systems. This review provides a comprehensive overview of
the recent advancements in stretchable and wearable
electronics, specifically tailored for glucose monitoring within
the evolving landscape of telehealth frameworks. We begin by
critically examining the fundamental limitations of
conventional rigid electronics, focusing on the mechanical and
physiological barriers related to material stiffness, limited
stretchability, and the lack of long-term breathability.
Subsequently, we explore state-of-the-art strategies designed to
overcome these challenges, emphasizing the development of
multifunctional systems that seamlessly integrate wireless
communication modules, low-power data processing units, and
proactive therapeutic feedback loops. By bridging the gap
between material innovation and clinical application, this
review highlights the transformative potential of next-
generation Dbioelectronics in enabling autonomous and
personalized healthcare management.

Limitation of current electronics for wearable glucose
sensors

Although recent advances in telehealth and wearable
biosensing have demonstrated remarkable potential, the
transition from conventional rigid electronics to fully
stretchable, skin-conformal systems remains a formidable
challenge. Most existing electronic devices are inherently
designed for planar, rigid, and dry environments, optimized for
high performance in integrated circuits and communication
hardware rather than for dynamic biological interfaces.[2]
When applied directly to soft and deformable human tissue,
these rigid architectures experience mechanical mismatch that
results in delamination, fracture, and motion artifacts. The
mechanical modulus of silicon or metal interconnects (10-10°
GPa) is several orders of magnitude higher than that of human
skin (~100 kPa), creating significant stress concentrations at
the biotic—abiotic interface.[1] This mismatch not only
degrades signal stability but also causes user discomfort and
prevents reliable long-term operation in realistic daily
conditions. Figure 1 illustrates the three fundamental
requirements for advanced wearable glucose sensors:
mechanical stretchability, seamless conformal contact, and gas
breathability. To bridge this gap, flexible electronics based on
polymeric substrates such as polyethylene terephthalate (PET),
polyimide (PI), and polydimethylsiloxane (PDMS) have been
explored. However, early generations of flexible devices were
limited by bending-only deformation and lacked intrinsic
stretchability, which is essential for continuous adhesion on
moving and expanding skin.[14] When these films are
subjected to repeated strain, micro cracks form in the metallic
conductors, leading to irreversible loss of conductivity. Efforts
to introduce geometric strain accommodation through
serpentine interconnects, mesh networks, or kirigami structures
have improved stretchability but often at the expense of device
miniaturization and fabrication simplicity.[15] In addition,

many flexible systems depend on adhesive layers for skin
attachment, which can cause irritation, allergic response, or
signal drift due to sweat accumulation.[16] Thus, achieving
robust and truly conformal contact requires material systems
that intrinsically combine softness, elasticity, and conductivity
while maintaining chemical and thermal stability under
physiological conditions. Equally critical is the issue of
breathability and long-term  wearability.  Continuous
monitoring over days or weeks demands materials that permit
the natural exchange of heat, water vapor, and gases across the
skin—device  interface to  prevent maceration  or
inflammation.[17] Conventional encapsulation materials such
as PI or Parylene provide excellent electrical insulation and
moisture protection but form impermeable barriers that trap
sweat and heat.[18] This not only compromises skin comfort
but can also alter the local microenvironment, affecting both
enzymatic sensor performance and the biochemical
composition of collected samples. To address this, porous
nanomembranes, ultrathin elastomers, and microperforated
encapsulation layers have been introduced, offering enhanced
breathability while retaining mechanical robustness.[19]
Nevertheless, maintaining consistent permeability without
sacrificing electrical reliability remains an unresolved trade-
off. The optimization of thickness, porosity, and surface
hydrophilicity continues to be a key design variable in
wearable and stretchable biosensor engineering.
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Figurel. Core requirements for wearable glucose biosensors

