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Microfluidic sensing has long been dominated by chemical approaches that usually rely on fluorescent la-
bels or specific reagents to achieve high specificity. However, these methods often require complex prepa-
ration and suffer from limited real-time capability, challenges that become more pronounced in wearable
and portable platforms. In contrast, physical sensing offers a complementary route by detecting variations
in mechanical, acoustic, optical, or thermal properties directly, enabling label-free, faster, and more robust
operation. Under this background, microcavity architectures stand out as one promising option among var-
ious physical sensing designs. By spatially confining and enhancing physical signals at the miniature scale,
microcavities can sharpen detection resolution and extend dynamic range. These gains are further elevated
through the use of tailored materials and are reinforced by fabrication strategies that deliver precise geom-
Received 27th August 2025, etry control and adaptable functionality. Harnessing such features, microcavity-based systems have been
Accepted 28th September 2025 leveraged in fields ranging from high-resolution tactile sensing in soft robotics to wearable healthcare and
human-machine interaction. This review surveys recent progress in materials, fabrication methods, and
sensing mechanisms for microcavity-assisted microfluidic physical sensors, and discusses future directions
rsc.li/loc toward broader adoption and scalable deployment.
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consumption,” rapid analysis,> and precise control.* Micro-
fluidic chips are capable of integrating complex experimental
procedures into miniaturized devices while substantially en-
hancing detection efficiency and accuracy,” thereby demon-
strating immense potential in disease diagnosis,® drug
screening,”® and biomolecular analysis.”*°

In microfluidic sensing systems, chemical or biological
sensing approaches represent the predominant sensing
mechanisms, typically depending on fluorescent markers or
specific reagents."’™® By contrast, microfluidic sensing ap-
proaches based on physical principles have garnered increas-
ing attention from researchers in recent years, due to their
label-free nature, rapid response, and high stability, and have
achieved substantial progress in wearable devices,'*"” flexible
electronics,'® and biomedical engineering."” Physical sensing
techniques, such as mechanical,** acoustic,*® optical,** and
thermal sensing,”® enable real-time, highly sensitive, and
non-invasive detection by directly monitoring the physical
properties or state changes of substances within fluids.

In microfluidic chips, the design of functional architec-
tures determines the system's manipulation precision and
signal transduction efficiency. Consequently, researchers
have progressively developed various active or semi-active
components to meet diverse application needs, such as flexi-
ble diaphragms for fluid regulation,”® magnetic/electric
valves for flow path switching,>*** and micropillar arrays to
enhance the reaction interface.>* While these structures offer
distinct advantages across specific application scenarios, in
the trend of pursuing higher sensitivity, faster response
times, and increased wearability, they struggle to simulta-
neously meet these demands. Under this backdrop, micro-
cavity structures, capable of significantly enhancing signals
at the micro and nanoscale, are increasingly attracting schol-
arly attention. A microcavity is a closed or semi-closed struc-
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ture that can effectively confine and enhance optical, acous-
tic, and mechanical signals at the miniature scale.”>*® Owing
to its spatial confinement characteristics,"® the microcavity
enhances the detection system's responsiveness to weak sig-
nals and demonstrates unique advantages in improving the
sensitivity, response speed, and detection limit of physical
signal sensing. In particular, sealed airbag-based microcavity
structures with active pressurization capabilities offer en-
hanced mechanical tunability and conformal skin-sensor in-
teraction, enabling continuous and controllable signal out-
put, which is highly advantageous for physiological signal
acquisition and multimodal wearable sensing.?’

