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ABSTRACT: The rapid advancement of wearable electronics over the recent decadal span
has positioned it as a cornerstone of scientific innovation and everyday life, bridging
applications from fitness tracking to advanced medical diagnostics. These technologies
enable real-time physiological monitoring, personalized healthcare, and precision medicine,
yet their progress is hindered by the limitations of conventional fabrication methods, which
struggle to accommodate unconventional nanomaterials and the escalating complexity of
wearable devices. This review addresses this gap by spotlighting cutting-edge micro/
nanofabrication techniques and novel nanomaterials poised to redefine wearable electronics.
We systematically examine breakthroughs in sensing nanomaterials across dimensional
architectures, while highlighting innovative printing methodologies that enable scalable,
cost-effective, and geometrically tailored fabrication of flexible, high-performance devices. By
analyzing these advances, we explore their transformative applications in wearable
biochemical, biophysical, electrophysiological, and multimodal electronics, underscoring
their potential to elevate device performance and user experience universally. Finally, we
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critically evaluate the advantages, persistent challenges, and prospects of these micro/nanofabrication strategies, offering insights to
guide next-generation wearable electronics. This review aims to catalyze interdisciplinary innovation, fostering the integration of
these techniques into diverse applications and accelerating the evolution of wearable electronics.
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Figure 1. Overview of alternative micro/nanofabrication approaches for wearable electronics. Abbreviations: 0D, zero-dimensional; 1D, one-
dimensional; 2D, two-dimensional; 3D, three-dimensional; R2R, roll-to-roll; EMG, electromyography; EEG, electroencephalography; SkinG, skin
conductance; EOG, electrooculography; ECG, electrocardiography; ECoG, electrocorticography.
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The wearable electronics domain has experienced radical mentation Ofé embodied intelligence ™ and digital twin
paradigm shifts across the recent decadal span,' ™ emerging as technologies.” While existing reviews have extensively
a crucial domain within science and technology as well as a examined flexible and wearable devices and their functional
significant aspect of daily life. Ranging from fitness trackers” to materials,'’~*' there remains a notable gap in comprehensive
sophisticated medical devices,” wearable electronics are discussions on the specialized fabrication techniques essential
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Figure 2. Wearable electronics enabled by micro/nanofabrication approaches. (a) Schematic comparison of traditional subtractive manufacturing
versus additive printed electronics fabrication processes. (b) The representative examples like the Holter monitor (a physical sensor) and the
Glucowatch (a chemical sensor). Traditional approaches such as photolithography, laser engraving, electrospinning, chemical vapor deposition,
sputter deposition, transfer printing, and spin coating. Alternative micro/nanofabrication approaches such as screen printing, roll-to-roll printing,
3D printing, inkjet printing, and aerosol jet printing. Reproduced with permission from refs 3, 6, 30, S5, 97, 98 100—116. Copyright 2001 Elsevier
BV, 2014 John Wiley and Sons, 2024 John Wiley and Sons, 2015 John Wiley and Sons, 2022 Springer Nature, 2016 Springer Nature, 2024 Springer
Nature, 2017 John Wiley and Sons, 2019 American Association for the Advancement of Science, 2018 American Chemical Society, 2019 American
Association for the Advancement of Science, 2019 Springer Nature, 2020 Springer Nature, 2025 John Wiley and Sons, 2021 Springer Nature, 2020
Springer Nature, 2022 Springer Nature, 2015 Springer Nature, 2023 American Association for the Advancement of Science, 2024 Springer Nature,
2025 Springer Nature, 2025 Springer Nature, 2022 American Association for the Advancement of Science.

for their development. Notably, the integration of innovative Although traditional fabrication techniques such as coating
nanomaterials presents significant opportunities to enhance technology,” electrochemical deposition* remain effective for
performance and drive further progress in this rapidly evolving conventional applications, they often fall short in meeting the
field.” intricate demands of modern wearable electronics, particularly
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Table 1. Comparative Analysis of Micro/nanofabrication Approaches for Wearable Electronics

fabrication throughput technical
technique resolution cost capacity complexity
photolithography <100 nm significant high cleanroom envi-
ronment
laser processing <1 ym substantial  low laser control sys-
tems
electrospinning <500 nm fiber  moderate moderate  electrospinning
diameter apparatus
chemical vapor nanoscale significant moderate  reaction cham-
deposition coating bers
physical vapor nanoscale substantial moderate  vacuum technol-
deposition thickness ogy
control
transfer printing micro-nano moderate moderate  parameter control
scale
spin coating moderate low spin coater
screen printing >50 um moderate high straightforward
equipment
roll-to-roll printing micro-nano moderate high precision web
scale handling
3D printing ~30 pym moderate moderate  model prepara-
tion complexity
inkjet printing ~30 pm moderate moderate  precision nozzle
systems
aerosol jet printing ~10—30 ym moderate moderate  precise control of

aerosol genera-
tion

REVIEY

applicable
material solution  materials type advantages limitations ref
photoresist solu- silicon-based ma- superior preci- capital-intensive, 32-35
tion terials, etc. sion and res- stringent envi-
olution ronmental con-
trols, process
complexity
metals and alloys, high precision, slow processing 36—-39
etc. maskless pat- speed, limited
terning material range
sol—gel precur-  polymer nanofib- high surface orientation con-  40—44
sor solution ers, etc. area, com- trol difficulty,
fortable me- limited produc-
chanical tivity
property
metal films, car-  superior film high temperature =~ 45—48
bon-based ma- quality requirement,
terials, etc. hazardous gas
handling, sig-
nificant energy
consumption
metals and alloys, uniform depo- high equipment 49-52
metal oxides, sition cost, vacuum
etc. requirement
functional ink or conductive mate- substrate ver-  low transfer yield 53—56
paste rials, etc. satility
aquatic or or- elastomers, etc. macroscopic patternization 57-59
ganic solution uniformity, difficulty
cost-friendly
high viscosity conductive mate- operational resolution limita-  60—63
functional ink rials, semicon- simplicity tion, multilayer
or paste ductor materi- registration
als, etc. challenge
low to medium  conductive mate- industrial-scale complex postpro- = 64—67
viscosity func- rials, etc. efficiency cessing re-
tional ink or quirement
paste
photosensitive conductive mate- geometric de-  precision con- 68—71
resin, function- rials, photosen- sign freedom straint, material
al ink or paste sitive resins, property re-
etc. striction
low to medium  conductive mate- pattern design  nozzle fouling 72-75
viscosity func- rials, composite freedom issue, stringent
tional ink or functional ma- rheological re-
paste terials, etc. quirement
functional ink or conductive mate- pattern design  poor adaptability  76—79

paste

rials, composite
functional ma-
terials, etc.

freedom

to certain high-
viscosity mate-
rials, slow
printing speed

when integrating novel and unconventional nanomaterials.
This limitation has spurred growing interest in advanced
micro/nanofabrication methodologies, which hold the poten-
tial to transform the design paradigms and functional
capabilities of next-generation wearable electronics. Such
innovative approaches enable the development of adaptable
and high-performance wearable technologies, keeping pace
with the rapidly evolving technological landscape.”> The
progress in this field is driven by a diverse array of micro/
nanofabrication techniques, each offering unique advantages
tailored to specific applications, underscoring the dynamic and
multifaceted nature of wearable electronics research.

With the shifting demands of the wearable electronics
industry, various innovative micro/nanofabrication approaches
are being developed, providing new solutions for the creation
of flexible, high-performance devices. Approaches such as
printing are being increasingly adopted in the fabrication of
wearable electronics.”® Printing is compatible and versatile,
offering precise control to fabricate multiple sensors and
integrated systems on flexible wearable substrates. It is an
effective method for achieving cost-effective and high-

throughput production. Each printing technique has been
designed to overcome the limitations of traditional processes,
facilitating the wearable electronics creation of intricate micro/
nanostructures with improved functionality and scalability. By
embracing these alternative printing approaches, the industry is
equipped to produce highly integrated, multifunctional
wearable electronics that meet modern demands. Printing
methods represent pioneering manufacturing technology for
wearable electronics, wherein suspensions of functional sensing
materials are precisely deposited onto a flexible substrate via
compatible printing devices.”” This technique is increasingly
prevalent in flexible and wearable electronics. Using printing
methods, wearable electronics can be produced at a high
throughput, with controlled patterns, precise thicknesses,
carefully designed high-performance sensing material ink, and
predesignated boundaries. These methods are notably suited
for large-area flexible materials and provide a low-cost,
streamlined process for high-throughput production.

While significant progress has been made in printing
technologies for wearable electronics, previous research efforts
have predominantly concentrated on printer development,
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with comparatively less emphasis on advancing material
compatibility. Moreover, there remains a notable absence of
comprehensive reviews addressing recent innovations in
printing methodologies for wearable electronics. The strategic
selection of printing materials and techniques plays a pivotal
role in enabling functional device integration and system-level
implementation, particularly for wearable applications. This
review systematically examines traditional approaches for
wearable electronics, active sensing materials and their
synthesis method, material properties, human interface signal
transduced mechanisms, fundamental system-level compo-
nents for wearable electronics and micro/nanofabrication
approaches used in the development of wearable electronics
(Figure 1). Our analysis provides an in-depth evaluation of
emerging micro/nanofabrication approaches specifically de-
signed for wearable electronics. Furthermore, we investigate
the diverse applications of these techniques across various
wearable sensor modalities, including biochemical, biophysical,
electrophysiological, and multimodal sensing platforms. By
elucidating the unique capabilities of these innovative
fabrication methods, we demonstrate their potential to
significantly enhance device performance while optimizing
user experience. This comprehensive assessment not only maps
the current technological landscape but also underscores the
transformative impact these advanced manufacturing ap-
proaches may have on the future of wearable electronics.
Through this work, we aim to bridge critical knowledge gaps
and provide valuable insights for researchers working at the
forefront of wearable technology development.

2. TRADITIONAL FABRICATION APPROACHES

With the rise of concepts such as flexible electronics' and the
Internet of Things (IoT),” there is an increasingly urgent need
to integrate sensors into wearable electronics like clothing™
and skin patches.”*’ To this end, the initial approach was to
leverage established semiconductor micro/nanoprocessing
techniques (such as conventional silicon-based photolithog-
raphy) by adapting these precision processes, originally
designed for rigid chips (Figure 2a, panel 1), for application
on flexible substrates. Most of these conventional manufactur-
ing methods are essentially subtractive techniques. Although
they laid the foundation for the early development of wearable
electronics, they fundamentally conflict with the requirements
of flexible applications. Most of these traditional technologies
suffer from their inherent limitations such as incompatibility
with flexible materials (e.g, high temperatures), complex
process flows, and high manufacturing costs. These traditional
manufacturing techniques have set significant obstacles for the
development of the next generation of wearable electronic
devices that combine high flexibility and dense integration.
The manufacturing paradigm for wearable electronics is
undergoing a significant shift, with additive manufacturing
technologies progressively supplanting conventional fabrication
techniques. This transition is driven by the distinct advantages
of additive printing approaches, which are emerging as a
dominant methodology in this field. Key attributes include
their intrinsic compatibility with flexible substrates, enablement
of digital rapid prototyping, lower capital investment, and
simplified processing workflows (Figure 2a, panel 2). To
provide a comprehensive perspective on this technological
evolution, this section commences with a thorough analysis of
the traditional micro/nanofabrication techniques tailored for
wearable electronics. This establishes a foundational context

for the subsequent discussion of the emergent additive printing
approaches that are reshaping the field.

The landscape of wearable electronics and concomitant
micro/nanofabrication strategies has undergone a radical
transformation over the past decade (Figure 2b, Table 1).
The conceptual genesis of wearable electronics can be traced
back to the introduction of the Holter monitor in 1962, a
seminal development that established the paradigm for
ambulatory, long-term physiological data acquisition.”' This
evolutionary trajectory has culminated in the development of
advanced architectures, including multimodal epidermal
systems, electronic skin (E-skin), and fully integrated
bioelectronics, thereby endowing wearable platforms with
unprecedented capabilities. At present, the synergistic advance-
ment of novel device functionalities alongside the high-
precision fabrication techniques necessary for their implemen-
tation constitutes the defining frontier of the discipline,
highlighting a critical need for methodological convergence
to realize next-generation applications.

2.1. Photolithography

The transcription of intricate geometric patterns from a mask
onto a substrate is achieved in photolithography by exploiting
photoresponsive resists via spatially modulated light expo-
sure,’ demonstrating superior fidelity in pattern reproduction
and the capability to resolve complex micro/nanoscale
features.”’ Such precision is critical for realizing the high-
density interconnects and active areas essential for advanced
wearable sensor architectures.*> Nevertheless, the operational
implementation of photolithography imposes substantial
technoeconomic barriers. The process necessitates significant
capital expenditure on specialized infrastructure, including
precise alignment systems, exposure units, and development
stations. Furthermore, the stringent requirement for controlled
cleanroom environments to mitigate particulate contamination
drastically escalates both process complexity and operational
expenditures. Consequently, the dichotomy between the
superior lithographic resolution and the associated infra-
structural burdens remains a pivotal consideration when
evaluating the scalability of wearable electronics manufactur-
ing.

2.2. Laser Processing

Through photothermal or photochemical mechanisms, laser
processing utilizes precisely focused, high-energy photonic
beams to induce surface modifications or volumetric
ablation.** This maskless, direct-write paradigm facilitates the
digital fabrication of three-dimensional (3D) microarchitec-
tures on diverse flexible matrices,** thereby circumventing the
need for physical masks.”® A prominent application within
wearable electronics involves the synthesis of laser-induced
graphene (LIG) electrodes. Here, the judicious optimization of
laser fluence and scanning speed permits the fine-tuning of
electrical conductivity and porous morphology across various
precursor materials,” enabling electrode performance tailored
to specific transduction mechanisms. The digital nature of this
technique offers distinct advantages for rapid prototyping and
design iteration. However, desg)ite the flexibility of modern
laser systems (e.g, CO, lasers®’), their adoption is tempered
by the high cost of sophisticated optical trains and control
electronics. Moreover, the serial nature of laser writing
inherently constrains throughput compared to parallel
processing techniques. When applied to ultrathick precursors
or large-area substrates, issues regarding power dissipation and
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beam uniformity arise, necessitating a careful balance between
the versatility of maskless operation and the limitations of
production speed.

2.3. Electrospinning

Continuous fibers with diameters typically in the micro-
nanometer scale are produced through electrospinning by
utilizing electrohydrodynamic forces to draw polymer
solutions.”® The resultant nonwoven nanofibrous mats exhibit
exceptionally high specific surface areas and hierarchical 3D
porosity, attributes that are instrumental in maximizing analyte
interaction sites to enhance sensor sensitivity and dynamic
response. Additionally, the intrinsic mechanical compliance of
these fibrous networks permits seamless integration with textile
substrates, yielding breathable, moisture-permeable interfaces
that preserve user comfort during extended monitoring.*’
Despite these merits, the stochastic nature of fiber deposition
makes precise control over fiber alignment and individual
morphology technically challenging. This lack of deterministic
structural control can compromise device-to-device reprodu-
cibility in industrial-scale manufacturing. Consequently,
current research trajectories are directed toward process
optimization strategies aimed at enhancing deposition
uniformity while retaining the functional advantages inherent
to nanofibrous sensor scaffolds.

2.4. Chemical Vapor Deposition (CVD)

To generate conformal thin films on solid interfaces, chemical
vapor deposition (CVD) employs a class of processes governed
by heterogeneous gas-phase reactions and mass transport
phenomena.”® This methodology affords the thickness of
electrode layers, ranging from subnanometer scales to several
hundred nanometers. The deposited films are characterized by
superior structural integrity, including uniform topographical
coverage, high crystallinity, and minimal lattice defect
densities.”’ However, the widespread utilization of CVD is
impeded by high infrastructural costs associated with tubular
or hot-wall reactors, ultrahigh vacuum systems, and cleanroom
facilities. Furthermore, the elevated thermal budgets typically
required for precursor decomposition present severe compat-
ibility issues with thermally labile flexible substrates, such as
polyethylene terephthalate (PET) and polydimethylsiloxane
(PDMS). These thermal constraints, coupled with the
energetic demands and the necessity for rigorous waste gas
abatement, underscore the need for low-temperature CVD
variants or alternative transfer protocols.

2.5. Physical Vapor Deposition (PVD)

The atomistic generation of vapor species from condensed
sources and their subsequent transport through a vacuum or
low-pressure environment to condense upon a substrate
characterizes physical vapor deposition (PVD).”” Sputter
deposition, a prevalent PVD modality, utilizes plasma-induced
ion bombardment to eject target atoms, which then traverse a
ballistic trajectory to form dense, nanoscale functional coatings
on flexible supports.”> Conversely, simpler thermal evaporation
techniques are frequently employed for depositing delicate
materials in devices such as ultraflexible perovskite solar cells.”*
PVD methodologies enable the sequential deposition of
distinct material classes in a single process run, thereby
facilitating the monolithic fabrication of multifunctional sensor
stacks.” While PVD offers unparalleled film density and
multilayer capabilities, the complexity and vacuum-dependence

of the equipment pose significant hurdles to high-throughput
manufacturing of wearable electronics.

2.6. Transfer Printing

The deterministic assembly of functional thin films from rigid
donor substrates onto flexible or stretchable receiving surfaces
can be achieved via transfer printing.”® The fidelity and
economic viability of this approach are intrinsically linked to
the quality of the donor substrate processing. This technique
distinguishes itself by offering exceptional compatibility with
diverse soft materials, enabling high-level heterogeneous
integration. Furthermore, it facilitates the simultaneous transfer
of multilayer stacks while mitigating interfacial thermal and
mechanical stress, operating effectively within temperature
windows compatible with delicate polymer matrices.”®
However, the yield of the transfer process is critically
dependent on the viscoelastic properties of the stamp (aging
effects) and the kinetic control of interfacial adhesion.
Furthermore, scaling to large-area transfers introduces
susceptibility to wrinkling and registration misalignment,
necessitating the implementation of sophisticated tension
control mechanisms to ensure structural fidelity.

2.7. Spin Coating

As a foundational solution-processing technique, spin coating
employs centrifugally driven flow to deposit thin films with
high macroscopic uniformity.”” By dispensing a liquid
precursor onto a rotating substrate, this method achieves a
homogeneous material distribution, establishing itself as a
cornerstone in the fabrication of wearable electronics,”” thin-
film transistors,”® and advanced semiconductor devices.” It is
particularly vital for defining the active layers in flexible
optoelectronic systems,””*" as well as for establishing
planarization and encapsulation layers. The ubiquity of spin
coating derives from its ability to produce exceptionally planar
films utilizing cost-effective equipment operable at ambient
pressures. Despite these logistical advantages, the process
suffers from intrinsic inefficiencies in material utilization, as the
majority of the precursor solution is ejected from the substrate
periphery. Moreover, spin coating acts strictly as a global
deposition technique, yielding blanket films without lateral
resolution. Consequently, the realization of functional circuit
patterns necessitates subsequent subtractive steps, thereby
increasing process complexity.

Conventional manufacturing paradigms, epitomized by
subtractive microfabrication, are characterized by stringent
processing requirements and high capital intensity. These
approaches have achieved unparalleled levels of device
integration and performance on rigid, planar substrates, serving
as the cornerstone of modern information technology.
However, an intrinsic dependence on inflexible substrates,
demanding high-temperature and high-vacuum processing
environments, and intricate, multistep photolithography and
etching cycles, present fundamental, inherent limitations for
translation to the burgeoning fields of flexible and wearable
electronics. Therefore, developing additive manufacturing
technologies suitable for flexible substrates and compatible
with low-temperature and normal-pressure conditions, such as
printed electronics, has become an inevitable choice for
promoting the development of the next generation of wearable
electronic products.
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Figure 3. Electronic materials for micro/nanofabrication. (a) 0D materials: semiconductor, quantum dot, liquid metal, nanoparticle. Reproduced
with permission from refs 107,160—162. Copyright 2025 John Wiley and Sons, 2021 Springer Nature, 2022 American Association for the
Advancement of Science. (b), 1D materials: nanowire, nanotube, nanofiber, nanobelt. Reproduced with permission from refs 163—166. Copyright
2023, 2021 John Wiley and Sons, 2024 Springer Nature. (c) 2D materials: MXene, graphene, MoS,, black phosphorus. Reproduced with
permission from refs 6,167—169. Copyright 2018, 2019 Springer Nature, 2021 Elsevier BV, 2024 John Wiley and Sons. (d) Composite material:
1D—2D composite, 0D—2D composite, 0D—1D composite, 2D—2D composite. Reproduced with permission from refs 170—173. Copyright 2024
Springer Nature, 2024 John Wiley and Sons, 2025 Springer Nature, 2024 American Association for the Advancement of Science.

3. ELECTRONIC MATERIALS AND INTRINSIC
PROPERTIES

3.1. Electronic Materials for Micro/Nanofabrication

Although micro/nanofabrication strategies for wearable electronics
have matured significantly, the realization of fully integrated,
functional systems relies critically on synergistic material properties
and structural heterogeneity. A persistent challenge, however, is the
paucity of sensing active materials amenable to these advanced
processing protocols, which currently restricts device versatility. To
overcome this bottleneck, the rational design and selection of
materials possessing tunable electrochemical activity and mechanical
compliance are paramount. The material toolkit currently utilized
spans a dimensional continuum, progressing from zero-dimensional
(0D) architectures''” to one-dimensional (1D)''® and two-dimen-
sional (2D) nanomaterials,""’ alongside hierarchical composite
assemblies (Figure 3). The incorporation of such nanostructured
elements fundamentally enhances signal transduction via high specific

surface-to-volume ratios, while concurrently resolving the mechanical
mismatch between active components and deformable substrates
through inherent flexibility and stretchability.

3.1.1. OD Materials. Constrained to the nanoscale in all three
spatial dimensions (Figure 3a), 0D materials exhibit intrinsic
physicochemical properties that render them integral to the
advancement of wearable electronics."'” These nanostructures are
delineated by composition and functional utility into four primary
classes: (i) metal and semiconductor nanoparticles, exemplified by
gold (AuNPs)"*° and silver (AgNPs),121 which are characterized by
superior charge transport and catalytic efficacy; (ii) quantum dots,
including CdSe'*” and ZnS'** variants, distinguished by exceptional
optoelectronic attributes, specifically tunable fluorescence emis-
sion;'** (jii) OD liquid metal (LM), which represent a pivotal
research trajectory due to their combination of electrical conductivity,
mechanical compliance, and biocompatibility; and (iv) morphologi-
cally complex architectures like mesoporous nanoparticles'>® and
nanoclusters,'*® which maximize specific surface area and con-
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Figure 4. Design of electronic materials and preparation strategies. (a) Top-down synthesis methods: mechanical grinding, ball-milling, exfoliation.
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ductivity. Fundamentally, quantum confinement within 0D systems
induces discrete electronic energy levels, generating distinctive optical
and electrical phenomena essential for device miniaturization.''”
Furthermore, the high surface-to-volume ratio inherent to 0D
materials affords a high density of active sites for analyte interaction,
substantially augmenting sensor transduction performance.'*” Con-
sequently, these characteristics establish 0D materials as fundamental
enablers for next-generation wearable sensing platforms, addressing
critical requirements for high sensitivity, selectivity, and component
densification.

3.1.2. 1D Materials. Nanostructure units with dimensions
exceeding the nanometer scale in one direction while maintaining
nanoscale dimensions in the other two directions are defined as 1D
materials (Figure 3b).'”* Prominent examples of 1D materials
include: nanowires,'”” nanotubes,"* nanofibers,">' nanobelts,'**
and nanorods.'*® These materials exhibit a unique linear structure
that confers a high aspect ratio and substantial specific surface area."**
Furthermore, the inherent flexibility and mechanical strength of 1D
materials, attributed to their 1D linear morphology, enable them to
accommodate the bending and stretching associated with human
motion in wearable electronics.'* Additionally, 1D materials can be
integrated with other functional materials, such as metal nano-
particles,"*® to create composite structures that exhibit synergistic
effects, thereby further enhancing sensor performance.137 As a result,

1D materials demonstrate exceptional capabilities in the realm of
wearable electronics.

3.1.3. 2D Materials. Materials that are defined by a characteristic
thickness of one or a few atomic layers extending in two dimensions,
with a thickness on the order of nanometers in the third dimension
(Figure 3c), are known as 2D materials."*® Their unique
physicochemical properties have catalyzed extensive investigation
into their utility for next-generation wearable electronics.'>>"*
Paradigmatic examples of this material family include: (1) MXenes,
exemplified by titanium carbide (Ti,C,T,), which afford metallic
conductivity, hydrophilicity, and tunable surface termination chem-
istries;'*' (2) graphene, a monolayer honeycomb lattice of carbon'**
distinguished by exceptional electrical transport, mechanical robust-
ness, and intrinsic flexibility; (3) transition metal dichalcogenides
(TMDs), typified by molybdenum disulfide (MoS,)"** and tungsten
disulfide (WS,),"** which exhibit semiconducting behavior coupled
with photoresponsivity; and (4) black phosphorus, where the layer-
dependent tunability of the band gap critically modulates electro-
chemical properties and adsorption capabilities, thereby facilitating
the selective detection of diverse analytes. The applicability of these
materials in wearable systems derives primarily from their atomic
thinness, which enables conformal integration onto flexible substrates
such as PET'** and PDMS.'* Furthermore, the exceptionally large
specific surface area and high density of surface active sites position
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Table 2. Design and Preparation Technology Route for Electronic Materials-Oriented Approaches

preparation typical process
strategy target materials morphologies temperature
mechanical metals, ceramics, etc. irregular particles, room tempera-
grinding flakes ture
ball-milling metal alloys, carbon spherical, regular room to low
materials, etc. particles temperature
exfoliation 2D materials, lamellar ~ sheets, films room tempera-

compounds, etc. ture

ultrasound assis-  composite materials, spherical, nanopar-  room to me-

ted MOFs, etc. ticles, porous dium temper-
structures ature
template/surface  ordered porous materi- ordered array, po-  room to me-
mediated als, etc. rous structures dium temper-
ature
electrochemical metal oxides, conduc- sheets, wires room tempera-

tive polymers, etc. ture

microwave-assis-  carbon materials, metal ~ spherical, rod- high tempera-

ted oxides, MOFs, etc. shaped ture
hydrothermal/ metal oxides, sulfides, spherical, rod- medium to high
solvothermal prussian blue ana- shaped, flower- temperature
logues, etc. like, sheets
sol—gel metal oxides, aerogels,  particles, films room to high

etc. temperature

chemical vapor carbon materials, semi-  films, tubulars high tempera-

deposition conductors, etc. ture
laser ablation carbon materials, po- nanoparticles, tubu-  instantaneous
rous materials, etc. lars high tempera-
ture

room to me-
dium temper-
ature

coprecipitation metal oxides, prussian

blue analogues, etc.

spherical, nanopar-
ticles

advantages limitations ref
low equipment requirement, uneven particle size distribution, 179—-182
absence of chemical re- difficulty in morphology con-
agents trol
alloying capability, high risk of local overheating, adverse 183-187
process control ability effect on material structure
low equipment requirement, low yield, scalability issue 188—190
monolayer preparation ca-
pability
fast reaction rate, good high sensitivity to ultrasonic 191—-193
product dispersion parameter
high morphology control requirement of template removal 194-197
ability
mild reaction condition, high dependence on conductive sub- 85,198—200
process control ability strate, electrolyte waste gen-
eration
fast reaction rate requirement for microwave-re- 201-203
sponsive reactant
high product crystallinity, requirement for high-pressure 204-207
good morphology control equipment, risk of solvent
pollution
uniform composition, high product agglomeration, cracking 208—211
purity and shrinking during drying
controllable thickness and high equipment cost, strict pre- 45,212-215
composition, process ma- cursor requirement
turity
high product purity, clean high equipment cost, laser safety 36,216—218
process risk

process simplicity, low cost  poor morphological and size 219,107,220,221
uniformity, risk of impurity

introduction

2D materials as effective scaffolding for functionalization or
hybridization with zero-, one-, and two-dimensional heterostructures,
a strategy essential for achieving superior sensing performance.'*®

3.1.4. Composite Structural Materials. The rapid evolution of
flexible electronics and wearable electronics imposes increasingly
stringent requirements on sensor materials; conventional monolithic
materials frequently fail to meet these multifactorial demands (Figure
3d)."*” Consequently, composite materials have emerged as critical
enablers in wearable electronics design by leveraging synergistic
interactions among disparate components.148 Common composite
architectures include polymer-based composites,'*’ carbon-based
composites,"*’ metal-based composites,”*' and gel-based compo-
sites.*> Through the integration of diverse constituent material
phases, as well as the possible synergy and conjugation among
materials, multifunctional capabilities such as augmented electrical
conductivity,'>® mechanical pliability,'>* self-healing,'*> and anti-
microbial*® activity can be simultaneously realized. Furthermore,
performance metrics may be finely tuned via manipulation of
component ratios'>” and structural configurations, such as porous
networks™>® or layered constructs.'*” By overcoming the intrinsic
limitations of monolithic materials systems, composite materials
provide a pathway toward highly sensitive and durable wearable
electronics.

In addition to the previously discussed nanomaterials, bulk
materials (e.g, metal blocks) are also explored for the development
of electronics, although several challenges persist. While conventional
bulk materials are characterized by desirable properties, such as high
electrical conductivity, their inherent rigidity and difficulty in shaping
restrict their applicability in flexible device architectures. To address
these constraints, considerable efforts have been devoted to
integrating bulk materials with nanomaterials, with the aim of
achieving an optimal balance between superior functional perform-
ance and the necessary manufacturing flexibility.