Advanced materials and technical strategies for wearable
glucose sensors

The fundamental design and performance of noninvasive
glucose sensors operates in various biofluids such as sweat,
interstitial fluid, tears, and saliva, emphasizing material
selection, sampling mechanisms, and analytical characteristics
(Figure 2). To achieve this, wearable electrochemical sensors
offer high sensitivity, miniaturizability, and compatibility with
low-power electronics. These sensors operate by transducing
biochemical reactions (either enzymatic, typically involving
glucose oxidase or glucose dehydrogenase, or nonenzymatic,
based on catalytic surfaces) into measurable -electrical
signals.[11,12]The transition from rigid laboratory-based
electrodes to soft, conformal architectures has been made
possible by advances in stretchable materials and
nanocomposites. Conductive nanomaterials such as graphene,
MXenes, metallic nanowires, and conductive polymers have
been integrated with elastomeric matrices like PDMS or
polyurethane to yield devices capable of maintaining electrical
and mechanical stability under large deformations.[20,21]This
combination ensures robust contact with the skin or other soft
tissues, reduces motion artifacts, and enables long-term
biocompatibility. Moreover, microfluidic structures integrated
within these devices can regulate sweat or interstitial fluid
sampling, prevent contamination, and enhance analyte
transport, thereby improving both temporal resolution and
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analytical precision.[9,22] Beyond mechanical and interfacial
considerations, a truly autonomous telehealth system requires
not only sensing capability but also wireless communication,
local data storage, and closed-loop feedback control within a
single miniaturized platform. However, conventional wireless
modules and batteries are yet bulky and rigid, rendering them
incompatible with soft sensor matrices. The integration of
wireless power transfer or energy-harvesting units, such as
triboelectric nanogenerators or biofuel cells, remains an active
area of research but has not yet achieved the energy density
and durability required for continuous operation.[23] Similarly,
memory components that can locally store physiological data
typically rely on rigid silicon chips, which restrict the overall
flexibility of the device. Although stretchable memory devices
based on organic semiconductors, ion gels, or resistive
switching polymers have been proposed, their retention time
and mechanical resilience are still inferior to those of inorganic
systems.[24]

A further challenge lies in the realization of closed-loop
feedback control, where sensing, data processing, and
therapeutic actuation coexist within a unified architecture.
Such systems could enable automated drug delivery or
electrical stimulation based on real-time physiological
feedback (for instance, insulin release in response to measured
glucose  levels).[25] However, integrating actuation
components (e.g., microheaters, electrodes, or drug reservoirs)
with high-density sensor arrays demands sophisticated power
management and precise thermal control.[24] Traditional
microcontrollers and analog front-end circuits, though reliable,
consume substantial power and lack the flexibility needed for
continuous skin wear. Achieving an efficient, stretchable
circuit platform that supports wireless communication and
feedback actuation while minimizing energy consumption
remains one of the primary bottlenecks toward truly
autonomous telemedicine devices. From a fabrication
perspective, scalability and reproducibility also present major
obstacles.
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Figure2. Examples of alternative biofluids for noninvasive glucose
sensing

Conventional microfabrication processes rely on vacuum
deposition, photolithography, and etching techniques
optimized for silicon wafers, which are costly and
incompatible with elastomeric substrates. Solution-based
printing, transfer printing, and nanomaterial self-assembly
have emerged as alternative strategies, but ensuring uniform

conductivity and adhesion across large areas is difficult.[26,27]
Moreover, many high-performance nanomaterials, such as
graphene or MXenes, are prone to oxidation and degradation
under ambient or physiological environments, requiring stable
passivation without losing sensitivity.[28] Balancing these
competing requirements, mechanical resilience, chemical
durability, electrical fidelity, and biocompatibility defines the
multidimensional design space of next-generation stretchable
electronics.

Wireless communication and data storage for feedback
Control and therapeutic modalities