The integration of microcavity structures with microfluidic
sensing technology further extends the functionality and ap-
plication scope of microfluidic chips. Currently, microcavity-
assisted microfluidic sensing shows a diversified trend in
both material architectures and functional implementation,
encompassing lightweight, high specific-surface-area (SSA)
cavities based on porous polymers*® or carbon materials,*
microchannels with self-healing liquid metal (LM) capable of
dual-mode electrical and mechanical response,®>*! electret
membrane cavities with prolonged charge retention,*® and
closed/semi-closed polymeric cavities.*> These architectures
not only improve sensitivity and dynamic range in mechani-
cal sensing via active pressurization or passive resonance, but
also facilitate efficient thermoacoustic and electroacoustic
conversion in acoustic transduction, and enhance photo-
thermal coupling efficiency in optical and thermal modali-
ties. In addition, certain microcavities function as patterned
encapsulation layers, or utilize microfluidic platforms as
tools to assist in sensor assembly and scalable manufactur-
ing.** Consequently, they empower wearable healthcare sys-
tems with physiological signal monitoring;*>*® equip flexible
robotic and human-machine interaction (HMI) end-effectors
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with multimodal tactile perception and touchless recogni-
tion;*”*®* and enable ultra-wide-range sensing,*® acoustic
communication,'® and optoelectronic multifunctional detec-
tion for environmental and industrial monitoring."® Fig. 1
provides an overview of the key materials and manufacturing
processes of microcavity-assisted microfluidic physical sen-
sors, along with their functional roles across diverse applica-
tion domains. However, existing technologies face challenges
such as high integration complexity, limited material options,

View Article Online

Lab on a Chip

insufficient long-term stability, and inadequate reusability.
Consequently, systematically investigating the design princi-
ples, material selection, and performance optimization
methods of microcavity-assisted microfluidic physical sensing
holds significant scientific importance and practical applica-
tion value.

This review focuses on microcavity-assisted physical sen-
sors from three perspectives: material selection, structural de-
sign, and application cases. It systematically discusses the
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Fig. 1 Schematic of the materials, fabrication, and diverse applications of microcavity-assisted microfluidic physical sensors. It covers porous poly-
mer and carbon-based materials, liquid metal microchannel architectures, electret-based membranes, and sealed polymer cavities, illustrating their
functional roles in augmenting mechanical, acoustic, optical, and thermal transduction, along with the corresponding fabrication methodologies,
and presenting representative application domains, including wearable healthcare monitoring, HMI technologies, and environmental monitoring.
Reproduced with permission from ref. 15. Copyright (2024) Elsevier, ref. 28. Copyright (2023) Wiley-VCH GmbH, ref. 29. Copyright (2025) AAAS,
ref. 30. Copyright (2025) Wiley-VCH GmbH, ref. 32. Copyright (2024) Elsevier, ref. 35. Copyright (2024) Springer Nature, ref. 37. Copyright (2024)
American Chemical Society, ref. 39. Copyright (2023) American Chemical Society, ref. 46. Copyright (2024) Wiley-VCH GmbH, ref. 49. Copyright
(2024) Springer Nature, ref. 50. Copyright (2023) Springer Nature, ref. 51. Copyright (2024) American Chemical Society, ref. 58. Copyright (2024)
American Chemical Society, ref. 96. Copyright (2023) American Chemical Society, and ref. 97. Copyright (2025) American Chemical Society.
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critical role of microcavity structures in enhancing sensing
performance and optimizing detection principles. Specifi-
cally, the application of microcavities in biomedical detection
is emphasized comprehensively, aiming to provide valuable
references and guidance for the design and development of
microfluidic physical sensors. Therefore, the structure of the
subsequent chapters is organized as follows: chapter 2 con-
centrates on the materials and fabrication principles of
microcavity sensors, providing a systematic review of flexible
polymers, LMs, carbon-based nanomaterials, and other func-
tional material systems. It also analyzes how fabrication strat-
egies, including laser processing, sacrificial templating, 3D
printing, and laminated encapsulation, precisely define cavity
geometries, enhance mechanical robustness, and facilitate
scalable integration. Chapter 3 elucidates the device-level
coupling between microcavity architectures and sensing
mechanisms. It begins by analyzing how structural elements
enable high gain, energy autonomy, and multimodal outputs
within resistive, capacitive, and triboelectric modalities. Sub-
sequently, it examines acoustic transduction, highlighting
how different cavities enhance gain in thermoacoustic and
electroacoustic conversion. The discussion then extends to
optical and thermal domains. Chapter 4 summarizes current
challenges in long-term stability, high-throughput fabrica-
tion, and intelligent data integration, and looks ahead to the
development directions and application prospects of micro-
cavity technology in wearable healthcare, HMI, environmen-
tal monitoring, and extreme condition sensing.