While advances in materials science and micro/nanofabrication are
unlocking new possibilities for composite-based wearable electronics,

a pivotal challenge lies in navigating the inherent trade-offs between
material functionality and manufacturing scalability. Printing is a key
enabler for cost-effective, large-scale production, yet it imposes
stringent constraints on the materials themselves.'”* For example, 3D
printing of functional composites offers excellent mechanical robust-
ness but often compromises on device size and complexity.'”> In
contrast, inkjet printing of additive-free inks can achieve superior
functional performance, but at the cost of strict ink formulation
requirements (e.g, material particle size, viscosity) and a general
limitation to planar device architectures.'”® Consequently, the
forefront of research is focused on co-optimizing novel material
systems with advanced fabrication strategies to resolve these
compromises and realize the full potential of next-generation wearable
electronics.

3.2. Design of Electronic Materials and Preparation
Strategies

To meet the stringent requirements of wearable electronics for high
sensitivity, excellent flexibility and stability, it is crucial to develop
controllable and efficient electronic nanomaterial preparation
technologies. From the perspective of implementation approaches,
the existing preparation methodologies mainly follow two basic
paradigms: the first is the top-down method of microscopically
reducing macroscopic bulk materials, the second is the bottom-up
method of constructing from basic units such as atoms and molecules
(Figure 4, Table 2)."”"'7®

3.2.1. Top-Down Synthesis Methods. Macroscopic material is
progressively broken down via physical or mechanical methods (e.g.,
grinding, ball milling, exfoliatin§) in the top-down approach, yielding
nanoscale entities (Figure 42). " A paramount merit of this paradigm
lies in its mature, straightforward processing, rendering it eminently
suitable for large-scale industrial implementation and high-volume
manufacturing. However, precise control over final particle
dimensions, geometry, and surface states remains elusive, frequently
resulting in broad size polydispersity and morphological hetero-
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geneity. Furthermore, the rigorous high-energy processing involved
may introduce crystallographic defects or surface contaminants, which
can deleteriously affect the material’s intrinsic properties and
functional performance.

3.2.1.1. Mechanical Grinding. A straightforward mechanical
approach for converting bulk-like materials into nanomaterials is
grinding, which features minimal equipment complexity and ease of
operation, eliminating the need for elaborate chemical reagents or
rigorous reaction conditions.'”” This approach generally reduces
reliance on organic solvents and chemical additives, mitigating
environmental impact and suppressing the generation of undesirable
byproducts.'®® Moreover, the relatively modest capital and opera-
tional expenditures offer distinct advantages for mass production.
Nevertheless, the inherently manual nature of many grinding
protocols can compromise particle distribution uniformity, leading
to significant challenges in reproducibility and the consistent
regulation of nanomaterial properties.

3.2.1.2. Ball-Milling. Another effective method for comminuting
bulk materials into nanoscale powders is ball-milling, wherein
spherical grinding media impart impact and shear forces within a
confined milling chamber. The process exploits mechanical energy
derived from impact and friction to induce grain refinement and
particle size reduction."®” Beyond dimensional modulation, ball-
milling facilitates the intimate homogenization of heterogeneous
components, rendering it particularly efficacious for nanocomposite
synthesis.”*®> High-energy ball-milling further enables material
activation, enhancing reactivity and promoting phenomena such as
mechanical alloying and solid-state phase transformations.”**
However, the kinetic energy dissipated as heat during collisions,
between media, vessel walls, and the precursor, can induce thermal
excursions that inadvertently modify the physicochemical attributes of
the resulting nanomaterials.

3.2.1.3. Exfoliation. 2D nanomaterials, such as graphene and
MXenes,'®**** are predominantly isolated via mechanical exfoliation,
a technique valued for its direct and minimally destructive nature.
This method involves the physical delamination of bulk layered
crystals into constituent nanosheets via applied mechanical forces.**®
The operational simplicity of mechanical exfoliation, distinguished by
the absence of sophisticated instrumentation or chemical reagents,
facilitates straightforward implementation in laboratory environments.
Conversely, inherent limitations include low throughput and
restricted scalability, which impede industrial application. Addition-
ally, stochastic variability in nanosheet thickness and lateral
dimensions presents challenges to uniformity and reproducibility,
limiting the precise control over nanomaterial properties essential for
consistent device performance.

By virtue of their structural integrity and macroscopic dimensions,
bulk materials serve as a stable and uniform starting matrix for
processing. The essence of the top-down paradigm lies in the
mechanical or chemical deconstruction or exfoliation of these bulk
precursors into nanoscale products with specific dimensions and
functionalities. Consequently, the intrinsic properties, crystal
structure, and mechanical characteristics of the bulk material
fundamentally dictate the efficiency of the top-down preparation
process and the performance of the resulting nanomaterials.

3.2.2. Bottom-Up Synthesis Methods. In contrast to top-down
approaches, bottom-up strategies utilize atoms or molecules as the
fundamental building blocks. In these methods, chemical processes
drive the assembly of these units into defined nanostructures within
controlled environments, governed by the thermodynamics and
kinetics of nucleation and growth (Figure 4b).**”” The distinct
advantage of this paradigm is its high degree of controllability,
enabling the precise tailoring of parameters that are critical for
advanced functional applications. Nevertheless, significant challenges
remain regarding the complexity of reaction pathways, where the
assembly process exhibits high sensitivity to experimental variables
such as temperature, pressure, and precursor concentration.

3.2.2.1. Ultrasound Assisted. This technique exploits the acoustic
cavitation effect generated by ultrasonic waves to drive chemical
transformations of molecules and atoms in solution, facilitating

efficient nanomaterial synthesis.””® The rapid reaction kinetics

associated with sonochemistry promote the nucleation and uniform
dispersion of nanoparticles. However, the methodology is constrained
by operational limitations, including acoustic noise generation, and
the inherent difficulty in strictly regulating particle morphology and
size distribution.

3.2.2.2. Template/Surface Mediated. To fabricate nanomaterials
with strict regulation of dimensionality and spatial arrangement,
template- or surface-mediated synthesis is a widely adopted
approach.””® This method employs hard or soft templates as scaffolds
to construct desired nanostructures, thereby enabling the engineering
of specific physicochemical properties.”>” However, the interaction
between the template and the precursor can significantly influence the
performance of the final material.>>° Furthermore, the multistep
nature of this process, particularly the potentially costly and
chemically intensive template removal phase, introduces technical
complexities and economic constraints.

3.2.2.3. Electrochemical. Electrochemical deposition facilitates the
fabrication of nanostructures with tunable composition and
morphology through the precise modulation of applied potential
and reaction duration.”*' While the mild, controllable reaction
conditions allow for the facile fabrication of films and nanostructures,
large-scale implementation is impeded by the requirement for
conductive substrates and the environmental burden associated with
waste generation, specifically from spent electrolytic solutions.**>

3.2.2.4. Microwave-Assisted. Another rapid and efficient approach
to accelerating chemical reactions via microwave radiation facilitates
the fast fabrication of nanostructured materials.”*> This method
leverages uniform internal heating to significantly enhance reaction
rates and reduce synthesis times. Despite these kinetic advantages, the
technique is restricted to microwave-susceptible reaction systems.
Additionally, scalability is often compromised by nonuniform field
distribution and the challenges associated with precise internal
temperature monitoring.

3.2.2.5. Hydrothermal/Solvothermal. Precise control over particle
size and morphology is achievable by modifying reaction conditions in
hydrothermal/solvothermal synthesis.”>* These facile, cost-effective
techniques are characterized by their broad applicability in synthesiz-
ing diverse material compositions and structures.”>> However,
limitations include the substantial consumption of chemical reagents
and the potential for environmental pollution if not managed
correctly. Furthermore, the requirement for high-temperature and
high-pressure conditions over extended periods introduces inherent
safety risks.>*®

3.2.2.6. Sol—Gel. The sol—gel process relies on hydrolysis and
polycondensation reactions to transition a precursor solution into a
solid gel network, with final products obtained through subsequent
drying and sintering.”'" Conducted under mild, low-temperature
conditions, this approach facilitates the incorporation of various
dopants, yielding high-purity nanomaterials.”*® A critical bottleneck,
however, is the drying phase, where capillary forces can induce
uncontrollable aggregation or structural collapse, thereby complicat-
ing product reproducibility and consistency.

3.2.2.7. CVD. For the controlled growth of films and nanostructures
from gaseous precursors, one widely utilized technique is CVD.”” It
offers robust controllability, allowing for the precise manipulation of
film thickness, morphology, and stoichiometry via the adjustment of
parameters such as temperature, pressure, and precursor flow rate.”'>
Conversely, the requirement for sophisticated vacuum systems, high
processing temperatures, and the management of toxic byproducts
renders the method capital-intensive and operationally complex.”'®

3.2.2.8. Laser Ablation. Laser ablation represents a sophisticated
synthetic methodology wherein laser irradiation induces extreme
physicochemical conditions on a target surface to facilitate the
formation of specialized nanoarchitectures.”*® Despite its ability to
produce unique structures, the method entails significant operational
complexity and high instrumentation costs. Additionally, the ablation
process may induce material vaporization or thermal decomposition,
generating aerosols that necessitate rigorous extraction and filtration
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Table 3. Essential Material Properties for Wearable Electronics

material category conductivity
carbon-based materials (graphene, CNTs, rGO, etc.) significant
metal-based materials (Au, Ag, Pt, etc.) significant
metal oxides (ZnO, TiO,, etc.) moderate

semiconductors (MoS,, WSe,) reduced

conductive polymers (PANL, PEDOT: PSS, PPy, etc.) significant
MXene materials (Ti;C,T,, V,CT,, etc.) significant
MOF materials (ZIE-8, UiO-66, etc.) reduced
natural materials (lignin, etc.) reduced
hydrogels (alginate, gelatin, PVA, etc.) moderate

biocompatibility stability cost ref
moderate significant moderate 241-245
significant significant significant 246—-249
significant significant reduced 250-253
moderate moderate reduced 168,254—-257
significant moderate moderate 258-261
moderate moderate significant 262—-266
significant significant moderate 267-271
significant significant reduced 272277
significant moderate moderate 278-281

systems. The use of high-power lasers also imposes strict safety
protocols to mitigate potential ocular and dermal hazards.

3.2.2.9. Coprecipitation. Coprecipitation involves the nucleation of
compounds from solution and is widely utilized for its scalability and
stoichiometric homogeneity.”*” While advantageous for its simplicity
and cost-effectiveness, the method suffers from difficulties in
controlling particle size and morphology due to agglomeration
tendencies and high sensitivity to pH fluctuations. The purity and
reproducibility of the product are heavily dependent on precipitation
conditions,”** and high-temperature annealing is often required to
enhance crystallinity and remove lattice water.

Collectively, bottom-up synthesis methods represent a constructive
strategy for nanomaterial fabrication, orchestrating atomic, molecular,
or nanocluster precursors into well-defined architectures through
chemical synthesis and controlled deposition. A distinct attribute of
this methodology is the capacity for atomic-level precision. Judicious
regulation of reaction parameters (temperature, precursor concen-
tration, and pH) facilitates the synthesis of nanomaterials charac-
terized by narrow size distributions, programmable morphologies, and
consequently, tailored functional properties. In stark contrast to top-
down approaches, this process provides a thermodynamically driven
pathway for engineering nanomaterials with bespoke functionalities,
where performance is intrinsically governed by structural precision.

3.3. Essential Material Properties

The interface between abiotic electronic systems and the biotic
human periphery introduces complex engineering constraints that
transcend conventional circuit design. Unlike rigid, planar industrial
components, epidermal electronics must maintain conformal contact
with the viscoelastic skin surface while accommodating dynamic
physiological deformations. This rigorous operational environment
demands that sensing matrices sustain functionality under persistent
mechanical excursions, including tensile strain, flexion, and interfacial
shear. As the critical transduction and sensing layer, the material
composition dictates the ultimate stability and fidelity of the device.
Consequently, successful candidates must synergistically combine
high electrical conductivity with biocompatibility, environmental
resilience, and cost-effective scalability. A failure to reconcile these
often-conflicting properties creates a significant bottleneck in signal
integrity and user safety. Thus, establishing a robust equilibrium
among these interdependent metrics is essential for advancing the
translational potential and commercial viability of skin-interfaced
platforms (Table 3).

3.3.1. Conductivity. Electrical conductivity constitutes a pivotal
figure of merit for sensing active layer materials in wearable
electronics, directly governing the fidelity of signal acquisition across
diverse physiological modalities and the response kinetics of the
device.*** Efficient charge transport within these sensing architectures
must satisfy two distinct criteria: First, electron mobility must be
sufficiently high®®® to mitigate signal attenuation, a factor that
critically determines detection accuracy and temporal resolution.
Second, the material must sustain consistently low electrical
resistance”®* to preserve signal integrity and preclude information
loss arising from ohmic dissipation.

Among emerging candidates, MXenes exhibit exceptional potential.
The metallic character of the transition metal layers provides a high

density of free electrons, while the planar 2D topology facilitates
efficient carrier migration by minimizing scattering sites. Con-
sequently, MXenes synergize the intrinsic metallic conductivity of
the constituent elements with the anisotropy of 2D layered structures
to achieve superior electrical performance. Parallel to these develop-
ments, conductive polymers (including polypyrrole (PPy)*** and
polyaniline (PANT)**) and conductive hydrogels®’ have been
established as viable synthetic analogs. The former facilitates charge
transport through 7-conjugated structures, while the latter establishes
conductive pathways via incorporated conductive fillers (such as silver
nanowires (AgNWs) or carbon nanotubes (CNTs)) or through
dynamically interlocked polymer chains. The conductivity of
semiconductor materials, conversely, is intrinsically linked to layer
thickness and material composition. For instance, MoS, undergoes a
band structure transition from an indirect bandgap semiconductor in
its bulk form (bandgap ~1.2 eV)*® to a direct bandgap semi-
conductor in its monolayer limit (bandgap ~1.8 €V).**” Furthermore,
phase engineering offers a route to modulate electronic properties by
inducing transitions between the semiconductin§ 2H phase, the
metallic 1T phase, and other metastable phases,”” thereby yielding
tunable electrical conductivity. These materials not only accom-
modate mechanical deformation but also sustain robust electrical
performance under complex environmental perturbations.

3.3.2. Biocompatibility. Biocompatibility encompasses the
biological response to sensing active materials, addressing the safety
profile of material-tissue interactions.””" As the integumentary system
functions as the primary barrier between the internal physiology and
the external environment, it possesses heightened sensitivity to
exogenous agents. Wearable electronic systems frequently necessitate
prolonged intimate contact with the epidermis, mucosal membranes,
or compromised tissue surfaces.””> Consequently, materials lacking
adequate biocompatibility may precipitate adverse host responses. To
ensure biological safety, materials are subjected to comprehensive
toxicological profiling: Cytotoxicity assays evaluate the impact of
material extracts on dermal fibroblasts.””> Analytical techniques
identify potentially toxic chemical residues from synthesis pro-
cesses.””* Skin sensitization studies assess allergic responses following
dermal contact.”™ Finally, longitudinal wear trials evaluate comfort
and irritation through standardized participant questionnaires.*>*>*®

Natural polymeric materials, such as cellulose-based textiles”®” and
chitosan membranes,””® offer distinct advantages in this domain, as
their structural homology to endogenous tissues minimizes immuno-
logical rejection. In contrast to heavy metal nanomaterials, the
constituent elements of transition metal dichalcogenides (such as Mo,
W, and S) exhibit lower intrinsic toxicity within therapeutic
concentration windows. Furthermore, their versatile surface chemistry
facilitates biofunctionalization; for example, the covalent or non-
covalent grafting of biocompatible polymers can significantly enhance
their cytocompatibility.””” Biological hydro%els utilizing water as a
dispersion medium, including alginate®® and gelatin-based®®'
formulations, provide not only mechanical compliance but also, in
specific configurations, antimicrobial efficacy (e.g, silver ion-loaded
hydrogels®”), thereby enabling simultaneous physiological monitor-
ing and therapeutic intervention.

3.3.3. Stability. The transition of wearable electronics from
transient prototypes to reliable, long-term monitoring platforms is
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Figure 5. The primary biorecognition and signal transduction strategies in wearable biochemical sensors. (a) Schematic representation of various
biochemical analytes. (b) Target recognition mechanisms involving bioaffinity receptors and biochemical sensing molecular switches. (c)
Recognition and signal transduction principles for wearable electrochemical biosensors. (d) Wearable biochemical sensors for sweat, ISF, saliva,
tear, urine, wound fluid, exhaled breath, and EMF analysis. Abbreviations: R, charge transfer resistance; W, Warburg impedance; Cy, double-layer
capacitance; R, solution resistance; C, concentration; ISF, interstitial fluid; EMF, epidermal molecular flux.

predicated on stability. Specifically, the capacity to withstand
simultaneous physicochemical and environmental stressors. Chemi-
cally, physiological fluids such as sweat present a corrosive electrolyte
environment detrimental to metallic interconnects, while oral fluids
introduce enzymatic challenges and microbial activity; similarly, the
acidic gastric milieu poses a threat to structural integrity. Physically,
routine locomotion imposes cyclic mechanical loading, articular
movement necessitates high deformability, and interactions with
textiles generate tribological wear, while recumbency introduces
sustained compressive stress. These challenges are compounded by
environmental variables, including seasonal thermal fluctuations that
induce expansion/contraction cycles. The failure to maintain material
stability under these multifactorial pressures results in impedance drift
and structural degradation, ultimately precipitating functional failure
and truncated device operational lifespans.

A pertinent example is observed in MXenes, where surface
functional groups are susceptible to oxidative degradation under
ambient conditions, a process that disrupts the conductive percolation
network and leads to irreversible performance decay.’® To mitigate
this, strategies involving surface modification’** (including molecular
passivation) or composite engineering305 (constructing interpenetrat-
ing networks with hydrolytically stable matrices) have been
developed, extending the functional lifetime of specific MXene

composites to several weeks. Inorganic nanomaterials, such as CNTs,
graphene, and AuNPs, are favored for their intrinsic chemical

. 306
inertness,

while metal nanoparticles may be stabilized against
corrosion via surface passivation.’”” Furthermore, fiber architectures
effectively dissipate applied stress,’®® granting resilience against
repetitive mechanical fatigue. Advanced composite designs thus aim
to establish synergistic chemical stability and mechanical durability,
thereby ensuring prolonged operational viability in complex service
environments.>%’

3.3.4. Cost. The translation of wearable electronics from
laboratory scale to commercial viability is critically constrained by
economic feasibility. As sensing materials constitute a substantial
fraction of the total bill of materials, their cost directly dictates market
competitiveness. Reliance on noble metals (e.g., gold or platinum) or
synthetic protocols requiring high energy input significantly elevates
the cost-per-unit area, impeding widespread adoption. Conversely,
natural materials offer an economically advantageous alternative:
abundant fibers, including cotton and cellulose derivatives, are
inexpensive and amenable to straightforward processing into sensing
substrates. The integration of these cost-effective precursors facilitates
scalable manufacturing, thereby accelerating the democratization of
personalized health monitoring technologies.
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Beyond these fundamental economic metrics, specific application
scenarios impose stringent functional prerequisites: motion tracking
systems necessitate robust dermal adhesion to preclude motion
artifacts during physical exertion®'® and resistance to biofouling (e.g.,
repellence of sweat-borne lipids and particulates®''); flexible display
interfaces demand exceptional ductility and optical transparency;>>>"°
while medical-grade implants require selective permeabilit.’'?
Furthermore, the ergonomic and aesthetic aspects of device design
are essential for user compliance, such as minimizing weight and
utilizing transparent encapsulation materials. The systematic and
synergistic optimization of these interdependent parameters repre-
sents the critical pathway toward the functional advancement and
practical ubiquity of wearable electronic technologies.

4. SENSING SIGNAL TRANSDUCTION AND
CLASSIFICATION

Wearable electronics require in situ, real-time data streams to
facilitate ongoing monitoring, which constrains the selection of
applicable sensing methodologies. Current wearable elec-
tronics are primarily categorized into biochemical,>" bio-
physical,”'* and electrophysiological® types based on their
capacity to quantify human physiological signals. These signal
transduction mechanisms enable continuous, real-time, in situ
monitoring in flexible or wearable formats, providing direct
access to the signals under investigation. Furthermore,
integration of multiple transduction modes facilitates multi-
modal analysis,”"® expanding functional capabilities for human
disease assessment.

4.1. Biochemical Sensor

The transition from static, single-point measurements to the
dynamic, continuous monitoring of in vivo biochemical
markers represents a paradigm shift in biomedical research
and clinical diagnostics. Conventional blood assays, while
foundational to clinical chemistry, provide valuable yet
temporally discrete data points, offering only a snapshot of
an individual’s physiological state.’’® In contrast, wearable
biochemical platforms that continuously interrogate biofluids
can generate high-resolution temporal profiles of target
analytes.'”” The operational principle of these sensors typically
hinges on the biofunctionalization of a working electrode
(WE) surface with high-affinity recognition elements,”"” such
as enzymes or antibodies. The specific binding or catalytic
conversion of a target analyte by these immobilized moieties
transduces the biochemical recognition event into a quantifi-
able electrochemical signal.’'® Notwithstanding their demon-
strated analytical prowess, ensuring long-term operational
stability and analytical fidelity on the epidermal environment
remains a critical barrier to the widespread clinical adoption
and full realization of continuous biochemical monitoring
technologies.

4.1.1. Analytes. The operational efficacy of wearable
biochemical sensors hinges critically on the interfacial
architecture of the WE. This surface is predominantly
functionalized with selective biorecognition motifs designed
to sequester target analytes or mediate interfacial redox
kinetics.”'® Upon exposure to biofluids, the specific interaction
between the immobilized receptors and unknown analytes
(Figure Sa) modulates the physicochemical properties of the
electrode interface. This transduction mechanism effectively
translates biomolecular recognition events into distinct
electrical signatures, thereby establishing a direct correlation
that enables the precise detection and quantification of the
target species.

4.1.1.1. Nucleic Acid. The fundamental operational
principle of nucleic acid biosensors involves the immobilization
of a single-stranded DNA (ss-DNA) probe at the WE interface
to hybridize with the complementary target DNA or
ribonucleic acid (RNA).>'” This surface modification is
typically realized through the chemisorption of thiolated
DNA probes onto gold-deposited electrode surfaces.’”’ The
sensitivity of nucleic acid biorecognition has been further
augmented by the integration of redox electrochemical signal
beacons, which transduce specific hybridization events into
quantifiable electrochemical signals.”*"

4.1.1.2. Cell. Cellular parameters, including population
density, morphology, and barrier integrity, function as critical
biomarkers yielding insights into organismal physiology.”** A
single pathological cell often exhibits distinct phenotypic traits
distinguishing it from healthy counterparts, underscoring the
necessity for accurate early stage identification, particularly in
oncology.’*’ Compared to metabolomic and proteomic
profiling, whole-cell detection presents inherent complexity.
Variations in electrical signals resulting from cellular
heterogeneity primarily manifest as impedance changes, the
magnitude of which is convoluted by these multifactorial
influences.”**

4.1.1.3. Bacteria. In the context of cutaneous wounds or
specific microbiomes (e.g., oral and intestinal environments),
microbial colonization can precipitate chronic infections and
persistent inflammatory responses.””> Consequently, real-time,
rapid detection of bacterial pathogens is pivotal for effective
wound management and accelerated healing.*”>**° Electro-
chemical detection strategies often exploit specific probe-
surface interactions, analogous to protein biomarker assays.”””
Furthermore, as various bacteria secrete exotoxins during
proliferation, the bacterial load can be indirectly assessed by
quantifying toxin levels.**®

4.1.1.4. Virus. Prevalent viral pathogens in clinical practice
include influenza viruses, noroviruses, and coronaviruses.’®
While initial infection assessments may rely on hematological
markers such as leukocyte counts, C-reactive protein (CRP),
and platelet metrics,>”’ definitive identification mandates
sophisticated techniques like genomic sequencing or immuno-
assays.”>’ Contemporary wearable sensing platforms predom-
inantly leverage specific antigen—antibody recognition®”" to
generate electrochemical signals, thereby facilitating high-
sensitivity, specific viral detection.

4.1.1.5. Protein. Proteins ubiquitous in biological matrices
exhibit dynamic expression profiles in response to physiological
or pathological stimuli.”*” Specific proteins exclusively ex-
pressed in neoplastic cells serve as high-fidelity markers for
early cancer diagnosis.”** Consequently, proteomic biomarkers
are instrumental across clinical domains, including prognosti-
cation and therapeutic monitoring.”** The enzyme-linked
immunosorbent assay (ELISA) remains a cornerstone strategy
for direct protein detection.””® Beyond antibodies, aptamers
have emerged as robust alternatives for capturing protein
analytes.”® These motifs bind targets with high affinity via
specific noncovalent interactions, driven by their distinct three-
dimensional conformations.

4.1.1.6. Metabolite. Metabolite monitoring enables the
tracking of metabolic fluxes associated with disease states or
therapeutic interventions.””’ These low-molecular-weight
compounds are typically detected via direct redox reactions,
enzymatic catalysis, or synthetic receptors. Electroactive
species, such as ascorbic acid (AA) and uric acid (UA),
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Table 4. Comparative Analysis of Biorecognition Elements for Analytical Applications

chemical continuous
biorecognition detection functionalization detection
element target analytes mechanism capability feasibility advantages limitations ref
antibody metabolite, pathogen, small molecule,  direct binding limited exceptional sensi- extended incuba- 7,346—349
protein, peptide, nucleic acid, lipid affinity tivity and selec- tion require-
tivity ment
enzyme metabolite, small molecule catalytic con- excellent highly specific cat-  environmental in- 350—353
version alytic activity stability
single-stranded  metabolite, pathogen, hormone, small  hybridization/ excellent excellent programmable se-  potential degra- 354-356
DNA molecule, protein, peptide, nucleic binding quence design dation
acid, lipid
aptamer metabolite, pathogen, hormone, small  direct binding excellent excellent versatile function-  potential degra- 357-359
molecule, protein, peptide, nucleic affinity alization strategy dation
acid, lipid
molecularly metabolite, small molecule, protein, direct binding excellent excellent cost-effective syn- challenging for 107,360—362
imprinted peptide, lipid affinity thesis, superior macromolecular
polymer stability

undergo direct oxidation at WEs modified with conductive
materials.”*® However, this direct electrocatalytic approach is
susceptible to interference from coexisting species in complex
matrices. Selectivity can be enhanced by engineering
permselective organic films on the electrode surface.
Conversely, nonelectroactive metabolites, such as glucose339
and lactate,”*" necessitate oxidase-mediated catalysis. Beyond
enzymatic strategies, detection methodologies also employ
molecularly imprinted polymer (MIP) as synthetic antibody
mimics.”*' MIP technology is applicable in analytical
chemistry'”” and drug delivery,”** ensuring high selectivity
while maintaining electrode conductivity.

4.1.1.7. Hormone and Neurotransmitter. Hormone bio-
markers and neurotransmitters function as essential chemical
messengers mediating intercellular communication. These
essential signaling molecules mediate intercellular communi-
cation,”*® with detection principles paralleling those of
metabolite analysis. Electroactive analytes, such as epinephrine
and norepinephrine, are detectable via direct oxidation,”**
whereas nonelectroactive targets utilize aptamer-based recog-
nition, immunoassays, or molecular imprinting.343

4.1.1.8. lon. Inorganic ions (e.g,, Na*, K¥, Ca®") act as vital
physiological indicators, particularly regarding hydration status
and osmotic balance. Wearable ion sensing predominantly
relies on ion-selective electrode (ISE) technology.345 These
platforms typically comprise conductive substrates, trans-
duction layers, and ion-selective membrane (ISM). Upon
applying a potential across the ISM, target ions selectively
permeate the barrier, generating a potential difference across
the electrical double layer at the membrane—solution interface.
This potential correlates with ionic concentration, enabling
accurate, time-resolved monitoring of physiological status.

Despite progress, the expansion of detectable analytes in
wearable electronics encounters significant hurdles, including
insuflicient sensitivity and selectivity in complex biofluids and a
restricted repertoire of targetable molecules, particularly high-
molecular-weight proteins and hormones. Addressing these
limitations requires a paradigm shift toward the synergistic
integration of multidisciplinary technologies to broaden the
panel of disease-relevant analytes and pioneer novel sensing
modalities.

4.1.2. Biorecognition Element. The analytical fidelity of
biosensing architectures, encompassing both qualitative
identification and quantitative profiling, is intrinsically
governed by the transduction mechanisms employed. Critical
to this detection capability is the robust immobilization of

specific recognition receptors onto the WE surface (Figure Sb,
Table 4). These biorecognition elements constitute the vital
transducer interface, converting specific molecular binding
events into electrochemical signals that correlate directly with
biomarker concentration. Because suboptimal integration at
this interface inevitably precipitates signal degradation and
reduced selectivity, optimizing the physicochemical compati-
bility of these components with the sensor’s operational
envelope remains a fundamental prerequisite and a key avenue
for advancing diagnostic precision.