Wireless modulesare indispensable for real-time telehealth
systems, but their integration into flexible substrates introduces
multiple design conflicts. For example, antennas require
specific geometries and conductive paths that are often
incompatible with stretching, power consumption during data
transmission exceeds the available energy from miniaturized
batteries, and electromagnetic interference from the human
body can distort signal integrity.[29] Emerging solutions
include stretchable antennas made of silver nanowire meshes
or liquid metals, near-field inductive coupling circuits, and
resonant energy harvesters that convert body motion or
biofluid electrochemistry into electrical signals.[30,31] These
technologies, while promising, require optimization of
impedance matching and encapsulation to ensure stable
wireless communication during motion and perspiration.
Continuous glucose monitoring within telehealth frameworks
demands seamless data transmission between wearable
devices, smartphones, and cloud platforms. However, wireless
communication modules, such as BLE, NFC, and Radio
Frequency (RF) backscatter systems, require conductive traces
and antennas that typically lose impedance matching when
stretched or bent.[32]Flexible antennas based on liquid metals
or silver nanowire meshes have been explored, achieving up to
60% elongation without detuning.[33] Yet, maintaining stable
signal gain across heterogeneous environments (e.g., varying
skin permittivity, sweat conductivity) is still difficult.
Moreover, energy consumption during data transmission
remains a limiting factor. BLE transmission consumes ~10—15
mW, significantly higher than the sub-milliwatt power
available from enzymatic biofuel cells or triboelectric
generators. Hybrid power schemes combining energy
harvesting and intermittent wireless bursts have been proposed
to maintain operation without bulky batteries.[33]

For continuous glucose monitoring, transient or distributed
memory modules are needed to record fluctuations in
biochemical signals. Conventional memory chips are rigid and
power-hungry, posing challenges for integration into soft
electronics. Polymer-based ferroelectric memory, organic
resistive switching devices, and stretchable memristors have
emerged as  potential  alternatives.[24,34]Yet, these
technologies still suffer from instability under mechanical
deformation and limited endurance over long cycles. To enable
fully autonomous telehealth systems, local memory must not
only store sensor outputs but also perform preliminary data
processing or compression before wireless transmission.
Research into neuromorphic and transient memory devices
integrated with biosensors is an emerging frontier that can
substantially reduce energy consumption and data latency.[35]
The ultimate vision of wearable electronics extends beyond
passive monitoring toward closed-loop therapeutic systems as
shown in Figure 3. In glucose management, this means
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coupling continuous glucose sensing with feedback-controlled
insulin or drug delivery. However, current electronic
architectures struggle to deliver precise, responsive, and safe
actuation due to mechanical, power, and biocompatibility
limitations. Thermally or electrically triggered micro-needles,
iontophoretic drug delivery patches, and soft optoelectronic
stimulators demonstrate potential for on-demand treatment of
diabetic complications.[24,36]Yet, integrating these actuators
into the same flexible platform as sensors and wireless
modules introduces thermal and mechanical cross-talk. Future
research must thus focus on co-optimizing material
architectures and control algorithms to achieve reliable,
energy-efficient closed-loop systems.
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Figure 3. Ultimate closed-loop therapeutic systems for real-time
telehealth platforms

Conclusion

Throughout this review, we have highlighted the critical
challenges and future prospects for autonomous, self-powered,
and network-connected biosensing systems that are poised to
fundamentally reshape the landscape of personalized
healthcare. Beyond a mere technological summary, this
discussion offers a forward-looking perspective on how
stretchable electronics can bridge the gap between molecular
diagnostics and telehealth, ultimately facilitating seamless,
continuous, and patient-specific medical care.To ensure safe
and effective feedback control, the field is witnessing a shift
toward hybrid closed-loop systems that decouple the sensing
patch (on-skin) from the actuation module (wearable pump),
synchronized wirelessly via Al-assisted control algorithms.
Such modular architectures represent a pragmatic and
sophisticated step toward fully integrated therapeutic
wearables. Collectively, the hurdles identified underscore that
conventional electronic platforms are not yet fully optimized
for the biochemically dynamic and real-time environments
inherent to telehealth applications. The development of
multifunctional, skin-integrated, and autonomous sensing
platforms thus represents the next frontier in wearable
healthcare. Overcoming current limitations will necessitate the
synergistic integration of advanced materials design, precision
device engineering, and system-level optimization. The goal is
to realize electronic ecosystems that are not only flexible and
stretchable but also intelligent, breathable, and energetically
self-sufficient. In the following sections, we explore how these

principles are being implemented in biofluid-based glucose
sensing platforms, which epitomize the convergence of
materials science and healthcare technology in the modern
telehealth era.
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