Materials and fabrication strategies

Microcavity structures enhance target physical signals by spa-
tially confining acoustic, photonic, thermal, or mechanical
fields. The design of flexible materials, as well as the integra-
tion of multifunctional material systems, governs the micro-
cavity's dimensional precision, operational robustness, and
functional versatility. Thus, materials engineering and fabri-
cation methodologies remain fundamental to advancing re-
search on microcavity-assisted physical sensing technologies.
This section systematically reviews material classifications
and representative fabrication techniques.

Materials

Polymers. Polymers are widely used as microcavity wall ma-
terials or sensing layers, due to their flexibility, processability,
and biocompatibility. Typical polymer candidates include sili-
cone elastomers, such as polydimethylsiloxane (PDMS)*" and
Ecoflex,® thermoplastic polyurethane (TPU),"*** engineering
plastics like polyimide (PI)** and polyethylene terephthalate
(PET),** fluorinated polymers, such as polytetrafluoroethylene
(PTFE)*® and perfluoroalkoxy alkane (PFA),*® as well as biocom-
patible hydrogels including polyvinyl alcohol (PVA).*' Elasto-
mers, such as TPU/PDMS enable the mass production of multi-
cavity arrays at low temperatures through fully printed pro-
cesses, allowing real-time monitoring of pulse and blood pres-
sure in wearable applications (Fig. 2a).”” Porous PDMS-Ag com-

This journal is © The Royal Society of Chemistry 2026
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posite sponges are fabricated wusing sacrificial template
molding, with controllable pore size and uniformly embedded
silver particles, achieving a pressure sensitivity of up to 0.047
kPa™' (Fig. 2b).*" Guo et al. directly employ carbon black (CB) as
a photothermal absorber and glucose as a porogen to produce
porous PDMS membranes (Fig. 2¢).** Building on previous
work, Liao et al. fabricate composite materials with tunable pore
size distribution by varying the proportion of carbon nanotube
(CNT)/TPU conductive sponge and chemical foaming silicone
rubber (SR). The hierarchical porous architecture incorporates a
“macro-pore energy storage and micro-pore sensing” cavity de-
sign, which significantly broadens both the sensing range and
sensitivity (Fig. 2d).”” These porous or layered polymeric mate-
rials are frequently integrated with energy-autonomous mecha-
nisms. For instance, embedded triboelectric units impart self-
powering functionality to the devices, and when paired with ma-
chine learning algorithms, support applications such as rehabil-
itation assessment.*® Furthermore, biomimetic multimodal self-
powered tactile skins achieve high intrinsic piezoresistive sensi-
tivity by incorporating carbon nanoparticles (CNs) into porous
fluororubber/TPU composite sponges.”> The combination of
microcavities, hierarchical porosity, and low Young's modulus
imparts high sensitivity to polymer-based sensors.