4.1.2.1. Antibody. Antibodies’ serve as affinity proteins
capable of binding target biomarkers. These recognition
elements exhibit exceptional intrinsic sensitivity and specificity,
parameters that can be further refined through rational design
or directed evolution strategies.”*” While antibodies offer high
affinity, their integration into contemporary bioaffinity sensors
is frequently constrained to single-use formats. The require-
ment for multiple incubation and washing steps for receptor
regeneration introduces significant complexities for in situ
continuous biosensing applications.”*®

4.1.2.2. Enzyme. Enzymes™" represent a foundational class
of biorecognition elements in wearable electronics. The
majority of enzyme-based sensors couple redox events
generated during catalysis with direct or mediator-facilitated
electron transfer to the electrode.”®® To accommodate
complex metabolic pathways, multiple enzymes can be
integrated into reaction cascades, establishing defined input-
substrate and output-product trajectories. A distinct advantage
of enzyme-based wearable electronics is their suitability for
continuous monitoring via catalytic turnover, provided product
inhibition is adequately mitigated. Although enzyme-based
platforms possess excellent selectivity derived from biological
specificity, they remain susceptible to environmental perturba-
tions. To enhance operational stability, enzymes may be
encapsulated within MOF, such as zeolitic-imidazolate frame-
work-8 (ZIF-8), thereby facilitating cascade reactions that
preserve catalytic activity under physiologically challenging
conditions and augment sensor performance.”

4.1.2.3. ss-DNA. Electrochemical ss-DNA*® switches have
recently demonstrated efficacy for the reagent-free monitoring
of proteins in diverse biological matrices, leveraging the
dynamics of molecular pendulums.*** Mechanistically, the
application of a positive potential to the electrode surface
induces electrostatic attraction of DNA molecules labeled with
redox reporters, thereby reducing the probe—electrode
distance. Subsequent target molecule binding modulates the
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Table 5. Principles and Applications of Electrochemical Analysis Technology

electrochemical analysis

type applied signal measured signal
amperometry constant potential  current
potentiometry zero current voltage
voltammetry sweeping potential  current

impedance spectroscopy sinusoidal voltage

Faraday’s law
Nernst equation
voltammetry map

impedance/conductance electrical properties of the interface  cell viability and monitoring

core principle typical application ref
221,366—369
3,7,85,370,371
60,147,372,373

324,374—376

enzyme-based glucose monitoring
ion-selective monitoring

electroactive molecule monitoring

effective mass of the pendulum structure, generating a signal
response proportional to the analyte concentration.

4.1.2.4. Aptamer. Aptamers®® comprise affinity ligands
composed of RNA, ss-DNA, or non-natural nucleic acid
scaffolds. Utilizing established in vitro selection and enrich-
ment methodologies, these molecules achieve binding affinities
and specificities comparable to antibodies. Furthermore, the
capacity for chemical synthesis facilitates precise modifications
that enhance integration into electronic sensor platforms.’”
Generally, aptamers exhibit superior physicochemical stability
relative to antibodies, capable of refolding following exposure
to denaturing solvents or elevated temperatures, which
supports continuous wearable monitoring via various regener-
ation strategies.”®> Signal transduction typically relies on
target-induced conformational changes that modulate the
electron transfer distance between the electrode and a redox
reporter (e.g., methylene blue’*’ and ferrocene®'?).

4.1.2.5. MIP. MIP'”" offer significant advantages over
traditional biological ligands, including enhanced thermal
stability, cost-effectiveness, and rapid scalability.’®’ The
molecular imprinting process entails the formation of a
prepolymerized complex in solution via covalent or non-
covalent interactions between a template molecule and a
functional monomer. This complex is subsequently poly-
merized with a cross-linking agent to establish a rigid polymer
matrix. Upon extraction of the template molecules, imprinted
cavities are generated that are complementary to the target in
size, shape, and chemical functionality. Consequently, the
resultant polymer selectively recognizes and binds the analyte
in a manner analogous to antibody—antigen interactions.
While the efficacy of imprinting small molecules is well-
established, the intrinsic characteristics of proteins (specifically
macromolecular size and complex conformational flexibility)
continue to present substantial challenges for the development
of robust protein-MIPs.

A paramount challenge for biorecognition elements lies in
sustaining the continuous operation required for longitudinal
monitoring. This necessitates the integration of effective
regeneration protocols into wearable electronics to restore
the sensor to its baseline state, with the specific regeneration
chemistry dependent on the sensor architecture. Furthermore,
biological fouling and surface passivation can induce false-
positive or false-negative signals, diminishing sensitivity over
time. As noninvasive wearable electronics evolve toward long-
term continuous monitoring, addressing these interfacial
phenomena is imperative to ensure sensors maintain fidelity
while exposed to highly heterogeneous biofluids.

4.1.3. Sensing Module and Electrochemical Analysis.
Bioelectrochemical systems transduce biological recognition
events into measurable electrical signals through the use of
electrode-based platforms. In its simplest configuration, a two-
electrode setup comprises a WE, at which the electrochemical
reaction of interest occurs, and the electrode that provides a
known and stable potential and further produces sensing

current (I,) is called the reference electrode (RE). A certain
stimulus voltage (V,,) is supplied between WE and RE. Ideally,
the potential at the electrode—electrolyte interface would be
identical to V. However, beyond the inherent impedance of
the electrode—electrolyte interface, the inevitable solution
resistance (R,) along the ionic path to the RE leads to a voltage
drop, termed the IR drop. As this value fluctuates with reaction
kinetics and environmental conditions, it is widely regarded as
a significant experimental error. To mitigate this effect, a three-
electrode configuration is ubiquitously employed in modern
electroanalysis to eliminate the negative effects of IR drop.
This architecture introduces a counter electrode (CE) that
serves as the source for the I, there will be no current flows
through the RE, thereby electrically isolating the RE, and the
reaction potential will be accurately controlled. Due to the
advantage of eliminating the IR drop effect, the three-electrode
system is widely used in electrochemical biosensors. The
superior potential control afforded by the three-electrode
system makes it the standard for most electroanalytical
techniques used in biosensing, which typically employ direct
current or low-frequency alternating current waveforms as the
electrical stimulus. Consequently, powerful methods such as
amperometry, potentiometry, voltammetry, and electrochem-
ical impedance spectroscopy (EIS) are routinely utilized to
characterize the bioelectrochemical sensor interfacial phenom-
ena and will be reviewed in this section (Figure Sc, Table 5).

4.1.3.1. Amperometry. In amperometric sensors, the
applied potential facilitates the redox reaction of biomolecules,
with the electron transfer between these molecules and the
electrode quantified as a current signal.’”’ Enzymes are
commonly incorporated in wearable amperometric sensors
due to the remarkable selectivity and reversibility provided by
biocatalytic reactions, enabling continuous analysis of target
molecules. Biomarkers from biofluids undergo oxidation into
byproducts under the catalytic action of the oxidases.
Detection of target molecules is accomplished through
amperometric techniques, wherein the resulting current
response is proportional to the concentration of the target
biomarker.

4.1.3.2. Potentiometry. Potentiometric sensors operate
based on the potential difference between a RE and a WE
without requiring an applied current or potential. ISEs are
commonly utilized in wearable biosensors to monitor levels of
electrolytes or ions such as Na*, K', and Ca®* in
biofluids.**>*”® The WE, commonly referred to as ISE, is
typically modified with an ion-selective recognition membrane
composed of ion-carrier molecules. The polymer membrane-
based ISE allows only corresponding ions with specific charges
and sizes to interact. This selective recognition process
generates an electrochemical phase boundary potential,
which is then converted into a voltage signal by the sensor.
According to the Nernst equation, the potential signal
measured between the ISE and a RE, such as Ag/AgCl,
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exhibits a logarithmic linear relationship with the target ion
concentration.”””

4.1.3.3. Voltammetry. Voltammetry involves controlled
variation of applied potential with defined steps and rates
while monitoring the resulting current signals. Various
scanning methods exist for potential variation, including cyclic
voltammetry (CV), differential pulse voltammetry (DPV), and
square wave voltammetry (SWV). Voltammetry is typically
employed to monitor electroactive molecules, such as UA and
AA, by detecting their direct redox reactions at specific redox
potentials on the electrode surface under an applied potential
waveform. Compared to CV, DPV and SWV minimize
background charging currents, thus achieving highly sensitive
electrochemical measurements. Similarly, anodic stripping
voltammetry encompassing a preconcentration step of the
analyte followed by a voltammetric scan can detect extremely
low concentrations of heavy metals (Cu®*, Zn®**) in
biofluids.*® However, in the absence of specific biological
receptors such as enzymes or MIP, the selectivity of
voltammetry for detecting electroactive molecules is limited,
as different substances may exhibit similar redox potentials and
similar indistinct potentials are indicated in the voltammetry
curves.

4.1.3.4. EIS. EIS characterizes interfacial phenomena at the
electrode—electrolyte boundary. In the context of impedi-
metric biosensing, the sensor is interrogated by a small-
amplitude sinusoidal voltage perturbation, and the resulting
phase-shifted and attenuated current response is recorded. For
practical sensing applications, this response is often monitored
at a single, optimized frequency or a limited subset of discrete
frequencies that exhibit maximum sensitivity to the analyte
binding event, thereby ensuring a reliable analytical signal. The
behavior of the biosensor interface is conceptually modeled by
an equivalent electrical circuit (EEC), whose components (e.g.,
charge-transfer resistance, double-layer capacitance) are altered
by the biological process. The real and imaginary components
of the impedance are then algebraically derived from this
phase-amplitude response to extract the quantitative sensing
signal. This principle underpins applications such as the label-
free monitoring of changes in cell quantity, size, and shape.324

Collectively, sensing modules and electrochemical analysis
methods constitute a powerful toolkit for transducing chemical
phenomena into electrical signals via faradaic or nonfaradaic
processes. These techniques rely on the precise measurement
of perturbations in current, potential, or impedance arising
from interfacial electron transfer or surface modifications.
However, reliance on a single transduction modality can render
analytical results vulnerable to matrix-induced interferences
and systematic errors. To address this deficiency, the strategic
integration of complementary electroanalytical techniques is
recommended. By simultaneously monitoring distinct electro-
chemical parameters, it is possible to cross-validate findings
and deconvolute analyte signals from environmental noise,
thereby substantially augmenting the robustness and fidelity of
bioelectrochemical analysis.

4.1.4. Biofluids. Biofluids within the human body,
including sweat, urine, tears, saliva, and interstitial fluid
(ISF), constitute rich repositories of clinically relevant
biomarkers encompassing metabolites, ionic species, and
proteins. The concentrations of these analytes exhibit
correlative relationships with their corresponding blood
levels,*™! rendering these alternative biofluids valuable for
noninvasive diagnostic applications. Contemporary develop-

ments in wearable electrochemical monitoring have expanded
to encompass additional biofluid targets, including wound
fluid,>**%%* exhaled breath,>*® and epidermal molecular flux
(EMF) monitoring.”’** Furthermore, certain wearable sensing
modalities achieve biofluid analysis through implantable or
ingestible configurations, enabling access to cerebrospinal
fluid®" and gastric fluid compartments.’’>**> Nevertheless,
the analytical characterization of these biofluids presents
significant challenges attributable to their complex micro-
environments (exemplified by the bacterial flora and food
debris present in the oral cavity), anatomically constrained
accessibility (such as the ocular irritation associated with tear
stimulation and the subcutaneous localization of ISF), and
inherent matrix complexity (Figure Sd, Table 6).

4.1.4.1. Sweat. Sweat constitutes a preeminent biofluid
matrix for noninvasive, wearable health monitoring applica-
tions."'" Sweat glands facilitate continuous secretion and
transport to the epidermal interface via dermal ductal
networks,”'" enabling real-time acquisition. This dynamic
physiological monitoring offers superior temporal resolution
compared to the discrete blood sampling methodologies.*'”
Contemporary acquisition strategies are bifurcated into
iontophoresis (IP) and capillary-driven accumulation. IP
utilizes low-intensity current to facilitate the transdermal
delivery of agonists (e.g,, pilocarpine'®”), actively inducing
local secretion. However, the translational utility of IP is
constrained by stringent safety and analytical requirements:
current density and duration must be precisely modulated to
prevent thermal or electrochemical tissue damage,*” and
exogenous stimulation may perturb local homeostasis, altering
analyte stoichiometry. Furthermore, intersubject variability in
skin impedance and secretory responsiveness introduces
significant uncertainty in quantitative reproducibility. Con-
versely, capillary wicking relies on interfacial tension within
microfluidic channels or porous matrices to transport sweat.*'*
The fidelity of this passive approach depends on the
biocompatibility and inertness of the substrate to minimize
nonspecific adsorption. While intimate epidermal contact is
requisite for fluid capture,*'® excessive compression poses a
risk of ductal occlusion. Additionally, advanced encapsulation
is often necessary to mitigate evaporative concentration
artifacts in microliter-scale samples.

A fundamental impediment to wearable biosensing fidelity is
the inherent variability and instability of sweat composition
and secretion rates.”'® A primary source of error is the dilution
effect,*!” given the aqueous dominance of the matrix,
fluctuating secretory flux induces concentration shifts that
obscure true physiological baselines. Moreover, perspiration
involves complex active secretion and ductal reabsorption
mechanisms rather than simple passive filtration,*'® meaning
rate variations directly modulate analyte partitioning kinetics.
To remediate hydrodynamic artifacts, contemporary strategies
integrate real-time rate correction via flow sensors, normalizing
raw data through established rate-concentration transfer
functions.”'” Complementary advances in microfluidic man-
agement®>*'” and algorithmic filtering of rate-induced
transients further enhance signal fidelity. Beyond hydro-
dynamics, environmental parameters (temperature, humidity)
and physiological states can induce fluctuations in secretion
volume and composition. The dermal barrier further restricts
biomarker transport, resulting in low abundance relative to
blood®® and limiting detection primarily to small molecular
species.'” Furthermore, achieving efficient collection in

https://doi.org/10.1021/acs.chemrev.5c00801
Chem. Rev. XXXX, XXX, XXX—XXX


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.5c00801?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

Table 6. Comparative Analysis of Biofluid Sources for Wearable Biosensing Applications
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chemical information
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flux

populations with diminished perspiration remains a challenge;
this often necessitates stimulation methods that may
compromise user comfort or analytical integrity,*’ while
skin surface contaminants introduce significant interference.””'

4.1.4.2. ISF. The dermis, characterized by high ISF content,
represents the optimal interface for ISF access.”®” Current
methodologies predominantly utilize microneedle arrays
(comprising hollow, porous, or hydrogel architectures™”) to
facilitate direct monitoring or extraction. This approach
significantly reduces invasiveness relative to venipuncture.**”
Micrometer-scale precision in insertion depth is paramount to
restrict penetration to the epidermal or superficial dermal
layers, thereby isolating probes from deep-tissue vasculature
and nerve endings to mitigate hemorrhage and nociception.***
Despite the minimal invasiveness, patient compliance remains
influenced by psychological apprehension regarding puncture.
A formidable challenge to long-term functionality is the
nonspecific adsorption of proteins at the device-tissue
interface.””* Consequently, advanced surface engineering
strategies are critical to inhibit macromolecular accumulation.
Alternative strategies, such as reverse iontophoretic extraction,
are restricted to small molecules and require precise current
modulation to prevent cutaneous irritation.””> Furthermore,
extraction efficiency is highly susceptible to physiological
variations in skin impedance and hydration, causing fluctua-
tions in yield."””® ISF exhibits superior compositional stability
and a rich profile of soluble analytes closely correlated with
blood.*”” However, long-term sampling stability is suboptimal
compared to sweat. Prolonged microneedle arrays deployment
may elicit cutaneous hypersensitivity, edema, or inflammation,
which can skew analyte concentrations, compromising the
representativeness of the sampled fluid.**’

4.1.4.3. Saliva. Saliva secreted through oral glandular
activity offers a rich source of biomarkers, including hormonal
mediators and proteins.**® Monitoring is achieved via intraoral
patches™™ or mouthguard-integrated platforms.”° In situ
methodologies deploy orthodontic-like architectures for real-
time interfacial contact,”" while indirect protocols utilize
absorbent matrices for ex situ analysis.”*> While saliva sampling
obviates invasive puncture and provides substantial volumes
for extended monitoring, it is rheologically complex and highly
susceptible to extrinsic variables.**> Postprandial alterations,
hydration status, and oral hygiene introduce significant
analytical deviations. Furthermore, the complex oral micro-
biome environment can adversely affect sensor sensitivity and
precision.4 ”

4.1.4.4. Tear. Tears provide a noninvasive medium
containing numerous biomarkers, accessible via contact lens-
integrated sensors or collection patches.’”> While these
modality enhances user acceptance by avoiding tissue trauma,
they face challenges related to minimal sample volumes and
temporal variability. Tear secretory volumes are limited and
highly sensitive to environmental (humidity, airflow) and
physiological (stress, blinking) dynamics, resulting in unstable
availability that compromises reproducibility. Furthermore,
contact lens-based systems pose risks of ocular irritation and
potential tissue damage from sensor components. Device
engineering must strictly satisfy biocompatibility requirements
and miniaturization constraints to accommodate anatomical
limitations.>”**?

4.1.4.5. Urine. Urine offers comprehensive insights into
metabolic status and organ function, containing abundant
metabolites and electrolytes.**® Collection is noninvasive and
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Figure 6. The primary signal generation and transduction mechanisms of wearable electrophysiological and biophysical sensors. (a) Origins and
characteristics of electrophysiological signals. (b) Operational principles of biophysical pressure/strain sensors and temperature sensor (schematic
deformations are not to scale). Panel 1: Working principles of pressure/strain sensors. (1) Piezoresistive sensor: Utilizes the conductive bridging
effect in composite materials, where resistance changes with applied strain. (2) Capacitive sensor: Applied pressure alters the distance between
electrodes, thereby changing the capacitance. (3) Piezoelectric sensor: External pressure induces a proportional change in electric dipole alignment
and surface charge density. (4) Triboelectric sensor: Generates a signal via contact electrification between two dissimilar surfaces. Panel 2: Working
principles of biophysical temperature sensors. (1) Positive temperature coefficient thermistor: Based on composite materials, its resistance increases
as temperature rises. (2) Negative temperature coefficient thermistor: Based on composite materials, its resistance decreases as temperature rises.
(3) Pyroelectric sensor: Utilizes the change in spontaneous polarization in anisotropic materials in response to a time-varying temperature (dT/dt).
(4) Seebeck effect sensor: A temperature gradient across the junction of two dissimilar materials generates a proportional voltage. Abbreviations:
ECG, electrocardiography; EMG, electromyography; EEG, electroencephalography; F, force; T, temperature.

high-volume, typically utilizing direct immersion or absorbent
materials.”** Sensors must be disposable or easily sterilized to
prevent contamination and resist the corrosive matrix. A
primary limitation is the restriction to discrete measurements
during micturition, precluding continuous monitoring. Applic-
ability is often limited to specific demographics (e.g, infants,
elderly) within wearable contexts. Additionally, analyte
concentrations are heavily modulated by hydration status and
dietary intake, with excessive fluid consumption leading to
dilution effects.*”¥**

4.1.4.6. Wound Fluid. Wound exudate, produced during
healing to maintain moisture and deliver nutrients, serves as a
critical biomarker source, particularly in chronic nonhealing
wounds.'”**>** Intelligent dressings integrate sensors for

82 1 .
382,435 4r utilize adhesive

direct contact analysis
patche.”>**>*%  Sterility and nonadherence to tissue are
imperative. However, this modality is inapplicable to low-
exuding wounds and is constrained by the compositional

heterogeneity of exudate. Anatomical inconsistencies and the

risk of infection further complicate the standardization of
biomarker concentration analysis.

4.1.4.7. Exhaled Breath. Exhaled breath offers a noninvasive
avenue for high-frequency monitoring of respiratory and
gastrointestinal conditions*® via volatile organic compounds
(VOCs) and exhaled breath condensate (EBC).**7*3¢
Wearable devices enable real-time capture of gaseous
samples.””” However, mask-based systems may impede user
comfort. A significant technical challenge is the high-humidity
environment, which necessitates robust waterproofing or
sealing layers to prevent sensor degradation.’”* Furthermore,
breath composition is susceptible to environmental pollutants
and recent behavioral factors (diet, smoking), potentially
introducing analytical deviations.

4.1.4.8. EMF. The cutaneous interface governs transdermal
chemical transport, influencing health outcomes.*”® EMF
encompasses water vapor, metabolites, and VOCs.”****” The
principal advantage of EMF is its noncontact sampling
capability.**® Monitoring is facilitated by sealed chambers for
gaseous analytes’® or hydrogels for solid epidermal
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markers."””’ However, poor dispersion of solid markers may
compromise epidermal flux efficiency, and sealed chambers
may affect comfort. Similar to sweat, the permeation of high-
molecular-weight biomarkers is restricted, limiting the scope of
detectable analytes.

Wearable biofluid-based sensors still need to be validated
through gold-standard diagnostic methods and blood sample
test results. Future research needs to further evaluate the
impact of measurement environments on device reliability,
including: biological factors (such as biofouling or cross-
contamination from other biochemical substances in the
biofluids matrix), chemical factors (such as pH value changes),
physical factors (such as differences in sweat produced during
vigorous exercise versus resting states), cross-contamination
between biofluids (such as interactions between sweat, saliva,
and breath samples), collection methods (such as differences
between sweat samples obtained through IP versus exercise-
induced sweat), and variations in biofluids secretion sites (such
as the uneven distribution of different types of sweat glands
along the skin surface, which secrete sweat with specific
biochemical components). Additionally, the degradation of the
soft—hard interface between the skin and device over time
poses risks of fluid leakage, channel blockage, and mechanical
failure, warranting advanced research.

4.2. Electrophysiological Sensors

Electrophysiological sensors constitute a critical component in
wearable technology, facilitating the monitoring of bioelectric
potentials, including ECG,"*” EMG,"* and electroencephalog-
raphy (EEG)' (Figure 6a). These sensors also find application
in neurodegenerative diseases, sleep disorders, sports injury
prevention, etc. A significant challenge in the implementation
of these sensors lies in establishing a stable, electrically robust,
and conformal interface between the skin and the device, while
simultaneously shielding against the surrounding electro-
magnetic wave interference. This typically necessitates the
utilization of conductive gels to minimize electrical impedance
at the interface.

4.2.1. ECG. An ECG assesses variations in the electrical
activity of the heart through surface electrodes (Figure 6a,
panel 1). Excitation of cardiomyocytes generates action
potentials, resulting in potential differences observable on the
body surface. ECG electrodes record these potential differ-
ences, providing insights into cardiac rhythm and conduction
dynamics. These signals are characterized by distinct wave-
forms, including P waves, Q-, R- and S-wave (QRS) complexes,
and T waves.*"'

4.2.2. EMG. EMG is a technique used to record the
electrical activity of skeletal muscle fibers (Figure 6a, panel 2).
During muscle contraction, action potentials are initiated at the
neuromuscular junctions of muscle fibers.*** Surface or
intramuscular electrodes detect these voltage changes, which
reflect muscle activation and fatigue states.”*”**> The EMG
signal originates from the action potentials generated by
skeletal muscle fibers, typically exhibiting amplitudes ranging
from tens of microvolts to several millivolts.

4.2.3. EEG. The EEG records the electrical activity of
neuronal populations in the brain via scalp-mounted electrodes
(Figure 6a, panel 3).*** Neuronal activation generates weak
electrical signals that propagate through the scalp and are
subsequently detected by the EEG electrodes.””” Notable
waveforms include delta (§), theta (6), alpha (a), beta (f3),
and gamma (y) waves.'”**® The EEG signal originates from

synchronously generated electrical activity in the cerebral
cortex, typically characterized by low voltage (microvolt level)
with a diverse frequency spectrum.

Wearable electrophysiological sensing technology has
achieved real-time monitoring of key physiological indicators
such as electrooculography (EOG), skin conductance (skinG).
Nevertheless, the clinical translation and large-scale adoption
of this technology still face formidable challenges. On a
technical level, core bottlenecks constraining signal reliability
include precise device calibration, the effective filtering of
motion artifacts, and individual variations in sensor placement.
To overcome these hurdles, future research must focus on
developing robust calibration models and signal processing
algorithms by investigating electrophysiological waveforms in-
depth, innovating sensor technology to enhance signal-to-noise
ratio (SNR) and biocompatibility. The challenges in clinical
integration are equally prominent. To ensure acceptance by the
healthcare system, it is imperative to conduct rigorous clinical
validation of accuracy and reliability across large-scale, diverse
population cohorts and to establish standardized benchmarks
against clinical gold-standard, thereby guaranteeing the
sustained precision and clinical significance of device
calibrations and real-time physiological metrics.

4.3. Biophysical Sensors

The operational paradigm of biophysical sensors relies on the
transduction of mechanical deformations,’”®**” thermal
fluctuations,*™® or kinetic movements**’ into readable
electrical signals via the modulation of capacitance or
resistance within the sensing architecture (Figure 6b). A
pivotal advancement in this domain involves the integration of
acoustic”” and ultrasonic**' modalities, which significantly
expands the scope of physiological monitoring. These
sophisticated biophysical sensing systems facilitate the
comprehensive analysis of gait kinetics, locomotor activity,
respiratory mechanics, and vocalization patterns. Wearable
pressure sensors, in particular, exploit a spectrum of electro-
mechanical transduction mechanisms to convert physiological
pressure gradients into quantifiable electrical outputs. Con-
temporary research in pressure sensing emphasizes the
optimization of sensitivity and mechanical compliance through
the synergy of novel material integration and structural
engineering, with a specific focus on micropatterned
architectures.””> Concurrently, high-fidelity wearable temper-
ature sensors enable the real-time quantification of cutaneous
thermal variations, providing critical data streams for
prophylactic healthcare, exertion management, and personal-
ized therapeutic interventions.

4.3.1. Pressure/Strain Sensor. Mechanically compliant
sensors capable of resolving strain and pressure constitute a
rapidly evolving frontier at the intersection of materials science
and biomedical engineering. The utility of these devices spans
the real-time monitoring of subtle endo%enous physiological
pressures, such as intraocular pressure’”” and arterial blood
pressure (BP),*>® to gross exogenous biomechanical stimuli,
including flexion™* and tensile deformation.”>> The funda-
mental transduction mechanism hinges on the strategic
implementation of mechanoresponsive materials,*® which
actuate the conversion of mechanical energy into discernible
electrical signals. This transduction is generally governed by
one of four established physical principles: piezoresistivity,
capacitance, piezoelectricity, or triboelectricity (Figure 6b,

panel 1).
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4.3.1.1. Piezoresistivity. Wearable piezoresistive sensors"’
transduce surface pressure into resistance modulations via the
piezoresistive effect, facilitating quantitative pressure metering
and continuous surveillance. Resistance-based mechanisms
satisfy diverse application requirements by employing scalable
material systems, facile fabrication protocols, and conventional
readout instrumentation. Under compressive strain, the
diminution of interparticle separation promotes quantum
tunneling effects and the percolation of conductive networks.
Despite the high gauge factors exhibited by composite-based
sensors, they frequently suffer from hysteresis, signal drift,
sluggish response kinetics, and batch-to-batch variability.
These limitations arise primarily from the stochastic nature
of contact junction formation and the instability of tunneling
interfaces. Furthermore, the susceptibility of material resistance
to environmental variables, such as thermal fluctuations and
humidity, compromises longitudinal signal fidelity. Conse-
quently, future research must prioritize the decoupling of
pressure-induced resistance changes from these confounding
environmental factors to ensure clinical-grade accuracy.

4.3.1.2. Capacitance. Capacitive sensors*® generally utilize
a parallel-plate architecture wherein a dielectric material is
sandwiched between two electrodes. These devices exhibit
capacitance modulation under normal pressure due to the
mechanical deformation of the dielectric layer. The capacitance
variation is intrinsically governed by the interplay between the
spatial dielectric constant, the relative permittivity of the
dielectric medium, the effective electrode overlap area, and the
separation distance. In contrast to piezoresistive mechanisms,
capacitive sensors demonstrate a reduced dependence on the
intrinsic charge transport properties of specific functional
materials, operating effectively within a fundamental con-
ductor—insulator-conductor configuration. Nevertheless, the
selection of constituent materials and their geometric
dimensions critically dictates baseline capacitance and pressure
sensitivity. Specifically, dielectric materials with lower elastic
moduli undergo greater deformation under a given stress,
thereby enhancing sensitivity. While the straightforward design
and fabrication of capacitive sensors are advantageous, inherent
limitations such as modest capacitance modulation ranges and
diminishing SNR at reduced dimensional scales necessitate the
development of advanced dielectric microstructures to amplify
sensitivity.

4.3.1.3. Piezoelectricity. Distinct from piezoresistive and
capacitive modalities that necessitate external power supplies,
piezoelectric materials function as energy-autonomous systems,
generating surface potential differences in response to
mechanical deformation.”>* These materials facilitate the
sensing of dynamic pressure through direct mechanical-to-
electrical energy transduction. In crystalline inorganic materi-
als, the piezoelectric effect originates from ionic displacement
within noncentrosymmetric crystal lattices, whereas in organic
piezoelectric polymers, it derives from the conformational
reorientation of polar polymer chains. This mechanism enables
the measurement of potential differences without voltage bias,
supporting the development of self-powered sensing plat-
forms.*” Fundamentally, the process relies on pressure-
induced lattice deformation in materials with noncentrosym-
metric point group symmetry, where external force shifts the
geometric centers of positive and negative charges. This
polarization subsequently induces charge redistribution in
proximal conductive materials, requiring readout circuits

optimized for high-impedance sources to prevent charge
leakage.

4.3.1.4. Triboelectricity. Analogous to piezoelectric sensors,
triboelectric devices*® convert mechanical pressure variations
into electrical outputs without external power input. The
mechanism relies on contact electrification, where charge
separation is driven by disparities in electronegativity, surface
morphology, and physicochemical properties between contact-
ing interfaces. Upon intimate contact between two dissimilar
materials, electron transfer occurs across the interface to
equilibrate chemical potentials. The transduction process
proceeds through distinct contact and separation phases.
During contact, opposing charges neutralize; during separation,
the establishment of a dipole layer creates an electron potential
gradient, driving current flow through an external load. Recent
advances integrating nanostructured materials have substan-
tially augmented the effective surface area, thereby enhancing
charge density and triboelectric performance.’®’ However,
addressing the mechanical wear associated with friction and
ensuring long-term stability remains a critical direction for the
maturation of this technology.