Liquid metals. Room-temperature LMs exhibit exceptional
electrical conductivity, fluidic reconfigurability, and intrinsic
self-healing capability, rendering them ideal for the construc-
tion of flexible and stretchable microcavity-based circuits.
Gallium-based alloys, such as EGaln and Galinstan are the
most commonly employed in these devices. Their ability to
fill and dynamically reshape microcavities in response to ex-
ternal mechanical stimuli makes them highly suitable as core
sensing elements in wearable sensors, including electronic
skin systems. Researchers have investigated LMs configured
into microchannels of various geometries. Zhao et al. inject
LM into microchannels with distinct shapes and demonstrate
that spiral geometries enhance pressure sensitivity, while
wavy geometries show greater responsiveness to tensile defor-
mation (Fig. 3a).*" Li et al. fabricate an embedded liquid
metal microelectrode (LM-ME) array that maintains uniform
strain distribution across curved surfaces, thereby enabling
three-dimensional pressure mapping (Fig. 3b).*® Several stud-
ies further integrate LM with functional materials. To im-
prove wearing comfort, Xu et al. develop a highly breathable
LM foam by integrating porous PDMS and LM, enabling real-
time monitoring of human physiological signals (Fig. 3c)."”
Conductive polymer/LM composite electrodes with autono-
mous self-healing and electrical restoration capabilities pro-
vide both mechanical resilience and energy-autonomous per-
formance.*® LM-based triboelectric microcavity structures are
also extended to demanding applications, such as underwater
gripping, deep-sea pressure sensing,’® and scalable printable
boxing training patches.’® LMs are promising candidates for
constructing stretchable microcavity-based circuits and multi-
modal sensing architectures, particularly in the domains of
flexible electronics, pressure mapping, and self-healing sen-
sor technologies.
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Fig. 2 Polymer materials for constructing cavity walls and porous sensing layers. a. Exploded view and SEM image of the fully printed sensor
array. TPU acts as a spacer layer, providing mechanical support to both the top and bottom surfaces of the sensor. PDMS encapsulation isolates
the device from air exposure, thereby preventing oxidation of the electrodes and sensing layer.?’” Reproduced with permission from ref. 27.
Copyright (2025) Wiley-VCH GmbH. b. SEM image of PDMS foam fabricated using a sacrificial template method, and optical photographs of PDMS
foam doped with varying concentrations of silver nanosheets.** Reproduced with permission from ref. 41. Copyright (2025) Elsevier. c. Schematic
illustration of the porous PDMS formation process and optical image of the porous sensing unit. CB absorbs heat from infrared laser irradiation,
which initiates a cross-linking reaction in the PDMS precursor, resulting in solidification. Concurrently, laser-induced thermal decomposition of
glucose hydrate generates steam, promoting the formation of internal pores within the PDMS matrix.** Reproduced with permission from ref. 44.
Copyright (2023) Wiley-VCH GmbH. d. Fabrication process of CNT/PU conductive sponge. SR releases hydrogen gas during the foaming process,
leading to pore formation within the conductive sponge. By adjusting the SR ratio, CNT/PU sponges with varying pore sizes and densities can be
obtained.*? A refers to the chemical blowing agent, and B refers to the curing agent, which are the two components of SR. Reproduced with per-
mission from ref. 42. Copyright (2023) Elsevier.

Carbon materials. Graphene and CNTs, owing to their
high SSA and superior electrical and thermal conductivities,
are extensively employed in microcavity systems, primarily
as functional sensing layers. Three-dimensional graphene
foams serve as thermoacoustic loudspeakers, where cavity
resonance significantly enhances thermoacoustic conversion,
enabling sound emission levels up to 70 dB under 1 mm

1398 | Lab Chip, 2026, 26, 1394-1416

spacing and 1 W input power (Fig. 4a).”" Spiral shell-shaped
graphene microcavities further enable tunable acoustic am-
plification within the 1-10 kHz frequency band (Fig. 4b).*’
Graphene-based porous composite microcavities also serve
as acoustic receiving elements. An ultralight graphene oxide
(GO)/deoxyribonucleic acid (DNA) aerogel builds a tunable
acoustic resonator within a 3D interconnected pore network,

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 LM sensing layers with diverse structural configurations. a. LM sensors with spiral, serpentine, and wave-shaped microchannels.
Reproduced with permission from ref. 31. Copyright (2025) Wiley-VCH GmbH. b. A schematic diagram and optical image of a single embedded
LM-ME sensing unit, together with a digital photograph of the LM-ME array in its pristine state.*® Reproduced with permission from ref. 46. Copy-
right (2024) Wiley-VCH GmbH. c. A photograph and side view of a breathable encapsulated LM foam-based soft stress sensor. The device consists
of an integrated, delamination-free structure composed of PDMS foam in the top and bottom layers, and LM-coated PDMS foam in the middle
layer.*” Reproduced with permission from ref. 47. Copyright (2023) Wiley-VCH GmbH.