4.3.2. Temperature Sensor. Physiological temperature
serves as a critical biomarker intimately linked to homeostatic
regulation and pathological states. While conventional mercury
thermometers and rigid electronic circuitry provide accuracy,
they lack the mechanical compliance necessary for continuous,
noninvasive monitoring. In contrast, wearable sensing plat-
forms offer conformal adhesion to cutaneous surfaces and
enhanced biocompatibility, enabling real-time tracking of
thermal dynamics.*®> These flexible systems facilitate deploy-
ment across varied operational settings, proving particularly
valuable for detecting pyretic deviations. Despite the relatively
narrow thermal window of the human body, precise detection
is achieved through three predominant transduction mecha-
nisms: the thermal resistance effect, the pyroelectric effect, and
the Seebeck effect (Figure 6b, panel 2).

4.3.2.1. Thermal Resistance Effect. Thermoresistive trans-
duction represents the most prevalent mechanism in flexible
temperature sensing, manifesting as a modulation of electrical
resistance in response to thermal perturbations. This behavior
bifurcates into positive temperature coefficient (PTC)*** and
negative temperature coeflicient (NTC)** responses. The
PTC characteristic typically arises from enhanced scattering
probabilities of high-energy charge carriers as thermal energy
increases, yielding elevated resistance. Conversely, NTC
behavior is governed by the thermal activation of charge
carriers, thermal energy promotes the excitation of valence
electrons to conduction states, thereby augmenting carrier
density and reducing overall resistance.

4.3.2.2. Pyroelectric Effect. The pyroelectric effect exploits
the spontaneous polarization of anisotropic, noncentrosym-
metric dielectric materials in response to transient thermal
stimuli (dT/dt).**> Under time-dependent temperature
fluctuations, the internal dipole moments of these polar
materials reorient, inducing uncompensated bound charges at
the material surfaces and generating a measurable current.**®
This dynamic response mechanism is integral to the fabrication
of nanogenerators, facilitating dual functionality in energy
harvesting and self-powered temperature sensing,**”

4.3.2.3. Seebeck Effect. The Seebeck effect represents a
thermoelectric conversion phenomenon that exploits temper-
ature gradients across heterogeneous material junctions to
drive charge carrier migration and establish electrical current
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Figure 7. Fundamental system-level components for wearable electronics. Abbreviations: PET, polyethylene terephthalate; PI, polyimide; PDMS,
polydimethylsiloxane; PU, polyurethane; SEBS, styrene—ethylene—butylene—styrene.

flow.*® The Seebeck coefficient is defined as the ratio of

induced electric field intensity to the applied temperature
gradient: Seebeck coefficient = dV/dT, where dV and dT
denote the potential difference and temperature differential
between the cold junction (T),) and hot junction (T)),
respectively.*®” Compared to alternative temperature measure-
ment mechanisms, the Seebeck effect demonstrates immunity
to mechanical strain influences, thereby circumventing temper-
ature-strain signal coupling phenomena commonly encoun-
tered in flexible and stretchable temperature sensing devices.*”’
However, Seebeck effect manifestation requires the establish-
ment of temperature differentials across the sensing
element.*”" Because the human body temperature is relatively
constant, and as the heat is transferred to the device, the signal
generated by the Seebeck effect becomes lower.

5. FUNDAMENTAL SYSTEM-LEVEL COMPONENTS

Upon synthesis and deposition on flexible supports via micro/
nanofabrication protocols, wearable sensor electrodes are
integrated with electronic circuitry and power subsystems to
constitute comprehensive wearable systems. These circuits
execute critical operations: harvesting and regulating energy
from flexible power units, acquiring electrical signals indicative

of physiological parameters from sensing electrodes, and
subsequently conditioning, amplifying, and wirelessly trans-
mitting the resultant data. The architectural design of such
systems necessitates the rigorous definition of boundary
conditions, including data fidelity requirements, user comfort,
energy consumption constraints, and wireless telemetry range
specifications (Figure 7).

5.1. Substrate

The substrate serves as the foundational chassis, providing
mechanical support and a stable platform for the functional
components of wearable electronics."”” To satisfy the rigorous
demands of practical deployment, an ideal substrate must
exhibit a multifaceted performance profile. Mechanical
compliance is paramount; the device must conform intimately
to the curvilinear topography of the human body and
accommodate dynamic strain associated with natural kinematic
movement.*’> Furthermore, the substrate requires sufficient
mechanical toughness to withstand external physical pressure
during routine operation, thereby maintaining the structural
integrity of the electronic assembly.””? Biocompatibility is a
non-negotiable criterion; materials at the biointerface must
demonstrate negligible cytotoxicity and allergenic potential to
ensure safety during prolonged epidermal contact.*’* Substrate
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permeability also constitutes a critical parameter, facilitating
moisture management to enhance user comfort during
extended wear.*””

Prevalent substrate materials include a spectrum of flexible
polymers and elastomers, notably polyethylene terephthalate
(PET), polyimide (PI), polydimethylsiloxane (PDMS), polyur-
ethane (PU), and styrene-ethylene-butylene-styrene (SEBS)
block copolymers.”’® Contemporary requirements for en-
hanced biocompatibility, breathability, and seamless integra-
tion have catalyzed interest in textile- and paper-based
substrates, utilizing cotton, conductive fabrics, and cellulosic
materials.”’® Concurrently, advances in materials science have
enabled the engineering of novel composite substrates. These
composites synergistically merge the advantageous mechanical
and physicochemical properties of constituent materials,
mitigating the mechanical impedance mismatch between
rigid electronics and soft tissue, thus optimizing overall system
performance and broadening the design space for next-
generation electronics.

5.2. Electronic Processing Unit

The electronic processing unit functions as the computational
core of the wearable system, orchestrating signal amplification,
filtration, analog-to-digital conversion (ADC), and advanced
data processing to derive diagnostic insights from raw sensor
inputs. Biosignals acquired in wearable configurations typically
possess low amplitudes and are highly susceptible to motion
artifacts and environmental noise, necessitating robust signal
conditioning strategies. The architectural design of these units
demands a critical optimization between computational
throughput and power efliciency. Given that wearable devices
operate under stringent energy budgets, the processing
architecture must maximize algorithmic capability while
minimizing quiescent and active power consumption to extend
battery life.

State-of-the-art implementations frequently utilize low-
power microcontroller units (MCU) as central control
elements, comglemented by optimized algorithms for efficient
signal analysis.” The signal chain generally incorporates digital-
to-analog conversion (DAC) and ADC stages to digitize
physiological signals.””” Following digitization, data are
buffered in read-only memory (ROM) or random-access
memory (RAM) modules for transient or persistent storage.*”®
Commensurate with the expanding functional density of
wearable technologies, modern processing units increasingly
integrate on-node computational capabilities, such as artificial
intelligence (AI) and machine learning (ML) algorithms.479
These edge-computing enhancements facilitate the real-time
fusion and analysis of multimodal data, providing end-users
with comprehensive, high-fidelity monitoring of health status
and biophysical activity.

5.3. Wireless Communication Unit

Wireless telemetry is indispensable for the functionality of
modern wearable electronics, governing data offloading and
system interconnectivity.**’ Among these, wireless local area
network (WLAN), fifth-generation mobile communication
technology (SG), Bluetooth low energy (BLE), and near field
communication (NFC) are selected based on their specific
power consumption profiles and integration feasibility. Under
standard operating conditions, WLAN performance is dictated
by router specifications and spectral allocation.”®’ BLE
protocols, operating at 2.4 GHz, offer an effective transmission
range of approximately 100 m using compact antenna designs,

though they necessitate an autonomous, continuous power
482

reserve. Conversely, NFC technology operates over

significantly shorter ranges of approximately 10 cm but offers

a distinct advantage in energy management.483

5.4. Power Subsystem

The functionality and utility of wearable electronics are
fundamentally governed by the efficacy of their power
subsystems, which face the dichotomy of delivering high
conversion efficiency and extended operational autonomy
within increasingly miniaturized, conformable form factors. A
resilient power architecture for such biointegrated devices is
predicated on the synergistic engineering of three functionally
distinct yet deeply coupled domains. First, energy harvesting
confers device autonomy,*** thereby establishing a persistent
power supply. Second, energy storage serves as the requisite
buffer, utilizing high energy-density and power-density electro-
chemical systems.™*> This component must reliably accumulate
intermittent energy from harvesting modules or external
charging interfaces while dynamically addressing the stochastic
load profiles of the system. Finally, power management
functions as the regulatory core. It executes critical operations
including voltage conversion, implementation of sophisticated
charging protocols,"® and multitiered protection against
electrical or thermal anomalies, thus optimizing energy
throughput and ensuring systemic safety. The holistic codesign
and functional integration of these three domains are
paramount, collectively dictating the energy efficiency, opera-
tional endurance, and clinical or commercial viability of
advanced wearable systems.

5.4.1. Energy Harvesting Modules. Ubiquitous energy
sources present in the physiological and ambient environment,
including ranging from biochemical energy in perspiration and
body heat, to biomechanical kinetic energy, can also be
harvested to sustain wearable devices. For on-skin sensing
applications, the critical challenge lies in developing flexible
harvesting modules that maintain conformal skin contact,
efficiently transduce environmental stimuli, and seamlessly
integrate with storage elements to buffer power disparities.

5.4.1.1. Biofuel Cells-Based Sweat Power Generation.
Biofuel cells (BFCs) exploit enzymatic catalysis to harvest
bioelectricity from redox-active metabolites present in
perspiration.”” In the context of wearable electronics, BECs
represent a chemically intrinsic power solution, with lactate
serving as a primary fuel source due to its high physiological
concentration during physical exertion. Lactate BFC architec-
tures typically comprise an anode functionalized with lactate
oxidase (LOx) and redox mediators to facilitate lactate
oxidation, coupled with a cathode engineered with high-
surface-area catalysts to accelerate the oxygen reduction
reaction.”™ While lactate remains the predominant fuel,
BFCs utilizing glucose, ethanol, and other biomarkers have
also been demonstrated,**” expanding the scope of metabolic
energy harvesting.

5.4.1.2. Kinetic Generator. Biomechanical motion offers a
substantial reservoir of kinetic energy, harvestable via tribo-
electric nanogenerators (TENGs)*’ and piezoelectric nano-
generators (PENGs).”" Since their seminal introduction in
2012,** TENGs have been rigorously optimized for wearable
applications. These devices operate on the principles of contact
electrification and electrostatic induction between materials
with distinct electron affinities. Wearable TENG and PENG
architectures effectively scavenge energy from heel strikes
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during ambulation or joint flexion during muscle contraction,
delivering power densities sufficient to drive functional
wearable electronics.””*"*

5.4.1.3. Thermoelectric Generator. Thermoelectric gener-
ators transduce the thermal gradient between the human
epidermis and the ambient environment into electrical energy
via the Seebeck effect.*”> However, the performance of
conventional thermoelectric generators is intrinsically limited
by fluctuations in ambient temperature, which dictates the
magnitude of the thermal gradient. Contemporary research
emphasizes the material engineering of semiconductors with
enhanced Seebeck coeflicients and suppressed thermal
conductivity.*”® Furthermore, recent advances address the
thermodynamic equilibrium caused by device heat accumu-
lation; strategies include the integration of heat sinks on
flexible substrates to sustain the necessary temperature
differential between the body and the environment.**’

5.4.1.4. Photovoltaic Cells. Ambient illumination represents
a high-density power source applicable to diverse operational
scenarios. While commercial photovoltaics rely heavﬂy on rigid
inorganic silicon due to superior quantum efficiency,”® their
mechanical rigidity and spectral mismatch with indoor lighting
constrain their utility in conformal wearables. The emergence
of organic—inorganic perovskite photovoltaics in 2009 initiated
a paradigm shift, offering exceptlonal photoelectric perform-
ance and tunable bandgaps.””” These next-generation cells are
capable of high power density in both outdoor and low-light
indoor environments.”” Crucially, organic and perovskite
materials offer distinct advantages over inorganic counterparts
for wearables, including solution-processability, and inherent
mechanical flexibility suitable for skin-interfacing devices.

5.4.1.5. Wireless Energy Harvesting. Battery-free architec-
tures can utilize radio frequency identification (RFID)
protocols, harvesting electromagnetic energy via near-field
inductive coupling between conductive coils and NFC-enabled
readers.”®’ However, the geometric footprint required for
inductive coils poses challenges for miniaturization, particularly
in deep-tissue implants such as cardiac pacemakers.’”* In this
context, magnetoelectric (ME) wireless power transfer has
emerged as a transformative alternative, enabling scalable,
untethered bioelectronic networks.””> The defining advantage
of ME transduction is its field-mediated operation, which
obviates the need for precise focal alignment. Nevertheless, the
utility of wireless harvesting is bounded by transduction
inefficiencies. The multistage electrical-magnetic conversion is
susceptible to attenuation, a deficiency that becomes critical in
long-term in vivo apphcatlons where energy dissipation
manifests as parasitic heat.””* This uncoupled energy presents
nontrivial risks of thermal cytotoxicity or histological damage
to surrounding tissues, necessitating rigorous thermal manage-
ment.

5.4.1.6. Hybrid Energy Harvesting. Given that individual
harvesting modalities possess intrinsic limitations, hybrid
architectures combining multiple transduction mechanisms
allow for enhanced reliability and expanded application
scenarios. Complementary harvesting’” (e.g., simultaneous
photovoltaic and thermoelectric, or biochemical and bio-
mechanical) ensures continuous power output even when a
single source is intermittent. Furthermore, synergistic integra-
tion can extract energy from a single complex source, such as
sunlight (providing both photons and heat) or sweat
(coinciding with motion), thereby maximizing the total
power conversion efficiency of the system.

In summary, energy harvesting modules provide critical
supplementary power, extending the operational duty cycle of
wearable devices. When coupled with efficient storage, these
systems can mitigate reliance on bulky lithium-ion batteries
(LIBs), reducing recharging frequency and enhancing user
compliance.

5.4.2. Energy Storage Modules. Energy storage con-
stitutes the most materials-intensive challenge within the
wearable power subsystem. These components must deliver
reliable electrochemical performance within safe thermal limits
while emulating the mechanical properties of textiles, including
softness and washability.”*® Contemporary flexible storage
technologies predominantly follow two morphological trajec-
tories: rechargeable flexible batteries and supercapacitors.
Structurally, these devices have evolved into thin-film**” and
fiber-based>”” configurations, utilizing modified electrolytes to
achieve the flexibility and stretchability mandated by practical
wearable applications.”*”

5.4.2.1. Flexible Battery. Commercial wearable devices
largely rely on rechargeable LIBs due to their high specific
energy. However, conventional LIBs pose inherent safety risks,
including thermal runaway and electrolyte leakage.”'® Develop-
ment trajectories for wearable batteries focus on structural
innovations, such as fiber-woven or interlocking architectures,
to impart stretchability.”’® Alternative chemistries aim to
circumvent the safety and rigidity limitations of LIBs by
employing aqueous electrolytes and polyvalent metal ions.>"!
Notable examples include aqueous cobalt—zinc,”"” flexible
zinc-ion,”"” and ammonium-ion batteries,”'* which offer
environmentally benign and biocompatible power sources
suitable for intimate skin contact.

5.4.2.2. Wearable Supercapacitor. Supercapacitors offer a
distinct power profile characterized by rapid charge/discharge
rates and high power density.”'> Charge storage is achieved
through two principal mechanisms: electric double-layer
capacitance at the electrode/electrolyte interface and pseudo-
capacitance arising from reversible surface redox reactions.’'®
Current research prioritizes the maximization of areal
capacitance concurrent with miniaturization. Strategies to
enhance EDLC involve heteroatom doping of carbonaceous
materials to increase specific surface area, while transition
metal oxides and conductive polymers are employed to
augment pseudocapacitive contributions. Morphological en-
gineering parallels that of batteries, focusing on conformable
films*'® and fiber-like®'” architectures compatible with textile
integration.

A paradigm shift is required to transition from rigid, sealed
energy storage to wearable systems. Unlike traditional designs
that prioritize energy density within fixed volumes, wearable
power sources must exhibit dynamic mechanical adaptability.
Flexibility and stretchability are fundamental prerequisites;
devices must withstand repetitive bending, twisting, and strain
without structural delamination or performance degradation.
Furthermore, given the proximity to the skin, safety is non-
negotiable. Risks such as toxic electrolyte leakage and
overheating must be eliminated through the use of thermally
stable, flame-retardant electrolytes and biocompatible encap-
sulation. Ultimately, stability in this domain is bifurcated:
mechanical stability ensures physical integrity under deforma-
tion, while electrochemical stability guarantees that perform-
ance metrics (capacity, voltage plateau) remain invariant under
mechanical stress, ensuring reliable long-term service.
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5.4.3. Power Management Unit. For long-term,
epidermal electronic applications, safety and operational
endurance are paramount. The power management unit
typically integrates a power management integrated circuit
with peripheral protection networks to regulate charge/
discharge cycles. The power management integrated circuit
orchestrates power distribution based on the real-time state of
device subcomponents, prioritizing critical sensing or trans-
mission functions to ensure operation within safe thermal,
current, and voltage envelopes.518 In energy harvesting
scenarios, boost converters are essential to up-convert low-
voltage outé)uts from harvesters to levels sufficient for storage
charging."®® These circuits facilitate the rectification and
regulation of sporadic energy inputs into batteries or
supercapacitors. Additionally, precision threshold control and
overvoltage/overcurrent protection mechanisms are critical to
preventing degradation of the storage medium, thereby
securing the operational integrity of the wearable system.

5.5. Encapsulation

Encapsulation represents a pivotal stage in the fabrication of
wearable electronics, facilitating component integration while
simultaneously shielding internal mechanisms and augmenting
overall device efficacy. Robust encapsulation architectures are
essential for mitigating component degradation induced by
environmental stressors, thereby ensuring operational reli-
ability across rigorous conditions.”'” For instance, hydrophobic
barrier structures enable functionality in aqueous media by
precluding fluid permeation and subsequent failure of
electronic circuits.”*° Concurrently, electromagnetic shielding
strategies suppress internal signal crosstalk and attenuate
external electromagnetic interference.’”’ The design of
encapsulation protocols requires meticulous engineering to
minimize impedance to electronic performance. Optimal
architectures must achieve a balance between protective utility
and signal transmission efliciency, while also addressing
ergonomic factors such as device aesthetics and mechanical
compliance. The utilization of low-density materials and
compact structural designs significantly alleviates the physical
burden during prolonged epidermal contact. Furthermore, the
selection of highly biocompatible encapsulation interfaces is
imperative to sequester potentially cytotoxic internal elements,
preventing the leaching of hazardous substances into biological
tissues.”>”

The constituents of fundamental system-level components
function synergistically to establish comprehensive sensing
platforms. Rather than a mere aggregation of discrete parts, the
architecture of a wearable system operates as a cohesive,
interdependent continuum where the sensing interface,
substrate, processing logic, wireless communication modules,
power subsystems, and encapsulation strategies are inextricably
coupled. The operational parameters of these fundamental
units are intrinsically linked and reciprocally constraining. For
example, enhanced sensor fidelity mandates increased data
throughput, which necessitates superior computational ca-
pacity from the processing unit. This escalation in processing
load directly correlates with increased energy consumption,
imposing stringent constraints on the energy density and form
factor of the power source. Therefore, the advancement of
wearable technology requires not merely the isolated enhance-
ment of individual metrics, but a holistic, system-level
optimization to establish a synergistic equilibrium among
conflicting performance vectors.

6. CORE PERFORMANCE CHARACTERIZATION

Rigorous quantification of performance metrics constitutes a
fundamental prerequisite for evaluating the technological
maturity and translational viability of wearable electronic
systems. These figures of merit are not merely decisive in
establishing a device’s capacity to resolve subtle physiological
signals with high fidelity, but they are also inextricably linked to
functional reliability in uncontrolled environments and,
consequently, user adoption. A systematic and critical
interrogation of these indicators is therefore indispensable.
Accordingly, this section provides a comprehensive assessment
of these core performance characteristics (Table 7). To
advance the field, future endeavors must prioritize the
establishment of consensus testing standards and robust
validation frameworks that effectively bridge the gap between
idealized laboratory characterization and in situ performance
under realistic operational conditions.

6.1. Sensitivity

The capacity of a sensing platform to transduce minute
variations in an input stimulus into a quantifiable output signal
is defined as sensitivity.””>>*" Within the linear dynamic range
of a calibration curve, this metric is mathematically defined by
the slope, where sensitivity = Aoutput/Ainput. To decouple
performance from geometric disparities and facilitate rigorous
cross-comparison among diverse architectures, sensitivity is
frequently normalized to the electrode area.'’””** The
magnitude of sensitivity is governed by the convolution of
several physicochemical determinants, including the electro-
chemically active surface area,””’ the intrinsic electronic
transport properties of the sensing material, and the micro/
nanoscopic topology of the sensing interface.”** Consequently,
state-of-the-art strategies for augmenting sensitivity predom-
inantly emphasize materials design and surface engineering.
Prevalent approaches include the integration of functional
nanostructures' > to leverage quantum confinement
effects and elevated surface-area-to-volume ratios; the modu-
lation of electronic transport via doping and advanced
synthesis methodologies;*** and the rational architecting of
the sensing interface to maximize the density, accessibility, and
utilization of active sites. A critical limitation in contemporary
literature is the tendency to optimize sensitivity in isolation,
neglecting trade-offs with other pivotal metrics. An exclusive
focus on hyper-sensitivity through aggressive surface mod-
ification or extreme nanostructuring frequently precipitates
increased baseline noise and compromised reproducibility,
ultimately undermining the device’s practical utility. Rectifying
this deficiency necessitates a holistic optimization framework
that harmonizes sensitivity with device durability and opera-
tional reliability.

6.2. Limit of Detection (LOD)

The limit of detection (LOD) serves as a fundamental figure of
merit for wearable sensors, delineating the minimum analyte
concentration or physiological signal intensity distinguishable
from background noise with statistical confidence. Quantita-
tively, the LOD is conventionally expressed as LOD = 3¢/
5,°°"%* where ¢ represents the standard deviation of the blank
measurement and s denotes the analytical sensitivity. The
achievable LOD is dictated by the interplay of baseline noise,
temporal signal drift, and the inherent responsivity of the
transduction element. Minimizing the LOD typically demands
a coordinated, multilevel engineering strategy. Hardware-level
interventions focus on the design of low-noise electronic front-
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employment of piecewise linear calibration models,”**>** the

application of advanced nonlinear regression, and the
leveraging of ML algorithms for signal linearization and
adaptive calibration.”™ A recurrent deficiency in current
practice is the inadequate characterization of the linear range
under conditions reflecting the complexity of real-world
samples, including matrix effects. Additionally, reliance solely
on global R* values can obscure local deviations from linearity
that are critical for specific concentration regions of clinical
relevance. To overcome these limitations, future investigations
should adopt rigorous statistical assessments of linearity (e.g.,
residual analysis, lack-of-fit tests) and explicitly report local
calibration performance within subranges of specific interest.

6.5. Selectivity

Sensor selectivity denotes the ability of a device to generate a
distinct, quantifiable response to a specific target analyte or
biophysical stimulus within a complex biological or environ-
mental matrix, while exhibiting negligible response to
coexisting nontarget species. The fidelity of selective detection
is often compromised by physicochemical processes, including
cross-reactivity with structurally similar interferents, non-
specific adsorption, matrix effects, and competitive binding at
the recognition interface. Accordingly, enhancing selectivity
necessitates the rational design of antifouling interfaces®>" to
suppress nonspecific adsorption and the development of
molecular recognition elements with high intrinsic binding
affinity and specificity.”*>'” For devices transducing bio-
physical phenomena rather than chemical interactions,
selectivity is augmented by judicious material selection to
ensure preferential responsivity, sophisticated packaging to
attenuate extraneous inputs, and the utilization of advanced
signal processing for feature extraction. To address this, future
efforts should emphasize systematic interferent screening
under physiologically relevant conditions, quantitative report-
ing of selectivity metrics, and the integration of multimodal
sensing or data-fusion strategies that leverage orthogonal
signals to deconvolute analyte-specific responses from back-
ground interference.

6.6. Stability

The stability of a sensor, defined as its capacity to maintain
consistent performance indices over extended operation or
storage, is a decisive determinant of functional lifetime and
commercial feasibility. Stability is commonly bifurcated into
short-term stability (repeatability) and long-term stability.
Short-term stability characterizes signal drift or fluctuation
during discrete measurement cycles, directly impacting
precision. Long-term stability refers to the gradual degradation
or attenuation of response under specific environmental or in
situ conditions. Quantitative assessment typically involves
longitudinal monitoring of a standard reference, deriving
figures of merit such as signal retention, relative standard
deviation (RSD), and drift rates. High stability mitigates the
need for frequent recalibration and is critical for continuous
monitoring where maintenance is constrained. Degradation
arises from intrinsic mechanisms, such as chemical aging and
decomposition of sensing materials, and extrinsic influences,
including biofouling, passivation, and environmental fluctua-
tions (temperature, humidity, mechanical stress). Improving
stability requires a multifaceted strategy: physical approaches
such as robust encapsulation to shield active components;
procedural interventions including optimized storage and
periodic regeneration; and computational strategies utilizing

AA

drift-correction algorithms and reference channels. Future
work need to prioritize standardized, long-term stability
protocols, including accelerated aging studies and comprehen-
sive reporting of failure modes and recalibration intervals.

6.7. Reproducibility

Reproducibility quantifies the consistency of sensor outputs
across distinct fabrication batches and among different
operators or setups. It is commonly evaluated using the RSD
of key performance parameters measured across multiple
devices under nominally identical conditions.'”*** The
primary sources of variability include stochastic fluctuations
in materials synthesis and micro/nanofabrication, heteroge-
neity in film morphology, variations in device assembly, and
deviations in ambient testing conditions. These factors
contribute to performance dispersion, complicating cross-
study comparisons and hindering large-scale manufacturing.
Enhancing reproducibility requires a concerted focus on
process control and methodological standardization. Core
strategies encompass the stringent automation of synthesis and
fabrication workflows, rigorous regulation of the testing
environment, and strict adherence to standard operating
procedures covering device preparation, calibration, and data
analysis.

6.8. Signal-to-Noise Ratio (SNR)

The SNR is a fundamental descriptor characterizing the quality
and reliability of an analytical signal, defined as the ratio of
signal power to noise power (SNR = S/N) and conventionally
expressed in decibels. A high SNR is imperative for
discriminating the desired signal from the noise floor.”>
Dominant noise sources include extrinsic contributions, such
as electromagnetic interference and mechanical perturbations,
and intrinsic noise generated within the sensor and readout
electronics.”" These sources broaden signal distributions and
impose limits on the minimum detectable stimulus. Strategies
to enhance SNR involve hardware-level optimization and
postacquisition signal processing. The latter employs digital/
analog filtering, baseline correction, and advanced algorithms
like wavelet denoising to selectively suppress noise compo-
nents outside the signal’s feature space.

Performance characterization of wearable electronics hinges
on a suite of well-defined analytical metrics indispensable for
benchmarking technological efficacy. However, a holistic
evaluation must extend beyond fundamental sensing capa-
bilities to encompass application-specific attributes, including
biocompatibility, ! mechanical resilience,*® user ergonomics,
and environmental robustness. To bolster scientific rigor,
standardized and meticulous reporting of experimental
validation protocols is imperative. This includes complete
documentation of electrode geometry, electrochemical cell
configuration, ambient conditions, and interferent concen-
trations. Critically, the validation of novel wearable devices
requires benchmarking against recognized gold-standard
methodologies, such as mass spectrometry for elemental
analysis or certified medical-grade monitors. The accuracy
and reliability of data must be rigorously established through
robust statistical techniques, including deviation analysis, spike-
and-recovery assays, or Bland—Altman analysis, to affirm the
device’s analytical concordance and practical viability.

7. SCREEN PRINTING

Screen printing constitutes a paradigmatic additive manufac-
turing strategy for wearable electronics, employing a squeegee-
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Figure 8. Preparation of wearable electronics via screen printed and wearable biochemical sensors. (a) Schematic illustration depicting the
fabrication process of screen printed wearable electronics. Photographs of printing equipment. (b) Cross-sectional schematics of the device
architecture. Chronoamperometric response recorded from cholesterol-oxidase-based sensors. Comparative analysis of epidermal lactate
concentrations measured in the solid state at baseline, 1.5 h postprandially, and 3.5 h postprandially. Correlation between lactate levels quantified
by the SEBS-based sensor and those obtained via tape-stripping combined with a commercial colorimetric assay kit, assessed at three distinct time
points per subject. Reproduced with permission from ref 352. Copyright 2024 Springer Nature. (c) Layer-by-layer schematics of the Ag,0—Zn
battery, accompanied by the electrochemical reaction mechanisms occurring at the anode and cathode. Potentiometric signals were recorded with
incremental increases in lactate concentration from 0 mM to 25 mM. Simultaneous measurement of sweat glucose using the wearable patch
alongside corresponding blood glucose levels. Sweat lactate quantification was performed using both a commercial meter and the wearable patch
sensor. Reproduced with permission from ref 570. Copyright 2022 Springer Nature. (d) Structural schematics illustrating the individual layers
constituting enzymatic BFCs. In vitro sensor performance curves, including an inset calibration curve specific to AA detection. Continuous full-day
biomarker monitoring achieved with the wearable fingertip microgrid device under varying physical activity conditions. Reproduced with
permission from ref 542. Copyright 2024 Springer Nature. Abbreviations: Lac, lactate; SEB, solid epidermal biomarkers; Glu, glucose; LOx, lactate
oxidase; PVA, poly(vinyl alcohol); BOD, bilirubin oxidase; sAg, stretchable silver inks; AA, ascorbic acid; DA, dopamine; C, concentration.

mediated hydraulic mechanism to extrude functional inks
through stenciled meshes into electrode arrays.”” Distinguished
by operational simplicity, high-throughput capabilities, and
economic scalability, this technique is uniquely advantageous
for industrial-scale fabrication.”” Although the spatial
resolution is generally inferior to photolithographic standards,
the trade-off is favorably balanced by cost efficiency and
manufacturing velocity. The versatility of the method enables
direct patterning onto a broad spectrum of substrates,
encompassing not only planar flexible films but also non-

AB

conformal, topologically complex surfaces such as spherical,
deformable, or ultrathin geometries.554 Furthermore, the
capacity to modulate film thickness affords critical adaptability
in optimizing device impedance and sensitivity for diverse
applications.”>>

7.1. Core Process and Workflow

Fundamentally, the technique relies on the hydrodynamic
transport of a functional fluid through specific apertures in a
mesh screen to replicate a geometric design on a receiver
substrate (Figure 8a).”>> The standard apparatus comprises the
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mesh stencil, the squeegee, the viscoelastic ink, the printing
platform, and the flexible substrate.*>

7.1.1. Material and Ink Design. The fidelity of screen-
printed devices is governed intrinsically by the rheological
profile of the functional ink.>>” An ideal formulation must
demonstrate non-Newtonian behavior, specifically pronounced
pseudoplasticity (shear-thinning) and thixotropy.>>® This
profile necessitates a high zero-shear viscosity to maintain
suspension stability at rest, transitioning to a low-viscosity state
under the shear stress of the squeegee to facilitate mesh
percolation. Subsequent rapid structural recovery upon stress
cessation is imperative to preserve pattern acuity and mitigate
defects such as slump or capillary bleeding. Furthermore,
thermodynamic homogeneity within the dispersion is essential
to prevent mesh occlusion and ensure layer uniformity.

Ink formulations are generally complex multicomponent
systems, categorized by their continuous phase into organic,
aqueous, or emulsion-based vehicles.”>” The physicochemical
properties (conductivity, rheology, and environmental stabil-
ity) emerge from the synergistic interaction of constituents: a
functional phase, a polymeric binder, a solvent vehicle, and
specific additives. The functional phase, dictating electronic
utility, may consist of noble metal nanoparticles (e.g,, gold),”*
conductive polymers, or carbon allotropes.””® These are
dispersed within a binder matrix, such as epoxy resin,”’
which provides cohesive integrity and substrate adhesion. The
solvent vehicle, utilizing agents like dimethylformamide
(DMEF),>* tetrahydrofuran (THF),>** or deionized water,”®’
is selected based on solubility parameters, evaporation kinetics,
and rheological targets. Finally, additives including surfactants
and rheology modifiers are introduced to fine-tune the printing
dynamics.

7.1.2. Stencil Fabrication. The definition of the electrode
geometry begins with the fabrication of the stencil, typically a
woven mesh’*¥°3939339% coated with a photosensitive
emulsion. Patterns generated via computer-aided design
(CAD)**'" are transferred through photolithography. This
process selectively cross-links the emulsion in exposed regions,
while unexposed areas remain soluble and are washed away,
thereby creating the negative space through which ink is
deposited.

7.1.3. Printing Operation. The deposition phase involves
the translation of a squeegee across the stencil at controlled
velocity and pressure, generating the hydraulic force necessary
to drive the ink through the mesh apertures onto the
substrate.”®” A critical mechanism in this process is the snap-
off, which is the immediate separation of the screen from the
substrate driven by the elastic recoil of the tensioned mesh
behind the moving squeegee. This rapid detachment is pivotal
for shearing the ink column, defining sharp feature edges, and
preventing lateral spreading. Consequently, the control of
snap-off distance is a determining factor in minimizing feature
size and maximizing resolution.

7.1.4. Post-Processing. Postdeposition, the fluidic film
must undergo microstructural consolidation to evolve into a
functional solid. This is predominantly achieved via thermal
annealing, with protocols determined by the ink’s thermal
chemistry and the substrate’s glass transition temper-
ature.”’>>° This stage drives solvent volatilization, binder
polymerization, and the sintering of conductive fillers to
establish electrical percolation pathways. The thermal budget
constitutes a critical processing window; insufficient curing
leaves residual solvents that disrupt percolation and degrade
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stability,”®* while excessive thermal load can compromise
substrate integrity or embrittle the electrode. For silver-based
systems, the sintering temperature directly modulates neck
formation and grain growth, which are fundamental to
conductivity.*® Thus, precise thermal management is essential
for optimizing the electromechanical and environmental
robustness of the device.

7.1.5. Multilayer Registration and Integration. The
realization of sophisticated architectures, such as electro-
chemical sensors requiring orthogonal working, reference, and
counter electrodes alongside dielectric barriers, necessitates
sequential multilayer deposition.””"*®” High-fidelity registra-
tion is achieved through optical alignment systems tracking
fiducial markers, ensuring precise overlay between layers. Each
deposition typically requires an intermediate curing step.
Finally, an encapsulation layer is applied to define the active
sensing area and hermetically seal the conductive traces against
short-circuiting or environmental corrosion. *7*%¢

While the workflow appears sequential, the final device
performance is not merely cumulative but emergent, resulting
from the complex coupling of material rheology and process
dynamics. Achieving reproducible functionality demands a
holistic optimization strategy rather than the isolation of
discrete steps.

7.2. Critical Process Parameters and Physicochemical
Significance

The operational stability and signal fidelity of screen-printed
wearable sensors are dictated by a high-dimensional space of
interdependent physicochemical and engineering variables.
Mastery of these parameters is a prerequisite for transitioning
from benchtop prototyping to scalable manufacturing.

7.2.1. Stencil Architecture and Geometric Con-
straints. The stencil mesh count, wire diameter, and emulsion
thickness determine the hydrodynamic volume and geometric
limits of the print. These factors present a fundamental trade-
off: high-density meshes enhance spatial resolution and edge
definition but restrict ink flux, potentially leading to insufficient
film thickness. Conversely, low-density meshes increase
deposition volume but degrade feature acuity. Therefore,
stencil design requires a calculated balance to maximize
conductivity while preserving pattern fidelity.

7.2.2. Squeegee Mechanics. Ink transfer dynamics are
modulated by the squeegee’s tribological and kinematic
properties, including durometer (hardness), attack angle,
pressure, and speed. A compliant (low-durometer) squeegee
conforms to substrate topography but may compromise ink
clearance.”® High pressure aids mesh penetration but risks
substrate distortion. Furthermore, traverse velocity dictates the
shear rate applied to the ink; excessive speeds may exceed the
ink’s relaxation time, leading to incomplete filling, while
insufficient speeds allow for solvent evaporation or capillary
bleeding.

7.2.3. Substrate Properties and Interfacial Science.
Interfacial thermodynamics at the ink—substrate boundary
governs wetting behavior and film morphology. Low surface
energy substrates often necessitate plasma treatment or
chemical modification to promote adhesion and uniform
spreading.”® Surface topography, including roughness and
porosity, significantly influences ink consumption and film
homogeneity.”” Additionally, the thermal stability of the
substrate imposes an upper bound on processing temperatures,
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Figure 9. Screen printed wearable biophysical and electrophysiological sensors. (a) A six-channel strain sensor array was fabricated and printed
onto the collar region of a garment to detect the subtle vibrations of the extrinsic laryngeal muscle and monitor sleep behavior. Resistance response
to cyclic tensile strains of 5%, 1%, 0.5%, and 0.1% is presented. The inset provides a magnified view of the resistance response at 0.1% strain.
Visualization of signal profiles corresponding to six distinct sleep patterns is shown, with emphasis on the channel exhibiting the highest power
spectral density. Reproduced with permission from ref 571. Copyright 2025 National Academy of Sciences. (b) Schematic fabrication of MX-
LIMBs from stepwise screen printing. Current change of the MXene hydrogel sensor powered by the integrated MX-LIMBs in response to the
bending of a finger, an elbow, and pressing vertically. Reproduced with permission from ref 572. Copyright 2021 John Wiley and Sons. (c)
Configuration of the metal—polymer electrode array patch positioned on the abductor pollicis brevis muscle. SEMG signals recorded from each
channel of the array patch placed on the BB muscle are presented. SEMG signals of the BB under a 5 kg load session. Reproduced with permission
from ref 440. Copyright 2023 Springer Nature. Abbreviations: CSA, central sleep apnea; OSA, obstructive sleep apnea; MX-LIMBs, MXene-

microsupercapacitors and lithium-ion microbatteries.

thereby constraining the degree of sintering and the ultimate
conductivity achievable.

7.2.4. Environmental Conditions. Ambient thermody-
namic conditions exert a profound influence on process
consistency. Variations in temperature and relative humidity
alter solvent evaporation rates and ink viscosity, potentially
leading to screen mesh clogging or pattern bleeding. Rigorous
environmental control is therefore mandatory for reproduci-
bility.

The intricate coupling of these variables highlights a critical
deficiency in traditional "Edisonian” (trial-and-error) opti-
mization approaches, which fail to account for parameter
interactions. To advance the field, there is an imperative shift
toward multivariate optimization strategies, utilizing design of
experiments (DoE) and ML algorithms to systematically map
the processing landscape and identify robust operational
windows.

7.3. Fabrication and Application of Screen Printed
Wearable Electronics

7.3.1. Screen Printed Biochemical Sensors. Recent
advancements in screen printed wearable electronics have
introduced sensors capable of the in situ detection of solid
epidermal biomarkers (SEB).>>” A representative device,
fabricated on a SEBS elastomer substrate, integrates a

AD

stretchable silver-based interconnect with an electrochemical
hydrogel (ECH) precursor layer (Figure 8b). A pivotal
innovation in this design is the bilayer ion-electron hydrogel
architecture, which mediates the dissolution, diffusion, and
electrochemical oxidation/reduction of solid analytes. Vali-
dation in human subjects confirmed a linear correlation
between the sensor response and epidermal lactate area
density, accurately tracking physiological fluctuations in the
postprandial state. While these results corroborate the utility of
SEB sensors for monitoring metabolic responses, clinical
translation is currently hindered by substantial interfacial and
analytical challenges. Primarily, long-term operational stability
remains compromised by continuous mechanical deformations
and the complex biological matrix of sweat, where interference
can degrade signal integrity. Beyond transduction mechanics,
the reliance on external power and data processing modules
restricts the widespread deployment of these devices. To
address the demand for autonomy, subsequent research has
engineered fully integrated sensing platforms. One such system
synergizes a screen printed electrochemical sensor with a
cofabricated Ag,O—Zn stretchable battery and a low-power
electrochromic display.””” A vertical stacking configuration was
adopted to minimize the device footprint and reduce internal
resistance by truncating the ion diffusion length between the
battery and electrodes (Figure 8c). The efficacy of this
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Figure 10. Screen printed wearable multimodal sensors. (a) Schematic layout of the in-ear integrated sensor system. Assembled configuration of
the in-ear integrated electrophysiological and electrochemical sensing electrodes. Representative chronoamperometric recording of on-body lactate
sensing utilizing enzyme-functionalized electrochemical electrodes under controlled conditions. EOG characterization, demonstrating transient
electrophysiological responses to distinct eye movement modalities recorded within a single ear using ipsilateral referencing. Reproduced with
permission from ref 296. Copyright 2023 Springer Nature. (b) Schematic illustration of the sensor architecture highlighting the integration of BP
and electrochemical sensing modules. Evaluation of skin conformability and mechanical robustness of the device subjected to deformations.
Continuously monitor the concentration of lactate in the sweat of physically active subjects during active exercise, with dashed lines marking the
time corresponding to the plotted BP data (before, during and after exercise). Time-resolved recordings of BP and HR signals were captured
before, during, and following stationary cycling exercise. Reproduced with permission from ref 30. Copyright 2021 Springer Nature. (c) Layered
screen printing fabrication schematic of the device. Photograph of the assembled device connected to the FPCB. Scale bar: 10 mm. Quantitative
measurements of UA, glucose, lactate, and pH levels in three volunteers were assessed under fasting conditions, 1 h postprandially, and 1 h
postexercise. Statistical comparison of UA, glucose, lactate, and pH concentrations across the three physiological states in the volunteer cohort.
Reproduced with permission from ref 573. Copyright 2025 Elsevier BV. Abbreviations: RE, reference electrode; WE, working electrode; CE,
counter electrode; Lac, lactate; PB, Prussian blue; LOx, lactate oxidase; EOG, electrooculography; BP, blood pressure; PET, polyethylene
terephthalate; FPCB, flexible printed circuit board; UA, uric acid; Glu, glucose; ND, not detected.

7.3.2. Screen Printed Biophysical and Electrophysio-
logical Sensors. Screen printing technologies have estab-
lished a versatile foundation for fabricating wearable systems
dedicated to biophysical and electrophysiological monitoring.
In the domain of sleep medicine, conventional polysomnog-
raphy is often limited by high skin-electrode impedance and
ergonomic constraints, which degrade the fidelity of nocturnal
data. To mitigate these issues, a skin-conformable smart textile
system was engineered for high-fidelity sleep monitoring””'
(Figure 9a). A deep learning architecture, SleepNet, was
utilized to deconvolve complex, multichannel data streams,
classifying six distinct physiological states and sleep patterns.
Visualization of the model’s output confirmed its capability for
comprehensive pattern recognition while rejecting artifacts.
This artifact-resistant electronic textile represents a substantial
technological progression, offering robust diagnostic capabil-
ities. However, analogous to biochemical sensors, maintaining
signal stability against environmental variables such as
perspiration and humidity is critical. Furthermore, a
fundamental requisite for practical adoption is the provision
of a stable power supply capable of sustaining overnight
operation. Addressing the energy challenge, recent innovations
in ink formulations have enabled the direct screen printing of
MXene-based microsupercapacitors (MSCs) and lithium-ion
microbatteries (LIMBs), facilitating the monolithic integration

autonomous platform was validated via noninvasive sweat
analysis, where it successfully tracked exercise-induced
variations in lactate and glucose concentrations consistent
with established metabolic profiles. Expanding on the paradigm
of on-body energy harvesting, an autonomous, fingertip-
mounted health monitoring system was developed to integrate
multiplexed biosensing with energy generation and storage.”**
This platform harvests energy from passively collected sweat
utilizing lactate-based BFCs, utilizing a porous carbon foam
architecture to maximize enzyme and mediator loading,
thereby enhancing energy density (Figure 8d). The harvested
bioenergy is regulated by a microgrid incorporating a
stretchable silver chloride-zinc (AgCl-Zn) battery, ensuring
the uninterrupted operation of the MCU and sensors during
periods of minimal perspiration. Continuous analyte sampling
is maintained by an osmosis-driven microfluidic interface. This
self-powered architecture enables the simultaneous, longitudi-
nal monitoring of multiple metabolites (e.g., glucose, AA,
lactate, and Levodopa), marking a significant progression
toward autonomous personalized health tracking. However,
the modest power density of BFCs and the temporal
degradation of enzymatic activity remain critical bottlenecks
for high-power, long-duration applications, necessitating
further optimization in catalytic materials and system
efficiency.
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Figure 11. Preparation of wearable electronics via R2R printed and wearable biochemical sensors. (a) Schematic illustration depicting the
fabrication process of R2R printed wearable electronics. Photographs of printing equipment. (b) R2R printing electrode subsequently
functionalized for application as in situ sensing platforms. Functionalization of R2R gravure printed electrodes into pH sensors, calibration curves
are presented in the insets. Comparative analysis of real-time sweat pH measurements obtained via the wearable sensor against ex situ
measurements of collected sweat samples using a commercial pH meter. Reproduced with permission from ref 103. Copyright 2018 American
Chemical Society. (c) Optical depicting the patterned sensing electrodes fabricated through the R2R printing process. Performance characterization
of Na* sensors functionalized on printed electrodes. Correlation between fasting sweat glucose levels and blood glucose concentrations measured in
both healthy and diabetic cohorts. Relationship between average sweat glucose secretion rates and corresponding blood glucose levels across
healthy and diabetic populations. Reproduced with permission from ref 111. Copyright 2019 American Association for the Advancement of
Science. (d) Schematic illustration of the silver/graphene nanoplatelets/zirconium dioxide (Ag/GNPs/ZrO,) composite electrode deposited on
PET substrate. Detection outcomes of MP utilizing the sensor. Calibration curve depicting the concentration-dependent response of MP. Box plots
representing the distribution of data points obtained from the calibration curve measurements. Reproduced with permission from ref 584.
Copyright 2021 American Chemical Society. Abbreviations: Glu, glucose; ZrO, NPs, zirconia nanoparticles; GNPs, graphene nanoplatelets; MP,

methyl parathion.

of self-powered sensing platforms. An exemplary all-flexible
system integrates a tandem solar cell, LIMBs for energy
storage, and an MXene hydrogel-based pressure sensor on a
single substrate.””” This architecture demonstrated exceptional
sensitivity to biomechanical stimuli (Figure 9b), with the MSC
and LIMBs components providing stable voltage to power
electromechanical transduction. These results underscore the
potential of all-MXene systems as autonomous functional units
for next-generation pressure sensing. Nonetheless, the
susceptibility of MXene nanosheets to oxidation compromises
long-term stability. Future research must prioritize the
passivation of MZXene structures to prevent degradation

AF

without attenuating electrochemical or sensing performance.
Ultimately, the performance of both sleep monitoring systems
and self-powered platforms is contingent upon the electrode-
skin interface. For applications such as surface electro-
myography (sEMG), electrodes must exhibit high signal
fidelity, mechanical compliance, and durable adhesion. A
materials-centric solution was presented through the for-
mulation of an adhesive dry electrode composed of tannic acid,
poly(vinyl alcohol) (PVA), and poly(3,4-ethylenedioxythio-
phene): polystyrenesulfonate (PEDOT: PSS) (TPP).**" These
composite leverages synergistic bioadhesion, conductivity, and
elasticity to ensure stable epidermal contact (Figure 9c). A
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fully stretchable metal—polymer electrode array patch (MEAP)
fabricated via scalable screen printing enabled real-time,
multiplexed sEMG monitoring of the abductor pollicis brevis
and biceps brachii (BB). Despite these advances, the
performance of bioadhesive conductors under conditions of
profuse sweating and prolonged mechanical stress requires
further characterization.

7.3.3. Screen Printed Multimodal Sensors. Screen
printing has emerged as a pivotal strategy for engineering
integrated wearable electronics capable of concurrent bio-
chemical, biophysical, and electrophysiological interrogation. A
primary objective is to bridge the diagnostic gap between
central nervous system activity and systemic metabolic states.
A significant development in this arena is an in-ear sensor array
that cointegrates electrochemical and electrophysiological
modalities (Figure 10a).””° Exploiting the functional top-
ography of the ear canal, the sensor segregates electro-
physiological electrodes toward the temporal lobe (minimal
perspiration) and electrochemical electrodes toward regions of
higher sweat flux. When integrated into standard earphones,
such platforms provide a dual-domain perspective on neuro-
metabolic status. However, integrating complex sensing,
power, and wireless communication modules within the spatial
constraints of an earphone without compromising user
ergonomics presents a formidable engineering challenge.
Expanding multimodal integration to broader epidermal
surfaces, researchers have developed flexible patches for the
simultaneous monitoring of cardiovascular parameters, specif-
ically heart rate (HR) and BP, and chemical biomarkers. To
capture the interplay between hemodynamic and metabolic
fluctuations, a skin-conformable patch was fabricated to
perform continuous BP and chemical sensing (Figure 10b).*°
Specialized inks and stretchable substrates imparted the
necessary mechanical resilience. During constant-intensity
cycling, the device successfully monitored BP and sweat
lactate dynamics. While effective for capturing acute
physiological responses, maintaining signal fidelity and
calibration stability under continuous mechanical strain
remains difficult. Moreover, the passive reliance on natural
sweating limits utility in sedentary individuals, and exercise-
induced pH fluctuations can complicate continuous chemical
analysis. Overcoming these limitations, particularly the
dependence on passive perspiration, necessitates active sweat
induction. An integrated screen printed wearable system was
engineered for on-demand stimulation, collection, and in situ
analysis of sweat, yielding personalized data for noncommuni-
cable disease management.””” The core of this platform is a
multimodal and multichannel flexible sensor array (MMFSA)
capable of real-time quantification of key biomarkers (Figure
10c). Interfaced with a flexible printed circuit board (FPCB)
for programmable voltage control, wireless communication,
and electrical stimulation, the platform successfully resolved
metabolically induced biochemical fluctuations against a stable
background in human studies. The broader impact of such
systems lies in their potential to evolve into autonomous,
closed-loop health management platforms.

In conclusion, screen printing is indispensable for the cost-
efficient, large-scale production of electrodes and functional
components in wearable electronics. However, limited
resolution remains a constraint. Future advancements must
focus on refining printing plates and functional inks to enhance
feature resolution. Additionally, improving the rheological
stability and printability of functional inks on flexible substrates
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is imperative for the robust fabrication of next-generation
wearable sensors.

8. ROLL-TO-ROLL (R2R) PRINTING

The translational trajectory of wearable electronics from
laboratory-scale prototypes to commercially viable commod-
ities, particularly for applications such as chronic disease
monitoring, is principally obstructed by the exigencies of
scalable manufacturing. R2R processing has been established as
a preeminent strategy to circumvent this scalability bottleneck,
providing a high-throughput, cost-efficient platform conducive
to the fabrication of devices with superior stability. The R2R
printing deposition technique is distinctively advantageous for
its capacity to rapidly delineate high-resolution conductive or
functional architectures, a capability that transcends the
limitations of conventional batch processes like screen
printing.””* This continuous fabrication methodology func-
tions effectively under diverse environmental constraints,
ranging from atmospheric to low-vacuum conditions.””> A
predominant deposition strategy employs solvent-based coat-
ing, wherein functional constituents (e.g., conductive or
sensing agents) and polymeric binders are dissolved or
dispersed within a solvent vector, applied as a wet film onto
a transiting web, and subsequently solidified via solvent
evaporation mechanics. Collectively, these attributes position
R2R printing as a pivotal manufacturing paradigm for the mass
production of sensor electrodes, thereby ensuring their
economic feasibility as disposable or replaceable modules for
ubiquitous deployment in medical diagnostics and screening.

8.1. Core Process and Workflow

R2R printing constitutes a continuous manufacturing paradigm
predicated on the rigorous transport of a flexible substrate,
termed the web, across rollers synchronized at differential
velocities to sustain constant tensile stress (Figure 11a).>’® The
operational workflow is a sequential, modular progression
initiated with substrate introduction. Typically comprised of
PET, PI, or cellulosic substrates such as paper, the polymeric
film is fed from an unwind station. The web subsequently
undergoes surface energy modification, conventionally via
corona discharge or plasma treatment, to augment wettability
and interfacial adhesion for ensuing stratums.””” Following
surface activation, the substrate traverses a series of deposition
modules where functional materials are applied via high-
throughput printing or coating methodologies, including
gravure, °77% flexography,”” or slot-die coating.”®’ The
sequence concludes with postprocessing units dedicated to
curing, consolidation, and lamination, after which the fully
integrated device is spooled at a rewind station.

8.1.1. Material and Ink Design. The efficacy of R2R
printing is intrinsically linked to the synergistic engineering of
functional inks and substrate materials. Functional inks require
rheological profiles meticulously tailored for high-velocity
deposition regimes. This requirement necessitates formulations
exhibiting relatively low viscosity to facilitate efficient fluid
transfer dynamics from the printing apparatus to the web,
concomitant with high solid loading to maximize material
throughput per pass. To guarantee the formation of
homogeneous, large-area coatings yielding reproducible device
metrics, the colloidal stability of the ink remains a paramount
variable. Functional nanoparticles must maintain a refined
dispersion state throughout extended operation cycles to
mitigate aggregation-induced performance attenuation.”®'
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8.1.2. Process Control and Multi-Layer Integration.
The realization of functional multilayer devices is contingent
upon registration, the exact spatial alignment of sequentially
deposited layers. High-fidelity registration systems, utilizing
sensors to track fiducial markers,®* are indispensable for
ensuring appropriate interlayer overlap, electrical continuity,
and structural integrity. However, a critical impediment in R2R
manufacturing is the divergence between idealized theoretical
models and the stochastic nature of high-yield production.
Dynamic perturbations in web tension, subtle fluctuations in
ink rheology, and variations in ambient environmental
conditions can introduce stochastic defects, including film
heterogeneity, pattern distortion, and registration drift. This
discrepancy between design specifications and manufacturing
realities creates a substantive performance gap between
benchtop prototypes and mass-produced units. Consequently,
a critical trajectory for the advancement of the field involves
the integration of in-line metrology with closed-loop feedback
control mechanisms. The implementation of such adaptive
process control systems is imperative for enabling real-time
parametric adjustments, thereby mitigating process variability,
suppressing defect rates, and substantially enhancing the yield
and reliability of R2R-printed flexible electronics.

8.2. Critical Process Parameters and Physicochemical
Significance

8.2.1. Web Tension Control and Substrate Mechanics.
The precise regulation of web tension is fundamental to
preserving the structural quality and dimensional fidelity of
R2R-printed films.>® Deviations from the optimal tension
envelope precipitate distinct failure modes: insufficient tension
leads to web wrinkling, registration errors, and coating
nonuniformity, whereas excessive tension induces plastic
deformation, dimensional instability, or catastrophic substrate
rupture. The mechanical response of the web is governed by its
intrinsic viscoelastic properties, primarily the elastic modulus
and thickness. In the context of flexible electronics, substrates
typically range from 12 to 125 ym in thickness; the diminished
flexural rigidity inherent to thinner films necessitates excep-
tionally rigorous tension control protocols to prevent
deformation.

8.2.2. Web Speed and Throughput Optimization.
Web velocity serves as the primary determinant of production
throughput and, by extension, the economic viability of the
R2R platform. The optimization of web speed represents a
complex, multiparametric challenge due to its profound
coupling with hydrodynamic process variables. In gravure
printing, for example, ink transfer efficiency is intricately
dependent on web velocity, governed by the interplay of
capillary and viscous forces within the engraved cells.”®!
Excessive velocity results in incomplete ink evacuation and
resultant print defects, while insufficient velocity undermines
productivity efficiency.

8.2.3. Post-Processing Protocol. The postdeposition
thermal protocol, encompassing drying and sintering phases,
dictates the kinetic and thermodynamic evolution of the film
structure and is decisive in achieving target material properties.
For conductive films formulated with metal nanoparticles, the
specific sintering temperature and duration determine the
extent of interparticle necking and the elimination of organic
stabilizing ligands, mechanisms that collectively define the
ultimate electrical conductivity.'*?
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8.2.4. Environmental Condition. The R2R processing
environment must be tailored to accommodate the chemical
stability of the constituent materials. Operations conducted
under ambient atmospheric conditions offer distinct advan-
tages regarding cost efficiency and operational simplicity,
proving suitable for robust solvent-based systems and func-
tional polymers. Conversely, materials susceptible to oxidative
or hydrolytic degradation necessitate processing within
controlled, low-humidity, or inert atmospheres. The main-
tenance of such high-purity environments within large-scale,
high-velocity machinery presents a formidable engineering and
economic challenge, thereby catalyzing ongoing research into
the development of environmentally robust material formula-
tions.

8.3. Fabrication and Application of R2R Printed Wearable
Electronics

8.3.1. R2R Printed Biochemical Sensors. The applic-
ability of R2R gravure printing for electrochemical sensing has
been corroborated through the fabrication of electrodes
exhibiting uniform redox kinetics. This was achieved on 150-
m-long flexible substrates utilizing inks and electrode geo-
metries specifically optimized for the intaglio process, yielding
platforms amenable to functionalization for diverse electro-
chemical sensing paradigms.'”® These electrodes have been
successfully translated to in-field applications, including the
real-time, continuous monitoring of analytes in sweat (Figure
11b). The mechanical durability and practical utility of these
sensors were validated via continuous, on-body pH monitoring
during stationary exercise. While this concordance confirmed
the fidelity of printed sensor arrays for tracking physiological
indicators in mechanically demanding in situ environments, a
pivotal limitation in rudimentary wearable architectures arises
from the confounding influence of variable sweat secretion
rates. This variation induces analyte dilution, leading to
significant measurement inaccuracies that compromise clinical
validity. A sophisticated manufacturing strategy addresses this
deficiency by integrating R2R printing with laser-engraved
microfluidics to generate mass-producible, integrated patches
capable of simultaneous electrochemical sensing and precise
sweat flow management (Figure 11c).""" Manufactured on a
100-m web at a throughput of 60 devices per minute, these
systems feature a dual-layer architecture for the concurrent
quantification of biomarkers and sweat rate. Clinical studies
involving healthy and diabetic cohorts demonstrated the
anticipated inverse relationship between sweat glucose
concentration and sweat rate. Critically, by compensating for
dilution effects, the system established a robust correlation
between the calculated sweat glucose secretion rate and
systemic blood glucose levels, representing a fundamental
advancement toward noninvasive glycemic monitoring. The
versatility of these scalable R2R techniques extends beyond
biomedical diagnostics to environmental surveillance. To
mitigate environmental and health risks associated with
nitroaromatic organophosphorus pesticides (NOPPs), an
enzymeless sensor was fabricated via R2R printing (Figure
11d). The device design leveraged the electrocatalytic and
adsorptive capabilities of zirconia (ZrO,), combined with
highly conductive graphene nanoplatelets (GNPs).>** Utilizing
SWV for the sensitive detection of methyl parathion (MP), the
sensor exhibited a linear current response proportional to MP
concentration, underscoring the potential of R2R printing for
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Figure 12. R2R printed biophysical and electrophysiological sensors. (a) Integration of temperature and humidity sensors within the face mask
architecture. SEMG signals recorded from various anatomical locations during a snatch movement. Response profiles of temperature and humidity
sensors correlated with variations in respiratory intensity. Reproduced with permission from ref 67. Copyright 2024 Springer Nature. (b) Schematic
illustration depicting real-time monitoring of temperature and knee joint flexion during human locomotion. Relative resistance variation exhibited
by the CAST-PTEFE film subjected to tensile strain up to 50%. Continuous monitoring of output voltage alongside relative resistance changes in the
CAST-PTEE film under dynamic conditions. Reproduced with permission from ref 64. Copyright 2024 John Wiley and Sons. (c) Exploded view of
a paper-based flexible pressure sensor array. Signal of the R2R-based sensor for different angles of finger flex. Response of a sensor for the test of
releasing a ping-pong ball from different heights, where H is the distance between the ping-pong ball and the surface of the water. The pink area
corresponds to the immediate period following the release of the ping-pong ball, while the green area corresponds to the period when the ping-
pong ball is gently removed from the water tank. The change of water wave pressure caused by ping-pong ball falling at different heights.
Reproduced with permission from ref 585. Copyright 2023 American Chemical Society. Abbreviations: Hum, humidity; GF, gauge factor;
SWCNT, single-walled carbon nanotube; FPCB, flexible printed circuit board.

the high-throughput production of low-cost, disposable sensors
dedicated to environmental safety.