delivering a sensitivity of 74.4 kPa™ to sound pressures
above 68 dB across 300-4000 Hz while simultaneously re-
solving micro-pressures down to 0.31 Pa.’* In addition, a
sound-driven triboelectric nanogenerator (SD-TENG) fabri-
cated by doping GO nanosheets into a polyvinylidene fluo-
ride (PVDF) nanofiber membrane and integrating ring-
shaped microcavity electrodes provides a voltage sensitivity
of 476 V Pa' over 20-2000 Hz.>* Superelastic graphene
aerogels preserve their microcavity integrity and conductive
networks across extreme temperature ranges (-196 °C to 300
°C), offering a pathway for harsh-environment sensing
(Fig. 4c).>* Composite configurations integrating graphene
with other materials are engineered to optimize cavity per-
formance. For instance, dome-like cavity arrays induced by
pre-strained meshes in CNT-PDMS films result in uniform
cavity distribution and suppress lateral strain interference
(Fig. 4d);>® closed graphene/poly(methyl methacrylate)
(PMMA) microcavities function as miniature ultrasonic reso-
nators (Fig. 4e);>® silver-nitrogen-graphene (SNG) coupled
resonators enable simultaneous refractive index, tempera-
ture, and pressure sensing (Fig. 4f);>” and optical micro-
cavities formed from pentaerythritol tetraacrylate (PETA)
polymer and GO composites exhibit a humidity sensitivity of
-288.2 pm/%RH, suitable for respiration monitoring applica-
tions (Fig. 4g).”® Hybridizing graphene with porous frame-
works or polymers not only enhances microcavity mechani-
cal stability, but also accelerates sensor response.

This journal is © The Royal Society of Chemistry 2026

Furthermore, CNT-based composites integrated into micro-
cavity architectures substantially boost electrical perfor-
mance, elevating their utility in high-precision sensing plat-
forms. Tou et al. develop microporous sensing layers using
multi-walled  carbon  nanotubes (MWCNTs), ether-
functionalized surfactants, and PDMS (Fig. 4h),>® while lay-
ered CNT paper structures self-assemble into conductive
microcavities that facilitate enzyme cascade electrochemical
reactions (Fig. 4i).®°

Other materials. In addition to conventional material sys-
tems, emerging functional materials, such as piezoelectric ce-
ramics and ion gels, are also being actively explored within
microcavity-based sensing architectures. Li et al. develop an
ultrathin wearable device that integrates piezoelectric ceramic
(PZT)-5H patches with silicone-encapsulated micro-air cavi-
ties, enabling wireless and continuous blood pressure moni-
toring.®* Additionally, porous ion gels fabricated via micro-
bubble templating exhibit an ultrahigh pressure sensitivity of
684.4 kPa™', highlighting their promise for next-generation
wearable pressure sensing platforms.®* Compared to inor-
ganic semiconductor devices, photoplethysmography (PPG)
sensors based on organic polymer semiconductors enable
seamless integration with human tissue and significantly re-
duce power consumption to 9.96 uW.** These functional ma-
terials broaden the applicability of microcavity sensors and
introduce novel strategies for wireless monitoring, conformal
integration, and energy-efficient sensing.
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Fig. 4 Various sensors fabricated from carbon-based materials. a. Schematic and SEM images of three-dimensional graphene foam used for con-
structing thermoacoustic loudspeakers.>! Reproduced with permission from ref. 51. Copyright (2024) American Chemical Society. b. A photograph
of a snail-shaped cavity loudspeaker worn on the human ear. The device is connected to the bottom of the cavity inlet to generate sound waves,
and the acoustic signals are amplified and directed toward the ear.?° Reproduced with permission from ref. 29. Copyright (2025) AAAS. c. Photo-
graphs of a graphene aerogel sensor in ultra-stretchable condition and under 400% tensile strain.>* Reproduced with permission from ref. 54.
Copyright (2023) Royal Society of Chemistry. d. An optical microscopy image of a strain-insensitive CNT-PDMS tactile sensing layer. Each sensing
unit has a dome-shaped architecture.>® Reproduced with permission from ref. 55. Copyright (2025) Wiley-VCH GmbH. e. A cross-sectional sche-
matic of a graphene/PMMA closed-cavity ultrasonic sensor. An air gap of 105 um is formed by the suspended membrane and the silicon sub-
strate.>® Reproduced with permission from ref. 56. Copyright (2023) MDPI. f. A schematic illustration of a tri-modal sensor unit for refractive index,
temperature, and pressure sensing, based on an SNG coupled resonator. The graphene layer is deposited inside the dual-ring and inverted-T reso-
nator structures.> Reproduced with permission from ref. 57. Copyright (2024) IEEE. g. A schematic of a PETA/GO composite film optical micro-
cavity sensor.>® Reproduced with permission from ref. 58. Copyright (2024) American Chemical Society. h. A schematic of a thin-film soft pressure
sensor composed of a substrate, electrodes, and sensing layer, along with a diagram showing the micropore network formed within the sensing
layer.>® Reproduced with permission from ref. 59. Copyright (2023) Wiley-VCH GmbH. i. A schematic of a dual-enzyme conductive microcavity,
with black regions representing CNT buckypapers. A 3D exploded view illustrates the concept of microcavity.60 Reproduced with permission from
ref. 60. Copyright (2024) MDPI.

Brief summary. The performance limits of microcavity sen-
sors are fundamentally governed by the multidimensional inter-
play among the electrical conductivity, mechanical compliance,
and multiphysical coupling efficiency. With low Young's modu-
lus and ease of processing, flexible polymers are well-suited for
fabricating deformable cavities and porous sensing layers; high
electrical conductivity and reconfigurability of LMs make sen-
sors with excellent stretchability and self-repairing capacity;
carbon-based nanomaterials, due to their exceptional electrical
and thermal transport properties, enhance the sensitivity in de-
tecting mechanical, acoustic, and optical signals; emerging
functional materials, for example ion gels, also expand the ap-
plicability of microcavity-assisted devices. The selection of mate-

1400 | Lab Chip, 2026, 26, 1394-1416

rials not only affects sensing performance, but also largely de-
termines the design strategies of microcavity structures and the
feasibility of functional integration.

Fabrication techniques

Fabrication strategies for microcavity-enabled sensors are
transitioning from traditional planar micromachining toward
three-dimensional, customizable manufacturing paradigms.
Laser processing method. Laser-induced PI surfaces can
yield porous graphene, which, when transferred onto flexible
substrates, enables pressure sensitivities up to 15.4 kPa™*.**

Laser thermal forming, assisted by photothermal absorbers

This journal is © The Royal Society of Chemistry 2026
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and porogens, induces controlled bubble formation within
PDMS, producing patterned arrays of self-supporting micro-
cavities (Fig. 5a).** Laser processing not only precisely fabri-
cates porous architectures on flexible substrates, but also di-
rectly prepares microchannels and infuses LM to yield
integrated conductive tracks. A CO,-laser inscribes around 60
um graphite trenches in LM/PI laminates, which are subse-
quently capped with PDMS, thus creating a photothermally
actuated, strain-sensing conduit.** Femtosecond laser direct-
writes microgrooves as narrow as 5 um in Cu/elastomer hy-
brids, enabling ultra-high-resolution, stretchable sensors.®®
Laser etching of a 200 um-thick film template followed by
LM transfer engenders a 0.3-10 mm adjustable microfluidic
network in Ecoflex elastomer.®® Laser-based techniques allow
for high-precision structuring of microcavities, micro-
channels, and conductive paths on flexible substrates, featur-
ing high resolution, rapid prototyping, and broad material
compatibility, making it suitable for constructing multifunc-
tional flexible electronics.

Sacrificial templating method. A range of sacrificial mate-
rials, including sugar powder, deionized water, PVA, sodium

View Article Online
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chloride (NaCl), and other porogens, are employed to tem-
plate porous microcavities or conductive networks within
composite or polymeric matrices via hot pressing or solvent
dissolution (Fig. 5b).*"*"**™%5 Alternatively, gaseous tem-
plates, via microbubble generation or self-foaming silicone,
facilitate the formation of uniform pore networks, resulting
in compressible, elastic microcavity structures.*>* This tech-
nique employs sacrificial templates to generate well-defined
microchannels or cavities within polymer matrices, offering a
facile and versatile approach, especially advantageous for fab-
ricating porous architectures and conductive networks.