8.3.2. R2R Printed Biophysical and Electrophysiolog-
ical Sensors. The R2R printing of biophysical and electro-
physiological sensors for monitoring physiological parameters
has garnered significant attention within the materials science
community. A primary engineering challenge in this domain
involves the activation of printed circuits, particularly those
utilizing high-melting-point metals, to achieve optimal
conductivity without inducing thermal degradation of
mechanically compliant substrates. To circumvent this, a
pressure-constrained sonication activation (PCSA) method-
ology was introduced to sinter a broad spectrum of metallic
and nonmetallic inks on flexible substrates, a technique readily
scalable for R2R integration.67 This versatile roll-based
approach facilitated the fabrication of multifunctional modules,
including face masks embedded with temperature and
humidity sensors (Figure 12a). The R2R methodology has
been further extended to textile substrates, where electrode
arrays monitor SEMG signals from distinct muscle groups
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during complex motor tasks. Advanced human-machine
interfaces and wearable health systems necessitate skin-
conformable thermoelectric films possessing dual-sensing
capabilities for temperature and strain. However, reconciling
high mechanical flexibility with superior thermoelectric and
piezoresistive performance remains a materials science bottle-
neck. An R2R-compatible strategy addressed this dichotomy
by fabricating ultraflexible composite films from
Cu,sAs;sSeqTes, (CAST) glass and polytetrafluoroethylene
(PTFE), which exhibited robust dual-mode sensing.64 For
thermal monitoring, the interface maintained direct skin
contact, while the contralateral surface was thermally isolated
by a foam layer to minimize convective heat loss. Concurrently,
strain sensing relied on deformation-induced resistance
modulation (Figure 12b). While these findings highlight the
efficacy of CAST-PTFE composites for monitoring biome-
chanical dynamics, the inclusion of arsenic and selenium
warrants critical scrutiny. Despite PTFE encapsulation, the
long-term biocompatibility and potential risk of elemental
leaching must be rigorously evaluated, particularly for medical-
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Figure 13. Preparation of wearable electronics via 3D printed and wearable biochemical sensors. (a) Schematic illustration depicting the fabrication
process of 3D printed wearable electronics. Photographs of printing equipment. (b) Schematic depiction emphasizing the principal components of
the sweatainer system and the epidermal interface. Plot illustrating the deviation of the printed channel height from the designed specifications as a
function of LCT. Plot displaying sweat chloride concentrations obtained from two sequentially worn colorimetric sweatainers during a controlled
exercise protocol. Scale bars: S mm. Reproduced with permission from ref 414. Copyright 2023 American Association for the Advancement of
Science. (c) Schematic of the OECT glucose sensor and the sensing mechanism. Linear fitting of the current response of OECT to different glucose
levels (2—18 mM), demonstrating a tunable sensitivity by controlling the V, value. Comparison of real-time recording results between OECT-
CGM and glucometer (in vivo) (black, 16 data points of the glucose concentration collected by a glucometer; red, readout of glucose
concentrations collected by OECT-CGM). Reproduced with permission from ref 617. Copyright 2024 American Association for the Advancement
of Science. (d) Microneedle-based minimally invasive dual-biomarker sensor. Clarke error grid analysis of glucose measured by the MCBM system
in comparison with the commercial glucometer. Error grid analysis of Met using MCBM system in comparison with Met ELISA kit. Reproduced
with permission from ref 618. Copyright 2025 Springer Nature. Abbreviations: LCT, layer cure time; Vg, gate voltage; Glu, glucose; OECT-CGM,
organic electrochemical transistor-continuous glucose monitoring system; Met, metformin; MCBM, microneedle-based continuous biomarker/
drug monitoring.

grade devices intended for prolonged dermal contact. the inherent porosity, renewability, and low density of paper
Furthermore, the predominance of impermeable polymer render it an attractive substrate, its practical utility is
substrates in current research poses risks of dermatitis and historically compromised by hygroscopic susceptibility and
discomfort during extended wear. Consequently, future chemical degradation. This vulnerability results in signal drift
investigations must prioritize the development of materials and instability in humid environments. To mitigate these

combining high breathability with biocompatibility. Although reliability issues, an R2R lamination process was developed for
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the batch fabrication of waterproof, high-consistency pressure
sensors (Figure 12¢).>% The resulting laminated architecture
proved suitable for applications ranging from physiological
detection to aquatic monitoring. While effectively addressing
stability concerns, this packaging strategy introduces a
functional trade-off: the lamination process inevitably reduces
the intrinsic breathability of the paper, potentially reintroduc-
ing the comfort limitations associated with polymeric
substrates.

The capacity of R2R technology to efficiently produce high-
quality, uniform film electrodes on a massive scale positions it
as the preeminent method for the future high-throughput
fabrication of wearable electronics. Future advancements must
focus on refining R2R printing parameters, overcoming
technical impediments, and optimizing module design and
interconnections to maximize electrode effective areas and
overall device performance. Moreover, integrating rigorous
quality control mechanisms within R2R lines presents
substantial challenges. The development of inline metrology
systems for real-time feedback and immediate adjustment of
manufacturing parameters is essential to ensure ink quality
stability. In summary, R2R printing offers a promising
trajectory for the industrial production of wearable electronics,
emphasizing continuous coating, cost efficiency, and perform-
ance enhancement. However, the transition from laboratory-
scale spin coating to industrial-scale R2R processing
encompasses significant translational challenges. Innovations
in material selection, process optimization, and holistic module
design remain vital for enhancing efficiency, stability, and
environmental sustainability.

9. 3D PRINTING

3D printing has established itself as a paradigm-shifting
additive manufacturing framework for wearable electronics.
By leveraging 3D digital models, this methodology enables the
agile fabrication of bespoke sensor architectures and complex
electrode geometries (Figure 13a), thereby dramatically
accelerating development cycles.”®® The capability to construct
intricate, on-demand patterns not only streamlines the rapid
prototyping of electrodes but also facilitates extensive product
customization,”” offering a pathway to substantially reduced
manufacturing costs for small-batch or geometrically sophisti-
cated wearable systems. While the fabrication of discrete
sensor elements is relatively mature, attaining the high spatial
resolution necessary for dense, multifunctional sensor arrays
remains a critical developmental frontier. Consequently,
current research is intensely focused on advancing 3D printing
modalities to address the multifaceted requirements of next-
generation wearable electronics.

Among the various 3D printing technologies, fused
deposition modeling (FDM) is one of the most ubiquitous
approaches, favored for its technological maturity and cost-
efficiency.”®® FDM operates via the extrusion of a thermo-
plastic filament, which is heated to a semimolten state and
deposited sequentially along a programmed digital toolpath to
construct objects layer-by-layer.”®” Upon deposition, the
extrudate cools and solidifies to form the final structure.
Although FDM offers resolution adequate for applications
requiring moderate dimensional fidelity,”*® it is inherently
limited when fabricating microarchitectures with fine feature
definitions, such as the active layers of miniaturized sensors. In
sharp contrast, vat photopolymerization technologies offer
distinct advantages regarding spatial resolution and surface
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topology. Stereolithography (SLA), the pioneer of commer-
cialized 3D printing, utilizes an ultraviolet (UV) laser beam to
scan a photopolymer resin point-by-point, selectively cross-
linking the irradiated regions.’” SLA affords superior spatial
resolution compared to extrusion-based methods, yielding
components with smooth surface finishes and excellent feature
definition. This precision renders SLA particularly advanta-
geous for geometrically complex components, includin
miniaturized cavities”' and microstructured channels,®”
which are otherwise challenging to realize via FDM.>” Digital
light processing (DLP), another dominant photopolymeriza-
tion platform, similarly utilizes photocurable resins but
distinguishes itself through the deployment of a digital
micromirror device (DMD). The DMD acts as a dynamic
mask, projecting and curing an entire 2D cross-section in a
single exposure.””* This area-based curing strategy significantly
enhances fabrication throughput, with printing speeds
reportedly several times faster than SLA under comparable
conditions.””* While photopolymer-based methods involve
higher material costs and challenges regarding the mechanical
robustness or long-term stability of certain formulations, their
high resolution and superior surface finish have driven their
adoption in wearable medical electronics.””***® For applica-
tions demanding biocompatibility and dimensional precision,
DLP facilitates the low-volume production of miniature
sensing elements.””” The high patterning fidelity achieved by
DLP and SLA is indispensable for reliable fluid handling and
stable sensor—environment interfaces.””® However, the ad-
vancement of these technologies in wearable applications
hinges on the development of resin systems that are
mechanically robust, biocompatible, and functionally inte-
grated. Furthermore, process strategies must be refined to
mitigate volumetric shrinkage and residual stress, which
currently threaten device accuracy and long-term reliability.

In the realm of flexible and wearable electronics, direct ink
writing (DIW) has emerged as a pivotal technique. DIW
entails the extrusion of high-viscosity functional inks onto a
substrate through a precision nozzle, enabling the construction
of 3D architectures without extensive support structures.’”’
The defining advantage of DIW is its exceptional material
versatility, accommodating a broad spectrum of inks includin,
hydrogels,”” elastomers,””’ and conductive composites.*’
This compatibility permits the spatially resolved deposition of
bioactive, conductive, or stimuli-responsive materials onto soft,
flexible substrates, a capability essential for engineering
conformal, skin-interfaced, or implantable devices. Conse-
quently, DIW is widely applied in flexible sensors,’**"*
bioelectronics,’®> and soft robotics,°** where tailored rheology
and multimaterial printing enable the engineering of gradient
properties and hierarchical architectures. To fully exploit DIW
for high-performance electronics, ongoing efforts must focus
on refining ink rheology, enhancing microscale printing
precision, and improving the mechanical fatigue resistance of
printed features under repeated deformation.

9.1. Core Process and Workflow

The 3D printing workflow for wearable electronics translates
digital blueprints into functional physical systems through an
integrated sequence: digital modeling, computational slicing,
layer-by-layer deposition, and postfabrication refinement. The
process initiates with a digital model of the target device, which
is computationally discretized into a series of 2D cross
sections. The layer thickness defines a fundamental trade-off

https://doi.org/10.1021/acs.chemrev.5c00801
Chem. Rev. XXXX, XXX, XXX—XXX


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.5c00801?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

between fabrication throughput and z-axis resolution. During
physical construction, hardware interprets this sliced data to
deposit functional and structural materials with high fidelity.
The precision of the final features is contingent upon
deposition resolution and material interactions. Furthermore,
achieving robust interlayer adhesion is paramount for ensuring
mechanical integrity and operational durability. Finally,
postprocessing protocols, including support removal and
surface conditioning, are employed to yield the functionalized
sensor system.

9.1.1. Material and Ink Design for 3D Printing. The
successful translation of 3D printing technologies to wearable
electronics is fundamentally contingent upon the rational
design of printable materials and functional inks. While 3D
printing offers unparalleled design freedom for constructing
complex, multimaterial architectures, realizing this potential
necessitates that precursor materials satisfy stringent rheo-
logical, mechanical, and physicochemical criteria. A primary
prerequisite for high-fidelity printing is the precise tailoring of
ink rheology. Functional inks must exhibit pronounced shear-
thinning behavior, a rapid decrease in viscosity under shear
stress during extrusion, followed by swift structural recovery
and viscosity increase postdeposition.’”> This thixotropic
behavior ensures smooth extrusion while preserving the fidelity
of intricate printed features. Ink formulations typically involve
the homogeneous dispersion of functional fillers within a
compliant matrix to preclude aggregation, which could induce
printing defects or compromise electronic performance.’”’
Common matrix materials, such as PDMS,*"’ thermo(plastic
polyurethane (TPU),**® and polycaprolactone (PCL),*” are
selected for the balance of mechanical flexibility, processability,
and biocompatibility essential for skin-interfaced applications.

Moreover, the mechanical demands of wearable electronics
mandate exceptional durability and fatigue resistance. Beyond
electrochemical and mechanical performance, materials must
be compatible with curing protocols, demonstrate uniform
film-forming capabilities, and maintain stability under opera-
tional environmental conditions. The capacity for multi-
material 3D printing is particularly critical, enabling the
monolithic integration of functional sensing elements and
encapsulation layers. Such consolidated manufacturing strat-
egies streamline fabrication and enhance device integration
density, paving the way for highly integrated wearable systems.

9.1.2. Digital Modeling and Design Preparation. The
fabrication sequence commences with the generation of a 3D
digital model representing the target device, ranging from
conformal electrode arrays to integrated microfluidic—
electronic hybrid structures. This CAD model must encode
complete geometric data, including feature dimensions,
internal architectures (e.g, lattice structures), and interface
topologies. For wearable applications, critical design consid-
erations include anatomical conformability to complex bio-
logical surfaces, designated integration points for rigid
components, and precisely defined transition zones between
conduggive, insulating, and mechanically compliant do-

9.1.3. Computational Slicing and Toolpath Gener-
ation. The continuous 3D model is computationally
discretized into 2D layers using specialized slicing algorithms,
translating volumetric data into machine-executable
code.””1%!! These instructions specify optimized toolpath
trajectories to minimize discontinuities, programmed deposi-
tion sequences for multimaterial systems, and infill patterns

AL

that determine mechanical anisotropy. In wearable electronics,
such optimization is challenging due to the complex
rheological behavior of functional inks and the necessity of
mitigating stress concentrations at heterogeneous material
interfaces.

9.1.4. Layer-by-Layer Additive Deposition. In multi-
material platforms, parallel delivery channels facilitate in situ
material switching while preventing cross-contamination.
Central to this architecture is the deposition nozzle assembly;
its geometry and actuation mechanisms are key determinants
of the minimum achievable feature size and deposition rate.
Supporting the process is the substrate platform, which
provides mechanical stability and may incorporate active
thermal management to modulate interlayer adhesion and
residual stress. For flexible electronics, vacuum fixation is often
employed to prevent substrate warpage, while platform
compliance can be tuned to mitigate delamination risks.

9.1.5. Post-Processing. Following deposition, as-printed
structures undergo postprocessing to achieve designated
electrical, mechanical, and biological functionalities. Sacrificial
support materials are removed mechanically or chemically.
Crucially, conductive inks based on metal nanoparticles
typically require a sintering step (thermal or photonic) to
drive the evaporation of stabilizing ligands and promote
particle coalescence.’'” This postdeposition treatment provides
the energy necessary to overcome activation barriers for
nanoparticle decomposition and surface diffusion-driven
coalescence.”’® This process creates a percolated conductive
network, thereby minimizing electrical resistivity and ensuring
device performance.

9.2. Critical Process Parameters and Physicochemical
Significance

The functional performance of 3D-printed wearable electronics
is deterministically controlled by a complex interplay of
process parameters. These variables define a multidimensional
parameter space where synergistic or antagonistic effects often
arise. A mechanistic understanding of their individual and
collective influence is indispensable for rational process
optimization and the reproducible fabrication of high-fidelity
devices.

9.2.1. Layer Thickness. Defined as the vertical increment
between successive strata, layer thickness is the grimary
determinant of resolution in the build (z) direction.”’* The
selection of this parameter involves a critical trade-off: thinner
layers yield superior feature fidelity and smoother surface
topographies but increase fabrication time. Furthermore,
excessively thin layers may jeopardize interlayer adhesion if
consolidation is incomplete before subsequent deposition.
Such adhesion deficiencies can lead to delamination under
mechanical stress, compromising structural integrity. Future
optimization must focus on energy delivery methods that
accelerate layer consolidation without sacrificing resolution.

9.2.2. Printing Velocity. Printing velocity, the linear speed
of the nozzle relative to the substrate, dictates the deposition
rate and modulates the shear environment experienced by the
ink. In extrusion-based modalities, velocity must be synchron-
ized with extrusion pressure to control volumetric flux.
Deviations from the optimal regime have deleterious
consequences: velocities exceeding the material supply rate
result in under-extrusion and discontinuous conductive traces,
while insufficient speeds lead to overextrusion, feature
broadening, and shorting in high-density circuits.”'> Addition-
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Figure 14. 3D printed wearable biophysical and electrophysiological sensors. (a) Schematic illustration of the PR-Gel-based flexible sensor adhered
to anatomical locations including the throat, wrist, and elbow. Depicts the application of a 3D printing PR-Gel-based electrode for real-time
monitoring of human ECG signals. Shows the relative resistance changes of the 3D printing PR-Gel-based wearable sensor during cycles of fist
clenching and relaxation. Reproduced with permission from ref 619. Copyright 2023 Springer Nature. (b) Illustrates the fabrication process and
microstructural features of the 3D skeleton-ionogel composites, alongside photographic images of the composite adhered to the skin surface, scale
bars: 1 cm. Present signal monitoring corresponding to squatting, tiptoeing, and jumping movements. Demonstrate transmission of distress signals
via Morse code using the sensor system. Reproduced with permission from ref 620. Copyright 2024 John Wiley and Sons. (c) Provides a schematic
representation of the aSISC device architecture. Display EMG signals recorded utilizing the aSISC-based wearable apparatus. Illustrates the
capability of the aSISC-based wearable strain sensor to discern a broad spectrum of finger bending angles. Reproduced with permission from ref
621. Copyright 2024 John Wiley and Sons. Abbreviations: PR-Gel, polymeric rotaxane hydrogels; HPPU, hydrophilic polyurethane; PSS,
polystyrenesulfonate; PEDOT, poly(3,4-ethylenedioxythiophene); EGaln, eutectic gallium—indium.

ally, printing velocity influences shear-thinning dynamics; 9.3. Fabrication and Application of 3D Printed Wearable

elevated shear rates reduce apparent viscosity but may induce Electronics

elastic instabilities upon extrusion, compromising filament 9.3.1. 3D Printed Biochemical Sensors. Additive
stability. manufacturing has established a robust paradigm for the

9.2.3. Nozzle Diameter and Standoff Distance. The construction of skin-interfaced biochemical sensors, enabling

le i di fund Iy limi h o the seamless integration of microfluidic architectures with
nozzle inner diameter fundamentally limits the minimum transduction elements. This capability is exemplified by

feature size, while the nozzle-to-substrate standoft distance “sweatainer” devices tailored for compartmentalized sweat
critically influences feature morphology.mé Upon exiting the collection and analysis (Figure 13b).*'* Optimization of the
nozzle, the extrudate undergoes radial expansion due to layer cure time (LCT) proved critical in this fabrication

process, as it dictates print fidelity, dimensional resolution, and
optical transparency. The simultaneous deployment of
collection and colorimetric sweatainer facilitated the validation

viscoelastic relaxation, followed by compression against the
substrate. An insufficient standoff distance risks nozzle clogging

and substrate damage, whereas an excessive gap diminishes of on-body chloride quantification against clinical standards,
compressive forces, resulting in widened, poorly defined traces. corroborating physiological phenomena such as the inverse
Lack of precise control over these parameters introduces correlation between chloride reabsorption efficiency and

perspiration rate during exertion. While these epidermal
microfluidic systems represent a significant leap toward
noninvasive diagnostics, fundamental limitations regarding

variability in printed dimensions, directly affecting the

impedance of conductive elements. Progress in this area relies

on advanced nozzle designs and closed-loop control systems universality and data fidelity persist. Specifically, exocrine-
that dynamically adjust the standoft distance. based analysis is intrinsically tethered to perspiration kinetics;
AM https://doi.org/10.1021/acs.chemrev.5c00801
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Figure 15. 3D printed wearable multimodal sensors. (a) Schematic representation of a wearable ultrasound helmet integrated with metagels for
physiological monitoring applications. Photograph of a freely moving rat implanted with metagels and connected to an ultrasound transducer. Real-
time wireless monitoring of ICP fluctuations during cyclic abdominal compression in the rat model. Intracranial temperature profiles obtained via
temperature-sensitive metagel following the application of an ice pack. Reproduced with permission from ref 622. Copyright 2024 Springer Nature.
(b) Schematic illustration of the approach employed for 3D printing of functional constructs. Optical micrographs of an E*-skin adhered to a
human subject’s skin surface; scale bars, 1 cm. Continuous physicochemical monitoring of a human subject over an extended period encompassing
various daily activities. Reproduced with permission from ref 100. Copyright 2023 American Association for the Advancement of Science. (c) The
hybrid monitoring system integrates a multiplexed microneedle array. Cross-section of the skin with the microneedle array and ultrasound sensor
array. Comparison of ISF microneedle glucose monitoring (every 1 s) against glucose measurements with CGM (every S min) and BGM (every 10
min), along with simultaneous monitoring of BP and HR. Reproduced with permission from ref 623, Copyright 2025 Springer Nature.

Abbreviations: US, ultrasound; ICP, intracranial pressure; Temp, temperature;

E%-skin, epifluidic elastic electronic skin; IP, iontophoresis; Glu,

glucose; HR, heart rate; Alc, alcohol; Lac, lactate; MNs, microneedles; BGM, blood glucose monitoring; CGM, continuous glucose monitoring
system; SBP, systolic blood pressure; DBP, diastolic blood pressure; ECG, electrocardiography; BP, blood pressure; AOx, alcohol oxidase; GOx,

glucose oxidase; LOx, lactate oxidase; RE, reference electrode.

in sedentary or hypothermic states, sample acquisition
becomes stochastic, thereby impeding continuous monitoring.
Furthermore, the susceptibility of sweat samples to dermal
contaminants can compromise colorimetric accuracy. To
circumvent these bottlenecks and achieve high-fidelity tracking
of metabolites such as glucose, research has pivoted toward
minimally invasive ISF sampling. A paramount challenge in
continuous glucose monitoring (CGM) for closed-loop
diabetes management involves harmonizing signal fidelity
with operational robustness and user compliance. In response,
a compact, fully integrated wearable CGM was engineered by
synergizing biosensing elements with functional hydrogels and
minimally invasive mechanics (Figure 13c).”’” The system’s
sensitivity is tunable, deriving from the linear dependence of
the organic electrochemical transistor (OECT) transconduc-
tance on the applied gate voltage (Vg). In vivo validation in a
hyperglycemic rat model confirmed the efficacy of this
approach. However, standard metabolite monitoring lacks the

capacity for pharmacokinetic profiling, which is indispensable
for precision medicine. Addressing this deficiency, a wearable
microneedle-based continuous biomarker/drug monitoring
(MCBM) system was developed to facilitate simultaneous
pharmacokinetic and pharmacodynamic assessments (Figure
13d)."® This device integrates a 3D-printed dual-sensor
microneedle electrode within a compact housing, employing
a layer-by-layer nanoenzyme immobilization strategy to
achieve high specificity for the concurrent quantification of
glucose and Met in ISF. Clinical accuracy, validated via Clarke
error grid analysis, underscores the potential of this technology
to advance integrated theranostics, enabling real-time ther-
apeutic modulation based on personalized metabolic profiles.

9.3.2. 3D Printed Biophysical and Electrophysiolog-
ical Sensors. 3D printing has catalyzed advancements in the
fabrication of wearable biophysical and electrophysiological
sensors, where the mechanical integrity of functional materials
is paramount. A pervasive limitation in conventional hydrogels
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Figure 16. Preparation of wearable electronics via inkjet printed and wearable biochemical sensors. (a) Schematic illustration depicting the
fabrication process of inkjet printing wearable electronics. Photographs of printing equipment. (b) Schematic representation of an inkjet printing
electrochemical sensing array enabling simultaneous in situ multiplexed monitoring of EBC analytes, including NH,*, pH, alcohol, NO,, and
temperature. Amperometric responses of the NO,™ sensor in artificial EBC with varying analyte concentrations. Insets: corresponding calibration
curves (top right) and schematic diagrams of the NO,™ sensors (bottom left). Full-day cross-reactivity analysis of EBC samples from a healthy
participant monitored by the EBC system in situ. Reproduced with permission from ref 436. Copyright 2024 American Association for the
Advancement of Science. (c) Schematic design of a wearable sweat sensor patch integrating sweat induction, microfluidic sweat sampling, and
multiplexed analyte detection. DPVs of the MIP/NiHCF nanoparticle-based glucose sensor for glucose detection. Inset: calibration curve with
linear fitting. CY levels monitored by implantable CY sensors in mice following lateral tail vein injections of varying CY doses. Reproduced with
permission from ref 642. Copyright 2025 Springer Nature. (d) Schematic diagrams of a fully printed sensor array for simultaneous multiplexed
biosensing, including electrodes for pH, glucose, alcohol, temperature, and reference sensing. Scale bar, 5 mm. Amperometric response of the
glucose sensor. Real-time on-body analysis of sweat analytes from a human subject. Reproduced with permission from ref 643. Copyright 2024
John Wiley and Sons. (e) Reagentless in situ quantification of oestradiol using an AuNPs—MXene sensor coupled with a target-induced strand-
displacement aptamer switch. Potentiometric response and corresponding calibration curve (inset) of pH sensors in artificial sweat. Impedimetric
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Figure 16. continued

response and corresponding calibration curve (inset) of ionic strength sensors in artificial sweat. Peak current measurements demonstrating
regeneration and repeated use of aptamer-based oestradiol sensors with 50 pM oestradiol. Reproduced with permission from ref 343. Copyright
2023 Springer Nature. Abbreviations: Glu, glucose; CY, cyclophosphamide; AuNPs, gold nanoparticles; SH-ssDNA, thiolated single-stranded

DNA; MB-ssDNA, methylene blue-tagged single-stranded DNA.

is their susceptibility to fatigue failure under cyclic loading. To
mitigate this, a supramolecular toughening strategy was
implemented involving the self-assembly of acrylic f-cyclo-
dextrin and bile acid into polymerizable pseudorotaxanes.
Subsequent photopolymerization with acrylamide yielded a
conductive polymeric rotaxane hydrogel (PR-Gel)."® This
architecture endows the material with the sensitivity required
to discriminate between macroscopic somatic movements and
subtle neuromuscular fluctuations (Figure 14a). The high
resolution afforded by 3D printing allows for the fabrication of
structurally intricate sensors capable of stable, real-time ECG
monitoring, highlighting the utility of PR-Gel-based elec-
tronics. Concurrently, the development of biomimetic artificial
skin that replicates the hierarchical mechanics of the human
integument offers a pathway toward advanced human—
machine interfaces. By coupling finite element analysis with
DIW, researchers have engineered ionogel composites
featurin§ a rigid skeletal phase embedded within a soft
matrix.””" This configuration yields mechanical anisotropy
and nonlinear pressure—strain responses analogous to native
tissue. The resulting biomimetic skin exhibits excellent
epidermal conformability, with the skeletal structure visually
demarcated (Figure 14b). Its mechanical compliance facilitates
the translation of fine motor control into structured data, such
as Morse code transmission. While this framework provides a
robust method for creating adaptive tissue-like materials,
achieving durable, nonirritating adhesion to dynamic surfaces
remains a critical engineering hurdle. Furthermore, next-
generation epidermal electronics demand conductors that
reconcile high electrical conductivity with tissue-level elasticity.
To this end, a printable composite comprising LM and a
conductive polymer, processed via thermally induced self-
assembly, has been reported.””’ The integrated heating phase
is essential for solvent elimination, preserving the electro-
mechanical integrity of the asymmetric self-insulated stretch-
able conductors (aSISC) fabricated via 3D printing (Figure
l4c). The versatility of the aSISC platform has been
demonstrated in skin-interfaced strain and EMG sensors,
suggesting broad applicability in sophisticated biomedical
electronics.