3D printing techniques. Qiu et al. modify the rheological
properties of LM by incorporating SiO, nanoparticles, thereby
tuning its elastic and viscous moduli, as well as overall vis-
cosity. This approach enables the rapid 3D printing of soft
electronic devices based on the modified LM composites.*®
Liu et al. employ an indirect 3D printing strategy to construct
flexible microchannels. Specifically, acrylonitrile butadiene
styrene (ABS) is printed into intricate sacrificial molds, which
are then embedded in Ecoflex prepolymer. Upon curing, ace-
tone dissolves the ABS structures, yielding millimetre-scale
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Fig. 5 Fabrication techniques for microcavity-assisted physical sensors. a
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Copyright (2023) Wiley-VCH GmbH. b. Sacrificial templating method. Reproduced with permission from ref. 41. Copyright (2025) Elsevier. c. 3D
printing techniques. Reproduced with permission from ref. 29. Copyright (2025) AAAS. d. Laminated packaging and system integration. Reproduced

with permission from ref. 27. Copyright (2025) Wiley-VCH GmbH.
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3D conductive microchannels.®” Wei et al. utilize photo-
curable resin-based 3D printing to rapidly fabricate conch-
shaped resonant cavities (Fig. 5¢).”° 3D printing offers flexi-
ble design freedom for microcavity structures, enabling the
rapid and customizable fabrication of complex prototypes,
and represents a pivotal technology for advancing personal-
ized microfluidic sensors.

Laminated packaging and system integration. Multilayer
lamination and vacuum encapsulation facilitate the integra-
tion of PZT elements, PDMS-based microcavities, and hybrid
flexible-rigid circuits into a 4 mm-thick, continuously moni-
toring wearable blood pressure patch.®® Wang et al. bond pre-
assembled layered structures using vacuum-assisted thermal
lamination, followed by hot pressing to finalize the encapsu-
lated flexible pressure sensor array (Fig. 5d).>” Lamination-
based encapsulation employs multilayer assembly and ther-
mal compression techniques to integrate microcavities, sens-
ing layers, and electronics, facilitating sensor miniaturiza-
tion, functional integration, and output stability.

Brief summary. In summary, from laser processing and sac-
rificial templating to 3D printing and laminated packaging, di-
verse fabrication strategies enable precise construction of micro-
cavity structures with tunable geometry and integrated
functionality. These methods collectively support scalable, cus-
tomizable, and high-performance sensor manufacturing.

Microcavity-assisted physical sensors exhibit diversity in
both materials and fabrication techniques. Researchers de-
sign sensors and microcavities based on application scenar-
ios. By reasonably selecting and combining different mate-
rials, such as polymers, LMs, carbon-based materials, and
other special materials, it is possible to achieve higher sensi-
tivity, faster response, and improved stability in microcavity
designs. Simultaneously, the synergy of advanced fabrication
techniques enables precise control over cavity geometry, pore
size distribution, and wall surface functionalization across
micron to millimeter scales. These microstructures are fur-
ther integrated with self-powered mechanisms, signal condi-
tioning modules, and artificial intelligence (AI)-driven algo-
rithms, collectively establishing a robust foundation for the
development of next-generation, high-sensitivity, multi-para-
metric, and large-area manufacturable microfluidic physical
Sensors.

Sensing principle, structure, and
application of microcavity-assisted
sensors

Building upon these advanced processes and materials, re-
searchers have developed various microfluidic sensors for
physical signal detection. Practical applications reveal that
different materials exhibit distinct compatibility preferences
in sensor architecture and operational principles, due to their
inherent differences in electrical, mechanical, and thermal
properties. For instance, elastic polymers are commonly used
to construct flexible resistive and capacitive sensors owing to

1402 | Lab Chip, 2026, 26, 1394-1416
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their excellent compressibility and dielectric characteristics.
LMs  demonstrate  high  conductivity @ and  flow
reconfigurability, making them widely applicable in resistive
microchannel structures. Ultra-thin graphene's superior elec-
trical and thermal conductivity plays a pivotal role in acoustic
resonance and thermoacoustic transduction sensing. To clar-
ify the coupling pathways between material systems and sen-
sor architectures, Table 1 systematically outlines commonly
used material systems for microcavity-assisted physical sen-
sors, summarizing the applicability and functional emphases
of mainstream material systems in microcavity construction.
These materials support diverse sensing mechanisms, includ-
ing resistive, capacitive, triboelectric, acoustic, and optical/
thermal sensing. Researchers typically need to select optimal
structural configurations and sensing mechanisms based on
practical application requirements.