9.3.3. 3D Printed Multimodal Sensors. The conver-
gence of physicochemical sensing modalities within wearable
and implantable platforms constitutes a pivotal advance toward
predictive health analytics. Precise interrogation of intracranial
physiology, for instance, is vital for the management of
traumatic brain injury. 3D printing has facilitated the creation
of an injectable, bioresorbable metagel sensor for the wireless,
multimodal monitoring of intracranial ultrasound and thermal
signals.””> Functioning as a standalone implant, this device
eliminates the need for percutaneous tethers, a distinct
advantage over conventional wired intracranial pressure
(ICP) probes (Figure 15a). The temperature-sensitive metagel
mirrors the performance of commercial probes, tracking
thermal fluctuations with high fidelity. While this bioresorbable
paradigm minimizes surgical burden, ensuring long-term
material stability and signal integrity during the functional

AP

degradation cycle remains a priority for future optimization.
Transitioning to noninvasive applications, the scalability of
personalized, multimodal devices is often hindered by
manufacturing constraints. Addressing this, a versatile semi-
solid extrusion technique was employed to fabricate an
epifluidic elastic electronic skin (E*-skin) capable of multi-
parametric sensing (Figure 15b).'” This platform amalga-
mates electrochemical biosensors for sweat analysis with
biophysical sensors for temperature and pulse monitoring. In
longitudinal studies, the E*-skin provided a continuous data
stream that, when processed via ML algorithms, demonstrated
predictive capability regarding behavioral responses. Moreover,
comprehensive diabetes management necessitates a holistic
metabolic profile that transcends single-analyte monitoring. To
this end, a hybrid wristband was developed, integrating a 3D-
printed microneedle array for ISF biomarker quantification
with an ultrasonic array for hemodynamic monitoring,
including blood pressure, arterial stiffness, and heart rate
(Figure 15¢).°** This system elucidates the crosstalk between
systemic physiological parameters and interstitial biomarkers.
By expanding the monitoring scope to include cardiovascular
comorbidities, this integrated approach represents a strategic
evolution in chronic disease management.

Despite the inherent advantages and promising prospects of
3D printing technology, challenges persist. These encompass
the diversity of sensing-active functional materials, sensor
performance limits, the need for improved printing speed and
precision, and reductions in equipment costs. To surmount
these challenges and propel 3D printing technology forward,
researchers are focusing on novel material development,
optimization of printing processes, and equipment efliciency
enhancements. Additionally, substantial improvements in 3D
printing precision and speed are anticipated. With optimized
algorithms and hardware advancements, future 3D printers are
expected to fabricate more refined and intricate structures
while significantly augmenting printing speed and production
efficiency.

10. INKJET PRINTING

Inkjet printing has established itself as a cornerstone additive
manufacturing paradigm for the fabrication of next-generation
wearable electronics, characterized by superior material
utilization efliciency, precise patterning resolution, and
scalability. As a noncontact, digital direct-write technique, it
facilitates the directed deposition of functional materials onto
flexible substrates via micrometer-scale nozzles, with patterning
governed strictly by computational design.”** The technology’s
defining attributes render it an exceptionally versatile platform
for realizing complex, variable-data device architectures. By
selectively ejecting picoliter-scale droplets solely at coordinates
dictated by the target design, inkjet systems eliminate the
material waste associated with subtractive methods and
circumvent the complex charging and deflection hardware
required by legacy systems (Figure 16a). These digitally
modulated droplets are accurately deposited onto compliant
substrates to form nascent sensor arrays, which are

https://doi.org/10.1021/acs.chemrev.5c00801
Chem. Rev. XXXX, XXX, XXX—XXX


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.5c00801?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

subsequently consolidated through specific curing protocols.
Consequently, the capacity for rapid prototyping and
automated process control positions inkjet printing as an
ideal methodology for manufacturing wearable electronics with
minimized equipment complexity, resource consumption, and
energy footprint.

10.1. Core Process and Workflow

Inkjet printing represents a transformative approach to device
fabrication, fundamentally diverging from conventional photo-
lithographic workflows. The technology generally operates via
two distinct modalities: continuous inkjet (CIJ) and drop-on-
demand (DOD) systems.””> While CIJ systems rely on a
continuous stream of droplets that are selectively charged and
deflected, DOD systems eject droplets only when triggered by
a digital signal. In the context of wearable electronics, DOD is
the predominant modality due to its precise volume control
and superior capability for direct-write patterning without the
need for fluid recirculation.

10.1.1. Material and Ink Design for Inkjet Printing.
The fidelity and functionality of flexible electronics fabricated
via inkjet printing are intrinsically linked to the rheological and
physicochemical engineering of the ink formulation. This
fabrication paradigm relies on the interplay between high-
resolution deposition and dibgital layout control to realize
intricate device geometries.””® Developing a viable ink
represents a multivariate optimization challenge involving
three primary constituents: the functional active material, the
carrier fluid (solvent system), and colloidal stabilizers. The
active component dictates intrinsic device metrics, such as
sensitivity and LOD, while stabilizing agents are critical for
preventing particle agglomeration via steric or electrostatic
repulsion. The carrier fluid is selected to tailor the rheology
and ensure homogeneous dispersion. Functionally, these inks
fall into two broad archetypes. Nanoparticle-based inks consist
of colloidal suspensions where the functional layer forms upon
solvent evaporation and sintering of the solid load.®”’
Conversely, precursor-based inks utilize dissolved molecular
species, such as metal salts or organometallics, which undergo
in situ thermochemical or photochemical conversion to form
the final functional material during postprocessing.”* Reliable
jettability demands that the ink’s rheological profile falls within
a narrow operational window, typically requiring low viscosity
(<20 ¢P)*” and optimized surface tension (20—50 mN/m).
These parameters govern the acoustics of droplet formation at
the nozzle and the spreading dynamics upon substrate impact.
To preclude nozzle clogging, the hydrodynamic diameter of
suspended particulates must typically be at least 1 order of
magnitude smaller than the nozzle orifice. Furthermore, the
formulation often necessitates auxiliary agents, including
surfactants and humectants, to modulate interfacial tension
and inhibit premature solvent evaporation at the nozzle
interface.

10.1.2. Process Control and Functional Device. The
translation of a digital design into a functional physical device
follows a rigorous sequence. Initially, CAD-generated
architectures are rasterized into machine-readable deposition
maps. Concurrently, the flexible substrate undergoes surface
modification. Treatments such as plasma activation®’ or
chemical functionalization®' are employed to tune surface
energy, thereby optimizing wettability and enhancing inter-
facial adhesion with the deposited ink. During printing,
piezoelectric or thermal actuators within the printhead

AQ

generate acoustic pressure waves in response to digital signals,
ejecting droplets from the nozzle.”** These droplets traverse
the standoff gap and impinge upon the substrate, where they
coalesce to form a continuous pattern. The final phase involves
controlled postprocessing to transform the liquid precursor
into a robust solid-state layer with the requisite electro-
mechanical properties.”*” The maskless nature of this direct-
write approach distinguishes it from screen printing or
photolithography, facilitating high-throughput combinatorial
screening and rapid design iteration for bespoke electronic
applications.

10.1.3. Post-Processing. A critical bottleneck in scaling
inkjet technology for mass production lies in the postprocess-
ing phase. The necessity for sintering conductive materials
typically conflicts with the low thermal budgets of polymeric
flexible substrates.”*’ This thermal mismatch often restricts
material selection to those processable at lower temperatures,
which frequently results in incomplete removal of organic
binders and inferior electrical conductivity. This deficiency
directly compromises the performance-to-cost ratio of printed
devices. Consequently, future research must pivot toward
advanced, nonthermal energy transfer techniques, such as
photonic sintering (laser/ flash)*** or low-temperature plasma
sintering, to decouple the functionalization of the ink from the
thermal degradation thresholds of the substrate.”**

10.2. Critical Process Parameters and Physicochemical
Significance

The reliability and resolution of inkjet-printed electronics are
governed by the complex coupling of material rheology,
process settings, and substrate thermodynamics. Elucidating
these critical variables is essential for mitigating defects and
enhancing device yield.

10.2.1. Process Control Parameter. In piezoelectric
DOD systems,*** the drive voltage waveform is meticulously
shaped (often trapezoidal) to control the acoustic resonance
within the fluid chamber. Optimization of rise, dwell, and fall
times is required to suppress satellite droplets and ensure
velocity uniformity. While jetting frequency determines
throughput, droplet velocity dictates impact kinetics; higher
velocities enhance spreading but increase the probability of
splashing on lyog)hobic surfaces, necessitating an application-
specific balance.”*® Furthermore, thermal management is 2-
fold: printhead temperature modulates ink viscosity, while
substrate temperature governs drying kinetics. Elevated
substrate temperatures can suppress the coffee-ring effect by
inducing Marangoni flows; however, excessive evaporation
rates relative to coalescence times result in morphological
inhomogeneities, underscoring the need for precise thermal
regulation.

10.2.2. Substrate—Ink Interaction Parameter. The
thermodynamic interaction between the ink and substrate
dictates feature resolution and film morphology. To maximize
device performance, conductive traces must exhibit high
uniformity and minimized line widths.”” The equilibrium
contact angle (f) is a primary determinant; hydrophilic
surfaces facilitate spreading for continuous films, while
hydrophobic regimes confine droplets for higher resolution.’**
Additionally, the droplet spacing-to-diameter ratio controls
film continuity.”*” Insufficient overlap results in electrically
discontinuous islands, whereas excessive overlap induces
hydrodynamic instabilities, leading to bulging and scalloped
edges.
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Figure 17. Inkjet printed wearable biophysical and electrophysiological sensors. (a) Configurations of multiple inkjet printing ECoG probes
integrating both active OECTSs and passive resistors positioned on the cortical surface of rats. Schematic illustration of device placement on a
horizontal section of a rat brain. Spectrograms depicting spontaneous oscillatory activity recorded simultaneously via voltage amplifiers with varying
channel thicknesses and surface electrodes. Reproduced with permission from ref 644. Copyright 2023 John Wiley and Sons. (b) Schematic
representation of pulse wave measurement across the radial artery using Inkjet printing wearable sensor arrays. 3D schematic of wearable active-
matrix pressure sensor arrays comprising inkjet printing active-matrix TFT arrays coupled with piezoresistive sensor sheets. Contour map of average
pressure amplitudes and real-time arterial pulse signals measured at each pixel. Reproduced with permission from ref 645. Copyright 2022
American Chemical Society. (c) Design strategy for a coin-sized WISE platform, scale bar: 1 cm. Optical images of the personalized electronic
reader for the electrochemical transistors control unit; scale bar, 1 cm. Comparison of confusion matrices under 0% and 50% strain. Reproduced
with permission from ref 646. Copyright 2024 Springer Nature. Abbreviations: GND, ground, V supply voltage; V,, voltage output; OECT,
organic electrochemical transistor; TFT, thin-film transistor.

upply?

10.2.3. Nozzle Diameter and Standoff Distance. and damage to the printhead. Precise optimization of this
Nozzle diameter is the principal hardware constraint defining parameter is therefore requisite to ensure the reproducibility
the limit of resolution.”*” While reducing orifice size enables and structural integrity of the fabricated wearable electronics.
picoliter-volume droplets and finer circuit geometries essential 10.3. Fabrication and Application of Inkjet Printed
for high-density sensor arrays, it imposes severe constraints on Wearable Electronics
ink formulation. Specifically, the risk of orifice occlusion by 10.3.1. Inkjet Printed Biochemical Sensors. In the
particle aggregates necessitates strict colloidal stability and realm of physiological monitoring, the quantification of
filtration. Moreover, smaller nozzles generally require lower biomolecular concentrations provides fundamental insights
viscosity fluids or higher actuation pressures,”"' exacerbating into metabolic and systemic health. The fabrication of
susceptibility to aerodynamic drift. Therefore, nozzle selection mechanically compliant, noninvasive interfaces for continuous
represents a compromise between resolution and process analyte tracking presents a substantial engineering challenge,
robustness. which has been increasingly addressed through the rheological

The vertical gap between the nozzle and substrate standoff optimization of functional inks and inkjet printing protocols.
distance is equally critical. Excessive gaps increase the flight To realize high-sensitivity, temporally stable, and wide-
time, rendering droplets susceptible to aerodynamic drag and dynamic-range multiplexed monitoring, research has focused
trajectory deviation, which degrades positional accuracy. on advanced ink formulations and droplet-assisted patterning
Furthermore, extended flight times can lead to in-flight solvent methodologies. These strategies, when integrated with inter-
loss, altering the viscosity and wetting behavior upon impact. penetrating interface architectures, have facilitated reliable
Conversely, insufficient clearance risks mechanical collision sensing within fully integrated multiplexed EBC biosensor
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Figure 18. Inkjet printed wearable multimodal sensors. (a) Schematic representation of the flexible CARES sensor patch. Optical images of the
CARES patch adhered to human skin; scale bars, 1 cm. Sankey diagram from SHAP analysis illustrating the relative contributions of individual
sensors to stressor classification. Reproduced with permission from ref 647. Copyright 2024 Springer Nature. (b) Schematic illustration of the
rapid, scalable, and cost-effective fabrication of the kirigami soft E-skin-R via Inkjet printing. Photograph of a multimodal flexible sensor array
printed with custom nanomaterial inks; scale bar, 5 mm. sEMG data recorded by the four-channel E-skin-H during six distinct human gestures.
Reproduced with permission from ref 116. Copyright 2022 American Association for the Advancement of Science. (c) Layered design of a flexible,
wireless microfluidic wearable patch enabling automatic sweat induction via IP, precise sampling through capillary bursting valves (CBVs), and
reagentless aptamer-based oestradiol analysis. Photographs of a disposable sensor patch worn on a finger for female hormone monitoring, scale
bars: 1 cm. Hormonal fluctuations are tracked over the menstrual cycle. Reproduced with permission from ref 343. Copyright 2023 Springer
Nature. (d) Photographs of a wearable patch for noninvasive multiplexed sweat biomarker analysis. Scale bars, 5 mm. Photographs of fully
integrated wireless wearable patches worn on the finger and wrist, scale bar: 1 cm. Box plot of sweat AA, CK, and Trp levels from the healthy and
long COVID participants. Error bars represent the sd of the mean from 30 measurements on all three participants. CY levels obtained by the
wearable sweat sensors from two cancer patients with diagnosed AML after CY infusion. Reproduced with permission from ref 642. Copyright
2025 Springer Nature. Abbreviations: UA, uric acid; Lac, lactate; Glu, glucose; T, temperature; GSR, galvanic skin response; HR, heart rate; IP,
iontophoresis; DT, dicrotic peak time; PD, pulse duration; pAlx, peripheral augmentation index; R, reflection index; ST, systolic time; TT, tidal
peak time; CPT, cold pressor test; VR, a virtual reality; PI, polyimide; Exp, experimental result; Sim, simulation result; LH, luteinizing hormone;
AA, ascorbic acid; CK, creatinine; Trp, tryptophan; r, Pearson’s correlation coeflicient; CY, cyclophosphamide; AML, acute myeloid leukaemia.

arrays."*® Such systems typically incorporate electrochemical chemical sensors is frequently hindered by a restricted analyte
arrays for selective biomarker transduction, complemented by spectrum, operational drift, and scalability issues. To circum-
pH and temperature modules for in situ signal calibration to vent these impediments, a distinctive strategy employing
mitigate environmental variances (Figure 16b). Empirical printable core—shell nanoparticles has been established for
validation has demonstrated the utility of these EBC sensors both powered implantable and wearable metabolite biosensors
for continuous sampling in ambulatory settings, successfully (Figure 16¢).°*” These nanostructures feature a MIP shell for
tracking physiological fluctuations in human subjects during customizable molecular recognition and a nickel hexacyano-
diverse activities including exertion, nutrient intake, and rest. ferrate (NiHCF) core to mediate stable electrochemical
Despite these advances, the broad deployment of electro- transduction. In vivo pharmacokinetic assessments in murine
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models, involving intravenous drug administration at varying
dosages, confirmed the sensor’s capacity for real-time
therapeutic drug monitoring. This integration of MIP
technology with electrochemically active nanomaterials con-
stitutes a pivotal progression in chemical sensing, offering a
versatile platform for high-specificity detection. However, while
MIPs offer synthetic flexibility, challenges remain regarding
cross-reactivity with structural analogs and the incomplete
removal of template molecules, which can compromise
analytical precision. Future optimization must focus on
enhancing template elution protocols and refining cavity
specificity to ensure clinical-grade accuracy. Concurrently,
electrochemical biosensing via sweat analysis has garnered
attention for noninvasive physiological profiling. A persistent
bottleneck involves the precise integration of multiplexed
arrays on flexible substrates while maintaining reproducibility.
Addressing this, a fully inkjet-printed, integrated multiplexed
biosensing patch exhibiting superior stability has been reported
(Figure 16d).°** This device advances intelligent healthcare by
enabling reliable, wireless dietary and medical monitoring via
epidermal analysis. The system demonstrated robust selectivity
and sensitivity toward target biomarkers, validating its efficacy
for multiplexed sensing on deformable platforms. Building
upon these foundations, the field is pivoting toward the
detection of ultralow abundance biomarkers, such as female
reproductive hormones. A notable development in this domain
is a wireless wearable sensor utilizing a target-induced strand-
displacement aptamer switch mechanism (Figure 16e).”** This
device enables in situ automatic electrochemical monitoring of
oestradiol with subpicomolar sensitivity. The sensor’s robust
regeneration capabilities are particularly advantageous for
longitudinal monitoring, marking a significant stride toward
personalized female health management.

10.3.2. Inkjet Printed Biophysical and Electrophysio-
logical Sensors. Inkjet printing has proven to be a versatile
lithography-free technique for fabricating sensors targeting
biophysical and electrophysiological signals. In advanced
neural interfaces, flexible transistor-based active probes offer
intrinsic signal amplification and distinct mechanical com-
pliance with biological tissues. However, a primary technical
limitation is their inherent current-mode output, which
complicates back-end circuit integration and necessitates
proximal signal conditioning. To resolve this, organic voltage
amplifiers have been engineered via the monolithic integration
of OECTs and thin-film polymer resistors on flexible
substrates.’** Functioning as ECoG probes, these devices
have successfully recorded local field potentials derived from
spontaneous neural activity in rodent models (Figure 17a).
Transitioning to noninvasive cardiovascular monitoring, the
clinical utility of conventional tonometry is often limited by the
need for precise arterial alignment. This constraint has been
addressed through the development of inkjet-printed active-
matrix pressure sensor arrays for spatiotemporal pulse wave
mapping.**® These arrays combine high-uniformity thin-film
transistor (TFT) backplanes with high-sensitivity piezoresistive
sheets. By modulating the TFT operating voltage, an optimal
balance between sensitivity and power consumption is
achieved. The transduction mechanism relies on arterial
pulsation deforming interlocked microdomes within the
piezoresistive layer, thereby modulating contact resistance to
gate the TFT current (Figure 17b). While this architecture
resolves positioning sensitivity, reliance on the physical
deformation of microstructures introduces potential failure

AT

modes related to mechanical fatigue and hysteresis during
long-term use. Future iterations must address material
viscoelasticity to ensure durable mechanical performance. In
the domain of strain sensing, the simultaneous attainment of
high sensitivity and extreme stretchability remains a critical
objective. A significant advancement is the wearable integrated
soft electronics (WISE) platform, constructed from stretchable
OECT arrays (Figure 17¢).°*° The inclusion of an adhesive
supramolecular buffer layer dissipates strain energy, preserving
electrical functionality under deformation. Coupled with a
personalized electronic reader, the WISE platform leverages
the high transconductance of OECTs for high-fidelity EMG
acquisition. This intrinsic stretchability mitigates motion
artifacts, facilitating the accurate classification of complex
gestures and establishing a trajectory for advanced human—
machine interfaces.

10.3.3. Inkjet Printed Multimodal Sensors. The
complex interplay between the nervous, endocrine, and
immune systems necessitates multimodal sensing platforms
capable of deconvoluting biological stress responses. Conven-
tional sensors often lack the dimensionality required to
evaluate condition-specific stress. Recent work has introduced
an electronic skin (E-skin) platform designed for the
noninvasive assessment of stress via the simultaneous
monitoring of physiological parameters and molecular
biomarkers.®*” This consolidated artificial-intelligence-rein-
forced electronic skin (CARES) continuously tracks three
vital signs and six sweat biomarkers (Figure 18a). Shapley
additive explanations (SHAP) analysis was employed to
quantify the contribution of individual physicochemical sensors
to stress classification, thereby elucidating the significance of
specific biomarkers. Expanding beyond personal health,
ultrasensitive multimodal platforms are increasingly relevant
for autonomous robotic perception. While robotic sensing has
historically prioritized physical parameters, chemical detection
in dry-phase environments remains underdeveloped. To bridge
this gap, a mass-producible, fully inkjet-printed soft electronic
skin (M-Bot) integrating Al for multimodal sensing has been
developed.''® The fabrication utilized nanomaterial inks with
rheological properties tailored for inkjet compatibility (Figure
18b). These arrays are engineered for electrophysiological
recording, tactile perception, and hazardous substance
detection, including nitroaromatic explosives and pathogens
like SARS-CoV-2. While broad-spectrum detection is vital for
robotics, clinical scenarios often demand the high-specificity
tracking of single key biomarkers. This is exemplified in
women’s health, where a fully integrated wearable system for
autonomous sweat oestradiol sensing has been validated®*?
(Figure 18c). Comparative studies involving serum and sweat
analysis across menstrual cycles confirmed that sweat
oestradiol peaks correlate with preovulation events, establish-
ing its potential as a noninvasive ovulation predictor.
Extending these capabilities to pathological monitoring,
printed biosensors have been applied to multiplexed sweat
analysis for disease management (Figure 18d).°** Pilot studies
have explored sweat biomarkers as indicators for long COVID,
while on-body evaluations were conducted on patients with
AML and sickle cell disease (SCD) undergoing chemotherapy.
These applications underscore the transformative potential of
integrating advanced functional materials into wearable
formats for comprehensive disease tracking.

Inkjet printing technology is a pivotal method for achieving
the cost-effective, large-scale, refined manufacturing of
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Figure 19. Preparation of wearable electronics via aerosol jet printed and wearable biochemical sensors. (a) Schematic illustration depicting the
fabrication process of aerosol jet printed wearable electronics. Photographs of printing equipment. (b) Schematic representations of Brownian
motion of target molecules for a 3D electrode within the microfluidic chamber. Current responses with varying DA concentration for multiscale 3D
Ag/rGO (10 X 10 array) configurations, respectively. The detection time for all the results in this figure is within 60 s. The chronoamperometric
responses of serum with and without DA for the sensor. Reproduced with permission from ref 527. Copyright 2021 Springer Nature. (c)
Photograph of a glass substrate patterned with a gold film. Nyquist plots of the sensor obtained via EIS. Regeneration study presenting Nyquist
plots alongside charge transfer resistance values during the detection of spike S1 antibodies using the device. Reproduced with permission from ref
662. Copyright 2020 John Wiley and Sons. (d) Photographs of an AJP-fabricated graphene-based immunosensor. Cross-Reaction test. Change in
the resistance of AJP graphene IDE vs the number of bending cycles without any biofunctionalization. Reproduced with permission from ref 663.
Copyright 2020 American Chemical Society. Abbreviations: US, ultrasound; NP, nanoparticles; WE, working electrode; DA, dopamine.

wearable electronics, with extensive application in constructing
electrodes, sensor-active layers, and flexible circuits. While
significant improvements have been made in the efficiency and
performance of current Inkjet printing ink systems, future
advancements necessitate a deeper understanding of the inks’
physicochemical properties in practical applications. Develop-
ing comprehensive ink performance evaluation systems,
including assessing viscosity, particle size distribution of
sensing materials, and transmittance, is essential for advancing

AU

functional ink development.®**

Moreover, challenges related to
the stability, printability, postprocessing, and quality of printed
functional inks on wearable flexible substrates remain critical
areas of investigation. Lastly, optimizing the balance between
sensor sensitivity and monitoring range necessitates further
exploration, potentially through the formation of micro-
structures on electrode surfaces or adjusting the number of

inkjet layers to enhance sensor performance.
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11. AEROSOL JET PRINTING (AJP)

Aerosol jet printing (AJP) has established itself as a pivotal
noncontact, direct-write methodology for the additive
manufacturing of wearable electronics.”* This technique
functions by generating a refined aerosol from functional
inks, which is subsequently transported via an inert carrier gas
and aerodynamically focused onto a substrate to define
microscale patterns.”*” The fundamental workflow for
fabricating wearable sensors via AJP is delineated into distinct
operational phases (Figure 19a).

The architectural advantages of AJP for wearable sensor
fabrication are manifold. The noncontact deposition mecha-
nism permits conformal patterning onto substrates exhibiting
complex three-dimensional topographies or nonplanar geo-
metries, overcoming the planarity constraints of traditional
lithography. Furthermore, AJP demonstrates superior reso-
lution capabilities, achieving line widths as narrow as 10 ptm,649
thereby satisfying the integration density required for advanced
sensor arrays. A distinguishing characteristic of this technology
is its extensive rheological compatibility, accommodating ink
viscosities ranging from 1 to 1000 cP. This versatility
significantly mitigates nozzle clogging.”>” Material utilization
efficiency is notably high, ensuring the conservation of
expensive functional precursors. Additionally, the capability
for multimaterial deposition enables the monolithic con-
struction of heterogeneous, multilayered sensor architectures.
Economically, AJP obviates the need for photomasks and
cleanroom environments, offering a digitally driven, high-
throughput alternative to photolithography that facilitates
rapid prototyping and the agile production of customized,
small-batch wearable devices.

11.1. Core Process and Workflow

The fabrication of wearable electronics via AJP involves a
synchronized sequence of hydrodynamic and kinematic
operations that convert liquid precursors into high-fidelity
sensor structures. A thorough comprehension of these stages is
prerequisite for process stability and defect minimization.

11.1.1. Material and Ink Design for Aerosol Jet
Printing. Deposition kinetics in aerosol-based systems are
dictated by a complex matrix of coupled variables, includiq%
aerosol and sheath gas flow rates and translation velocity.*®
The intricate interplay among these parameters governs the
aerosol density and focusing behavior. Inadequate control over
ink rheology or processing conditions can precipitate jetting
instabilities, such as varicose breakup or satellite droplet
formation, which degrade feature resolution and electrical
continuity. To mitigate these deficiencies, ink development
must adhere to stringent criteria. First, rheological properties
require precise modulation within the 1—1000 cP viscosity
window to sustain stable atomization.®>> Second, functional
particulates must exhibit narrow, nanoscale size distributions to
ensure printing fidelity and prevent orifice occlusion.”** Future
advancements in this domain necessitate the implementation
of real-time feedback loops to dynamically adjust process
parameters, thereby compensating for rheological fluctuations
during extended printing sessions.

11.1.2. Atomization Mechanism. Following formulation,
the precursor undergoes atomization, a phase transition
generating a dense aerosol mist. Two dominant mechanisms
are employed: ultrasonic atomization®* and pneumatic
atomization.’*® Ultrasonic atomization exploits high-frequency
acoustic excitation (typically 1-3 MHz) to induce capillary

AV

waves at the liquid—gas interface, ejecting droplets via the
Rayleigh—Plateau instability. This modality is generally
restricted to low-viscosity fluids but yields a narrow droplet
size distribution. Conversely, pneumatic atomization utilizes
high-velocity gas streams to exert shear forces on the bulk
liquid, accommodating significantly higher viscosities. While
offering broader material versatility, pneumatic methods
typically produce a more polydisperse aerosol, which can
necessitate downstream filtration or inertial impaction steps to
refine the droplet population.

11.1.3. Aerosol Transport and Focusing. The generated
aerosol is propelled from the atomization chamber to the
deposition head by a carrier gas (e.g, nitrogen or argon).
Within the deposition head, a critical aerodynamic focusing
phenomenon occurs: a coaxial sheath gas flow confines the
aerosol stream, collimating it into a tight jet with a diameter
significantly smaller than the nozzle orifice.”*® The gap
between the nozzle exit and the substrate standoff distance is
a crucial geometric parameter governing feature definition.
Deviations in this distance can lead to beam divergence and
loss of resolution; therefore, rigorous control is essential for
maintaining consistent morphology.

11.1.4. Pattern Deposition. Pattern definition is realized
through the synchronized trajectory of a high-precision,
digitally controlled multiaxis stage relative to the substrate.
The stage executes programmed vector paths while the aerosol
jet deposits material continuously or intermittently. The
deposition kinetics are governed by the translation speed:
lower velocities facilitate material accumulation, yielding
thicker, continuous traces, whereas higher velocities produce
thinner, potentially discontinuous features. Multipass strategies
allow for the precise tuning of film thickness and conductance.
For sophisticated architectures, the process is iterative,
enabling the sequential deposition of conductors, dielectrics,

and sensing elements to construct functional multilayer
o 653,657
devices.

11.2. Critical Process Parameters and Physicochemical
Significance

The functional integrity of AJP-fabricated devices relies on the
rigorous optimization of interdependent variables encompass-
ing ink rheology, aerodynamic conditions, and substrate
interactions. Elucidating these process—structure—property
relationships is vital for ensuring reproducibility and device
performance.

11.2.1. Atomization Parameter. In ultrasonic systems,
the excitation frequency dictates the droplet size distribution
and generation rate;*>* higher frequencies yield finer droplets
but reduce mass throughput. Power input must be balanced to
maintain atomization efficiency without inducing excessive
Joule heating, which could alter ink viscosity or degrade
sensitive precursors. For pneumatic conﬁgurations,ésg the gas
flow rate and pressure determine the shear magnitude. While
higher flow rates enhance atomization fineness, they may
induce turbulence within the transport lines, leading to wall
losses and inconsistent delivery rates.

11.2.2. Deposition Parameter. The sheath gas flow rate
is a critical hydrodynamic parameter,®*’ defining the
collimation ratio of the aerosol beam. An optimized flow
ensures high resolution; however, insufficient sheath flow
results in beam divergence, while excessive flow can cause
turbulence, deflection, and overspray. This overspray com-
promises edge definition and can lead to short circuits in high-
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Figure 20. Aerosol jet printed wearable biophysical and electrophysiological sensors. (a) Stretchable devices enabled by universal gradient interface
printed using aerosol-based multimaterials printing. AJP-based temperature sensor. AJP-based pulse sensor. Reproduced with permission from ref
112. Copyright 2025 John Wiley and Sons. (b) Schematic of AJ 3D printing of metal nanoparticles rapidly creates structurally robust, fully
customizable neural probes, including the circuit board for routing of physiological signals. Spike waveforms extracted from a 32-channel electrode
placed in mouse sensorimotor cortex; scale bar, 1 ms X 100 yV. Individual isolated neurons are shown in different colors (black, 1; red, 2; blue, 3;
green, 4). Representative trace of neural activity from a single channel. Scale bar, 100 ms. Distribution of average firing rate identified in (A)
(magenta), (B) (cyan), and across all eight recording sessions (black). Reproduced with permission from ref 664. Copyright 2022 U.S. National
Academy of Sciences. (c) Photo of index finger holding a simultaneous flow and pressure sensor. The top and bottom electrodes are printed
separately and laminated together. Summary of wireless pressure sensing of average, maximum, and minimum pressures during pulsatile flow.
Pressure sensitivity is enhanced by using a dielectric layer of patterned PDMS lines compared to a solid film with similar thicknesses. Reproduced
with permission from ref 665. Copyright 2022 U.S. National Academy of Sciences. (d) Photograph of a fabricated bioelectronic system mounted on
the forearm for the recording of EMG. Relative resistance change in an electrode upon cyclic 60% stretching for 10 times. The graph represents
relative resistance change (black) according to strain change (red). Representative EMG signals from four different gestures, including open hand
(black), closed hand (red), index finger flexion (blue), and wrist flexion (green). Reproduced with permission from ref 666. Copyright 2020 U.S.
National Academy of Sciences. Copyright 2020 American Chemical Society. Abbreviations: UGI, universal gradient interface; PUD, polyurethane
dispersion; PI, polyimide; PDMS, polydimethylsiloxane; AgNPs, silver nanoparticles; Avg, average; Min, minimum; Max, maximum; US,
ultrasound.

density arrays. Improvement strategies involve rigorous improper speed selection can result in discontinuous tracks or
computational fluid dynamics modeling to predict optimal bulging. Finally, substrate temperature governs solvent
flow ratios. Print speed modulates the linear mass density;*’ evaporation kinetics and contact line dynamics.”°' Thermal
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modulation is frequently employed to accelerate drying and
suppress the “coffee-ring effect” by inducing Marangoni flows
that redistribute solutes, thereby enhancing film uniformity and
electrical performance.

11.3. Fabrication and Application of Aerosol Jet Printed
Wearable Electronics

11.3.1. Aerosol Jet Printed Biochemical Sensors. AJP
technology has proven to be a versatile tool for fabricating
wearable electronics capable of high-fidelity biochemical signal
transduction. The detection of clinically significant biomarkers,
particularly neurotransmitters at trace concentrations, is pivotal
for early pathology diagnosis; however, reliance solely on
surface nanostructuring often fails to achieve the requisite
ultralow limits of detection. To address this, a hierarchical
sensing platform was engineered by integrating AJP-deposited
graphene nanosheets with 3D-printed silver microcolumns,
resulting in a multiscale electrode architecture (Figure 19b).”*
In this configuration, dopamine (DA) quantification is
achieved via microfluidic injection under static conditions,
where the current response correlates linearly with the
concentration of DA during its catalytic oxidation to DA-
quinone. Under physiological pH, the electrostatic interaction
between cationic DA molecules and the negatively charged
Ag/reduced graphene oxide (rGO) microcolumn interface
facilitates direct electron transfer. The superior electrochemical
performance of these 3D-architected electrodes highlights the
efficacy of multiscale structural design in sensing applications.
Building upon this paradigm, the scope of AJP-based
biosensing was expanded from small-molecule neurotransmit-
ters to macromolecular targets, including antibodies. For
example, a biosensing platform utilizing 3D-printed electrodes
functionalized with AJP-deposited rGO nanoflakes and viral
antigens was developed for the rapid serological detection of
COVID-19 antibodies.*®” Integrated into a microfluidic system
with a standard three-electrode configuration (Figure 19¢), the
device was characterized via EIS. The sensors demonstrated
robust operational stability, maintaining functionality across
multiple regeneration cycles for the detection of spike SI and
receptor-binding domain antibodies. Concurrently, an AJP-
fabricated graphene immunosensor was established for the
simultaneous quantification of interferon-gamma (IFN-y) and
interleukin-10 (IL-10) (Figure 19d).°°* These moieties served
as anchor sites for the covalent immobilization of specific
antibodies, yielding excellent specificity with negligible cross-
reactivity against analogous cytokines. The platform’s mechan-
ical resilience further underscores its applicability in flexible,
wearable bioanalysis.

11.3.2. Aerosol Jet Printed Biophysical and Electro-
physiological Sensors. The advancement of stretchable
electronics has facilitated the creation of conformal devices
capable of accommodating the dynamic topography of
biological surfaces, a prerequisite for high-fidelity epidermal
and implantable monitoring. A persistent challenge in this
domain is the decoupling of genuine physiological signals from
mechanical strain-induced artifacts. To mitigate this, an
ultrastretchable, strain-insensitive bioelectronic platform was
fabricated using AJP (Figure 20a).'"> Key to this system was a
universal gradient interface (UGI) designed to mediate the
mechanical impedance mismatch between soft tissues and rigid
electronic elements. The multimaterial deposition capability of
AJP allowed for submicrometer control over local mechanical
properties, resulting in a device with superior motion artifact
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rejection. This enabled precise monitoring of blood oxygen
saturation, temperature, and cardiac rhythms without signal
degradation. In the realm of neurological research, micro-
electrode arrays are indispensable for -electrophysiological
recording, yet conventional lithographic approaches often
lack the flexibility to produce architectures tailored to specific
anatomical requirements. A novel manufacturing methodology
combining AJP-based high-precision metal deposition with
multilayer circuit printing was demonstrated to fabricate
customizable 3D nanoparticle-based microelectrode arrays
(Figure 20b).°** This approach yielded high-density arrays
with tunable geometries and low channel impedance. In vivo
validation within the sensorimotor cortex of anesthetized mice
confirmed neural recording capabilities commensurate with
traditional rigid platforms, offering a scalable route for next-
generation neural interfaces. For cardiovascular management,
continuous hemodynamic monitoring via wireless implants
offers significant clinical value. A wireless vascular monitoring
system, comprising a multimaterial sensing stent integrated
with printed soft sensors, was developed to address constraints
related to device dimensions and power requirements (Figure
20¢).°” This platform facilitated battery-free real-time tele-
metry of arterial pressure, pulse rate, and blood flow. While
integrating sensing modalities onto vascular stents marks a
significant advancement in intelligent implants, a critical
impediment to translation involves the hemocompatibility of
the printed materials. The interaction between nonbiological
surfaces and blood presents a substantial risk of thrombo-
genesis; therefore, rigorous quantitative assessment of surface
bioinertness is essential to prevent embolization and ensure
long-term patient safety. Furthermore, the rise of flexible
materials has enabled noninvasive biopotential recording. An
additive nanomanufacturing strategy utilizing direct AJP of
nanomaterials and polymers was employed to fabricate
stretchable, dry-contact graphene biosensors (Figure 20d).°*°
These sensors, which adhere directly to the skin without
conductive gels, exhibited stable resistance and enhanced
bioelectric signal quality. When integrated with machine
learning (ML) algorithms, the system successfully classified
distinct muscle activation patterns for robotic control. While
this work presents a comprehensive solution spanning
materials to computation, the long-term stability of the
skin—sensor interface remains a challenge. Specifically,
perspiration and intense physical activity can alter interfacial
impedance, potentially compromising signal integrity over
prolonged monitoring periods.

The trajectory of AJP technology in wearable sensing is
poised for significant evolution, contingent upon addressing
several interconnected technical frontiers. A primary imper-
ative is the enhancement of feature definition and registration
fidelity, necessitating the engineering of advanced aerodynamic
nozzle geometries and high-precision kinematic control
architectures. Concurrently, the library of printable feedstocks
must be expanded to include functionalized, biocompatible
fluids optimized for seamless biointegration. Furthermore, the
realization of sophisticated device architectures requires
refined protocols for the heterogeneous integration of
multimaterial stacks to ensure interfacial mechanical integrity.
To transition from prototyping to industrial viability,
throughput limitations must be mitigated through increased
deposition rates and the implementation of intelligent process
control systems, where ML algorithms enable autonomous, in
situ parameter optimization. Despite these prospects, barriers
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Figure 21. Conclusion and Perspective of wearable electronics. Abbreviations: Al, artificial intelligence; FPCB, flexible printed circuit board; F,
force; M, metal; WIFI, wireless fidelity; SG, fifth-generation mobile communication technology.

to widespread adoption persist. The capital expenditure for
AJP systems remains high relative to techniques such as
electrospinning. Moreover, the process window is governed by
a complex interplay of parameters that demands meticulous
optimization. Throughput constraints further limit mass
production scalability. Additionally, ink engineering for
specialized functional materials requires balancing rheological
performance with printability. Future efforts must focus on
standardizing processes and investigating environmental
stability (e.g, humidity, thermal fluctuations) to unlock the
full potential of AJP in high-throughput healthcare applica-

tions.

12. CONCLUSION AND PERSPECTIVE

Real-time monitoring of individual clinical parameters is
essential for advancing personalized healthcare and tele-
medicine, a goal increasingly achievable through miniaturized
and highly integrated wearable electronics.””” Recent break-
throughs in wearable electronics, driven by diverse micro/
nanofabrication strategies, have dramatically broadened the
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scope of detectable targets, while significantly improving the
analytical performance, functionality, and operational durabil-
ity of these systems. Among these advancements, alternative
micro/nanofabrication techniques stand out as pivotal
innovations shaping the future of wearable electronics.
Leveraging these fabrication approaches, wearable electronics
now span a wide range of applications, unlocking unprece-
dented opportunities for real-time health monitoring in daily
life. Overall, advanced manufacturing technologies such as
screen printing, R2R printing, 3D printing, inkjet printing, and
AJP have jointly promoted the development of the wearable
industry. For example, they must meet the basic requirements
of good flexibility, conductivity, biocompatibility, and environ-
mental protection, but they also present their own unique
characteristics in terms of viscosity, dispersion, curing
mechanism, adaptation to substrate, and industrial adaptability.
R&D teams often need to design specialized ink and material
formulations for different process routes to optimize process
suitability and device performance. For example, screen
printing focuses on high viscosity and high load, making it
suitable for thick-layer structures and high-volume production.
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R2R emphasizes high-speed, continuous, and low-temperature
curing, which is suitable for large-area coils and multifunctional
lamination. 3D printing highlights structural designability and
multimaterial integration, while inkjet printing emphasizes high
precision, low viscosity, and high pattern resolution. As
materials science and processing technology continue to
advance, these technologies will further integrate and develop,
driving wearable electronics toward higher performance, richer
functionality, and larger-scale applications.

This report systematically reviews the current progress of
wearable electronics, with a particular focus on their
foundation in micro/nanofabrication techniques. It provides
a comprehensive examination of alternative micro/nano-
fabrication strategies that are redefining the landscape of
wearable electronics. Specifically, the review begins by
evaluating the properties and nature of nanomaterials that
underpin the shift toward high-throughput fabrication.
Subsequently, by scrutinizing cutting-edge methodologies,
including nanomaterial-based printing, the review emphasizes
their unique benefits alongside their wide array of applications,
such as advanced wearable biochemical, biophysical, electro-
physiological, and multimodal sensors. These demonstrated
capabilities of these emerging fabrication processes not only
enhance device performance but also improve user experience
by offering greater comfort, functionality, and seamless
integration into everyday life. Looking ahead, the continuous
evolution of micro/nanofabrication techniques holds signifi-
cant promise for the advancement of wearable electronics. By
fostering interdisciplinary collaborations and driving innova-
tion, these approaches are poised to further transform the field.
The large-scale adoption of micro/nanofabrication technolo-
gies is expected to enhance the precision and timeliness of
wearable electronics shortly, ushering in new milestones for
personalized healthcare and telemedicine. Given the unique
conditions inherent to wearable electronic testing environ-
ments, additional advancements and optimizations are
essential to enhance their applicability in real-world scenarios.
The primary challenges and future directions can be
summarized as follows (Figure 21):

12.1. Material-Process Compatibility for Scalable
Fabrication

The compatibility between high-throughput fabrication
approaches and active sensing materials exhibits significant
variability across different sensor platforms, presenting
universal dimensional constraints. For instance, inkjet printing
necessitates nanoscale particle uniformity,’*® requiring costly
filtration steps,® while 3D printing demands precisely
controlled rheological properties (e.g., viscosity), often
requiring additives that potentially compromise sensor
performance.”’°"”> Furthermore, numerous advanced nano-
materials (e.g., graphene, LM) exhibit limited compatibility
and narrow processability windows with high-throughput
methods, thus constraining scalability.®”

To overcome these limitations, future efforts should
prioritize the development of broadly compatible next-
generation sensing materials featuring tunable physicochemical
properties, such as shear-thinning inks for 3D printing or self-
dispersing nanoparticles for inkjet printing. The strategic
combination of top-down (e.g, laser engraved) and bottom-up
(e.g., self-assembly) fabrication approaches to broaden material
versatility and dimensional tolerance remains essential for
enabling large-scale sensor manufacturing.

AZ

12.2. High-Throughput and Cost-Effective Manufacturing

The advancement of wearable electronics is fundamentally
constrained by challenges in high-throughput manufacturing
and economic bottlenecks. Elevated material costs (e.g.,
graphene, AgNWs) and capital-intensive equipment require-
ments (e.g., cleanroom tools) impede mass production
capabilities. Despite their promising physicochemical proper-
ties, the industrial implementation of nanomaterials remains
limited due to scalability constraints, stability concerns, and
challenges in achieving consistent material specifica-
tions.’”*77° Furthermore, throughput-speed trade-offs warrant
careful consideration, as high-throughput production neces-
sitates continuous innovation in fabrication methodologies and
process optimization.””” Contemporary micro/nanofabrication
strategies, particularly advanced printing techniques, demon-
strate significant potential for enhancing production efficiency
while facilitating rapid prototyping of highly integrated
wearable electronics. However, precision printing techniques
(e.g., photolithography) sacrifice processing speed, while rapid
methods (e.g, R2R) may compromise resolution and feature
definition.

Process integration and streamlined manufacturing work-
flows can substantially improve production rates through the
elimination of intermediate processing steps. Future research
directions include implementing Al-driven dynamic parameter
adjustment (e.g, real-time viscosity control in 3D printing) to
minimize waste and improve yield. Furthermore, developing
low-cost alternative materials (e.g, carbonized biowaste for
conductive inks) and establishing comprehensive recycling
protocols for wearable components represent promising
sustainable approaches. For example, selective chemical
methods could be employed to extract and recycle sensing
materials, while electronic circuits could be systematically
disassembled and repurposed into functional components.

12.3. Wearability and User Comfort

The development of wearable electronics necessitates careful
consideration of wearability and skin-device interface due to
their sustained contact with human skin.”*%”" Despite
significant advances, several challenges persist in this domain.
Balancing mechanical compliance (stretchability >30%) with
durability (>10,000 bending cycles) remains an unresolved
challenge in the field. Additionally, there is a notable absence
of standardized evaluation metrics for user comfort. Systematic
assessment of air permeability characteristics and comprehen-
sive user comfort metrics remains relatively unexplored.
Biocompatibility concerns also present significant gaps in
current research. Long-term toxicity data for emerging
materials (e.g, MXenes, conductive polymers) are lacking,
and toxic solvent residues (such as acetone, methanol) are
frequently present in fabrication processes, raising potential
health concerns.

Permeability represents a crucial parameter that significantly
influences user comfort during prolonged wear and warrants
further investigation. Future designs should incorporate laser-
perforated substrates or textile-integrated sensors to enhance
air permeability without compromising adhesion properties.
Furthermore, the establishment of a comprehensive wearable
comfort evaluation system is imperative, with several critical
evaluation criteria to ensure optimal performance and safety of
these devices. These criteria should encompass mechanical
properties, air permeability, biocompatibility considerations,
and subjective user experience assessments. Development of
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standardized American Society for Testing and Materials/
International Organization for Standardization (ASTM/ISO)
protocols for long-term wearability evaluation (e.g, sweat-
induced degradation, microbial growth) would significantly
advance the field. Future developments in wearable electronics
should prioritize the advancement of these evaluation
protocols to enhance user experience and establish more
rigorous safety standards for clinical and consumer applica-
tions.

12.4. Sensitivity and Signal Integrity

Contemporary wearable platforms necessitate heightened
sensitivity, particularly for signal detection in dynamic and
complex physiological environments. Current wearable elec-
tronics, such as electrophysiological monitoring devices, face
significant challenges. Physiological signals (e.g,, cortisol in
sweat, microvolt EEG) require SNR exceeding 20 dB, yet
issues with signal drift and environmental noise (e.g,, motion
artifacts) persist throughout extended monitoring periods. For
biochemical sensors, the LOD and sensitivity for trace
concentrations of biomarkers in biofluids remain insufficient
for many clinical applications. Moreover, the complexity of
sensor performance in dynamic environments has not been
adequately addressed in current research. Fluctuations in skin
temperature and hydration states alter sensor baselines, which
particularly impacts low-level signal detection by introducing
measurement inaccuracies and compromising long-term
reliability and stability.

Future research directions should focus on developing
nanostructured interface sensor components, such as hier-
archical graphene foam or plasmonic nanoparticles, to amplify
weak signals. Or develop sensors with intrinsic signal
amplification capabilities, such as electrochemical transistors,
to facilitate accurate low-level signal detection. Additionally, to
address signal drift and baseline instability issues, the
development of self-calibrating sensors incorporating on-device
ML algorithms could distinguish drift from true signals in real
time, significantly enhancing measurement reliability in
ambulatory settings.

12.5. Multimodal Sensor Cross-Talk

The development of wearable multimodal electronics encoun-
ters significant challenges related to signal convolution and
complex wiring, resulting in cross-talk coupling among
detection signals from various sensor components. The
majority of wearable electronic devices generate readable
output signals through the modulation of electrical properties
(resistance, current, capacitance) in conductive materials,
regardless of the external stimulus type. Contemporary
approaches typically employ single electrical parameter analysis
for discrete environmental variations, while individual stimuli
can be distinguished in isolation, concurrent exposure to
multiple environmental factors, such as thermal and mechan-
ical deformation, results in signal convolution.*® Notably,
strain-temperature coupling in resistive sensors can introduce
error in dual-parameter detection. Additionally, the high
integration density of wearable electronics inevitably leads to
interconnect congestion, which reduces flexibility and increases
failure rates.

Future investigations should focus on developing orthogonal
sensing mechanisms to enhance dual-parameter discrimination
accuracy and implementing strategies to decouple stimuli via
multiphysics designs (e.g., piezocapacitive strain sensors +
thermoelectric temperature sensors). Alternatively, leveraging
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Al and algorithmic approaches for intelligent signal decoupling
presents a promising direction. Edge computing modalities
could be advantageous, particularly on-sensor signal separation
algorithms (e.g,, independent component analysis) to mini-
mize cross-talk before data transmission.

12.6. Energy Autonomy

Wearable electronic systems face significant energy-related
challenges, particularly concerning power-density trade-offs
and intermittent energy harvesting capabilities. Conventional
devices frequently necessitate regular recharging or high power
density battery replacement, thereby limiting their usability,
portability, and operational longevity. Current power solutions,
such as flexible batteries (e.g., Zn-air), often deliver less than 1
mW/cm?, which is insufficient for continuous wireless
operation. Advances in energy supply technologies are directed
toward enabling wearable electronics to function autono-
mously for extended durations without dependence on external
power sources, thereby significantly enhancing their function-
ality and user convenience.”®"*** Traditional self-powered
devices that rely on a single energy harvesting mechanism (e.g.,
human temperature gradient powered devices) are unable to
provide a continuous supply of energy, as body motion and
thermal gradients typically provide irregular power bursts with
less than 10% duty cycle.

Recent innovations have facilitated the development of self-
powered wearable electronics capable of harvesting energy
from body motion, biofluids, and environmental sources.”
These self-sustaining systems predominantly consist of two
interrelated modules: energy harvesting and energy storage.
Future advancements may encompass hybrid energy harvesting
systems that integrate triboelectric (motion), photovoltaic
(light), and biofuel (sweat) cells with supercapacitors for
steady output. Furthermore, progress in wireless charging
technologies is anticipated to yield novel solutions, including
resonant coupling or RFID harvesting (e.g, SG-band
rectennas) for continuous operation.

12.7. Data Interoperability and Privacy

The advent of advanced data processing methodologies,
including cloud computing architectures, Al algorithms, and
big data analytics frameworks, has enabled wearable electronics
to transmit acquired data to cloud-based systems with high
fidelity and minimal latency.’® Statistical analyses of these
data sets subsequently provide users with actionable insights
and personalized feedback. However, the current technological
ecosystem is constrained by proprietary silos, as evidenced by
vendor-locked ecosystems (e.g., Apple Health vs Google Fit),
which limit data fusion for holistic health insights.
Furthermore, wearable electronics are susceptible to eaves-
dropping (e.g., ECG data leaks) due to lightweight encryption.
User information is uploaded to the cloud through various
near-field communication protocols (WIFIL, Bluetooth, NFC,
etc.), which may lead to personal information leakage.

To address these limitations, future development trajectories
for wearable electronics should prioritize open standardization
and the adoption of blockchain for secure, decentralized health
data sharing with user-controlled permissions. Such stand-
ardization would facilitate enhanced information exchange and
data interoperability, thereby fostering a more collaborative
and open ecosystem. Concurrently, it is essential to train Al
models on-device to preserve privacy while improving
analytics. User privacy considerations must be systematically
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integrated into these developmental frameworks to ensure
appropriate data protection protocols.

12.8. Commercialization Barrier

The translation of wearable electronics from laboratory
prototypes to commercial products constitutes a multifaceted
and interdisciplinary endeavor, intersecting domains such as
smart healthcare, metaverse applications, and the IoT. Despite
these technological advancements, substantial challenges
remain in overcoming the commercialization barriers of
wearable electronics. A primary challenge is the lack of clinical
validation for wearable electronics developed today, with fewer
than 5% of lab prototypes meeting Food and Drug
Administration (FDA) accuracy standards for medical-grade
wearable electronics. Moreover, commercialized wearable
electronics are generally expensive and exhibit low consumer
adoption. High prices (>$200) and short lifespans (<2 years)
deter market penetration.

Future research should prioritize codesign frameworks that
involve end-users (patients, athletes) early in the development
process to optimize usability. User-centered design method-
ologies, combined with targeted educational initiatives, are
essential to facilitate technological acceptance, which remains a
pivotal determinant for sustainable commercialization and
market expansion. Consequently, the usage cost can be
reduced within a circular economy. Lease—recycle models
can be implemented to reduce costs without affecting user
experience (e.g., refurbished diabetes monitors).

12.9. Al-Driven Optimization and Automation

Currently, there exists a general problem of process variability
in the development of wearable electronics. Most development
is conducted through manual experiments, resulting in a lack of
automation and scalable equipment. For instance, in micro/
nanofabrication, the rheology of nanomaterial inks and printer
nozzle dynamics requires real-time monitoring. Additionally,
data scarcity poses challenges, particularly in complex biofluids,
where there are limited labeled data sets for rare failure modes
(e.g., electrochemical delamination).

Future research should prioritize Al-powered technologies
for guided material synthesis, utilizing generative AI for
materials, such as diffusion models to predict ink formulations
for target conductivity and stretchability (e.g, PEDOT:PSS-
graphene ratios). Simultaneously, closed-loop control methods
should be employed, in-line optical metrology + reinforcement
learning to dynamically adjust printing parameters (speed,
temperature).

Future research should prioritize emerging micro/nano-
fabrication technologies to enhance the stability, safety, and
rapid responsiveness of novel multimodal sensors, with the
ultimate goal of seamless integration into daily medical
monitoring and telemedicine systems. In summary, the
convergence of these techniques with wearable electronics
has driven the development of more comprehensive, detailed,
and personalized healthcare solutions. To date, this technology
has fueled remarkable progress in wearable electronics. As the
field evolves, researchers must remain attuned to emerging
trends and challenges to capitalize on these advancements,
thereby facilitating the development of smarter, more efficient,
user-centric wearable electronics tailored to global needs.
Moreover, the nanoscale design capability of these technolo-
gies unlocks unprecedented potential in wearable devices,
electronics, and other cutting-edge domains.
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B ABBREVIATIONS

0D = zero-dimensional

1D = one-dimensional

2D = two-dimensional

3D = three-dimensional

5G = fifth-generation mobile communication technology
AA = ascorbic acid

ADC = analog-to-digital conversion

AgNPs = silver nanoparticles
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AgNWs = silver nanowires

Al = artificial intelligence

AJP = aerosol jet printing

aSISC = asymmetric self-insulated stretchable conductors
ASTM = American Society for Testing and Materials
AuNPs = gold nanoparticles

BB = biceps brachii

BFCs = biofuel cells

BGM = blood glucose monitoring

BLE = bluetooth low energy

BOD = bilirubin oxidase

BP = blood pressure

CAD = computer-aided design

CARES = consolidated artificial-intelligence-reinforced
electronic skin

CAST = CuysAs;sSesTesy

CE = counter electrode

CIJ = continuous inkjet

CNTs = carbon nanotubes

CRP = c-reactive protein

CSA = central sleep apnea

CV = cyclic voltammetry

CVD = chemical vapor deposition

CY = cyclophosphamide

DA = dopamine

DAC = digital-to-analog conversion
DIW = direct ink writing

DLP = digital light processing

DMD = digital micromirror device
DMEF = dimethylformamide

DNA = DNA

DOD = drop-on-demand

DPV = differential pulse voltammetry
E*-skin = epifluidic elastic electronic skin
EBC = exhaled breath condensate

ECG = electrocardiography

ECH = electrochemical hydrogel

ECoG = electrocorticography

EEC = equivalent electrical circuit

EEG = electroencephalography

EIS = electrochemical impedance spectroscopy
ELISA = enzyme-linked immunosorbent assay
EMF = epidermal molecular flux

EMG = electromyography

EOG = electrooculography

E-skin = electronic skin

FDA = Food and Drug Administration
FDM = fused deposition modeling
FPCB = flexible printed circuit board
GNPs = graphene nanoplatelets

GOx = glucose oxidase

HR = heart rate

ICP = intracranial pressure

IDE = interdigitated electrode

IFN-y = interferon-gamma

IL-10 = interleukin-10

IoT = Internet of Things

IP = iontophoresis

ISE = ion-selective electrode

ISF = interstitial fluid

ISM = ion-selective membrane

ISO = International Organization for Standardization
Isn = sensing current

BC

LCT = layer cure time

LIBs = lithium-ion batteries

LIG = laser-induced graphene

LIMBs = lithium-ion microbatteries

LM = liquid metal

LOD = limit of detection

LOx = lactate oxidase

MCBM = microneedle-based continuous biomarker/drug
monitoring

MCU = microcontroller unit

ME = magnetoelectric

MEAP = metal—polymer electrode array patch
Met = metformin

MIP = molecularly imprinted polymer

ML = machine learning

MMFSA = multimodal and multichannel flexible sensor
array

Mo = molybdenum

MOF = metal—organic framework

MoS, = molybdenum disulfide

MP = methyl parathion

MSCs = microsupercapacitors

MX-LIMBs = MXene-MSCs and LIMBs
NEC = near-field communication

NiHCF = nickel hexacyanoferrate

NOPPs = nitroaromatic organophosphorus pesticides
NTC = negative temperature coefficient
OECT = organic electrochemical transistor
OSA = obstructive sleep apnea

PANI = polyaniline

PCL = polycaprolactone

PCSA = pressure-constrained sonication activation
PDMS = polydimethylsiloxane
PEDOT:PSS = poly(3,4-ethylenedioxythiophene):polystyr-
enesulfonate

PENG = piezoelectric nanogenerator

PET = polyethylene terephthalate

PI = polyimide

PPy = polypyrrole

PR-Gel = polymeric rotaxane hydrogels
PTC = positive temperature coefficient
PTFE = polytetrafluoroethylene

PU = polyurethane

PVA = poly(vinyl alcohol)

PVD = physical vapor deposition

QRS = Q- R, and S-wave

R?* = coefficient of determination

R2R = roll-to-roll

RAM = random-access memory

RE = reference electrode

RFID = radio frequency identification
rGO = reduced graphene oxide

RNA = ribonucleic acid

ROM = read-only memory

Rs = solution resistance

RSD = relative standard deviation

S = sulfur

Se = selenium

SEB = solid epidermal biomarkers

SEBS = styrene-ethylene-butylene-styrene
SEMG = surface electromyography

SHAP = Shapley additive explanations
SkinG = skin conductance
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SLA = stereolithography

SNR = signal-to-noise ratio

ss-DNA = single-stranded DNA

SWCNT = single-walled carbon nanotube
SWV = square wave voltammetry

TENG = triboelectric nanogenerator

TFT = thin-film transistor

THF = tetrahydrofuran

Ti;C,T, = titanium carbide

TMDs = transition metal dichalcogenides
TPP = tannic acid, poly(vinyl alcohol) (PVA), and poly(3,4-
ethylenedioxythiophene): polystyrenesulfonate (PE-
DOT:PSS)

TPU = thermoplastic polyurethane

Trp = tryptophan

UA = uric acid

UGI = universal gradient interface

UV = ultraviolet

Vg = gate voltage

VOCs = volatile organic compounds

Vst = stimulus voltage

WE = working electrode

WISE = wearable integrated soft electronics
WLAN = wireless local area network

WS, = tungsten disulfide

ZIE-8 = zeolitic-imidazolate framework-8
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