Mechanical sensing
Resistive sensing

Pressurizable microcavities based on sealed airbag archi-
tectures. Within flexible resistive-type sensors, sealed airbag
structures represent a canonical microcavity configuration,
characterized by high tunability, large strain adaptability,
and strong engineering controllability. These properties make
them especially well-suited for the development of active
pressure-regulated sensing systems. By employing inflatable
or pre-pressurized cavities, such structures generate predict-
able stress responses under external mechanical loading or
active pneumatic input, facilitating improved sensor-skin
conformity, enhanced detection of subtle signals, and the
seamless integration of multimodal sensing and physiologi-
cal monitoring functionalities.

Luo et al. integrate a PDMS-based spherical sealed micro-
cavity with a laser-induced graphene (LIG) conductive layer to
develop a high-performance flexible resistive sensor tailored
for non-invasive, single-vessel blood pressure monitoring
(Fig. 6a).*> The encapsulated air cavity functions as a me-
chanical buffer, significantly enhancing the electromechani-
cal transduction efficiency while mitigating fatigue-induced
degradation of the LIG conductive network under sustained
or high-intensity loading. When coupled with a dual-stage
convolutional neural network, the system achieves clinically
relevant accuracy, with a diastolic pressure error of less than
0.5 mmHg and a systolic pressure error of less than 2.1
mmHg, in estimating blood pressure from a single vessel,
thus offering a cost-effective and non-invasive approach to
wearable hemodynamic monitoring.

Beyond blood pressure monitoring, actively pressurized
sensing mechanisms have also been widely applied in pulse
diagnostics. Drawing inspiration from traditional Chinese
medicine (TCM) palpation techniques, Wang et al. develop a
fully printed, flexible sensor array that integrates an airbag-
based microcavity array for simultaneous acquisition of pulse
signals at the “Cun”, “Guan”, and “Chi” positions (Fig. 6b).>”
The microcavity structure supports multi-phase active

This journal is © The Royal Society of Chemistry 2026
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Table 1 Coupling pathways between material systems, sensing mechanisms, and application scenarios in microcavity-assisted sensors

Material
categories

Specific materials

Features

Selected properties

Preferred sensing

mechanism

Typical application
scenarios

Polymer

LM

Carbon-based
material

Other
functional
materials

Elastomer PDMS,
Ecoflex

PU

Engineering PI
plastic

PET

Hydrophilic PVA

polymer

Fluorinated PVDF

polymer

PTFE/PFA

composite

film
EGaln: gallium-indium

alloy (75.5% Ga,
24.5% in)

Galinstan:

gallium-indium-tin
alloy (68% Ga, 21.5% in,

10.5% Sn)
Graphene

CNT

PZT

Hydrogel

High elasticity,

low young's modulus,
large deformability

With balanced strength
and flexibility, good

thermal stability

With good mechanical
strength, thermal stability,
and strong film-forming

properties

Water-soluble, highly

biocompatible

Chemically stable,
hydrophobic, some

with piezoelectric

or charge-holding

characteristics

Liquid at ambient
conditions, excellent
electrical conductivity,
mechanical deformability,
and strong compatibility
with soft elastomers

Excellent electrical and
thermal conductivity,
two-dimensional structure

One-dimensional flexible
conductor combining

conductivity and

mechanical flexibility

High piezoelectric

response, strong

electromechanical

coupling, and

consistent response
Hydrophilic and flexible,
with ionic conductivity

and excellent
biocompatibility

This journal is © The Royal Society of Chemistry 2026

Young's modulus (E):

100-2000 kPa;*®

relative permittivity
(er): 2.6-2.8 (ref. 69

and 70)

Young's modulus (E):
1-200 MPa;”* thermal

degradation

temperature: >300°C

(ref. 72)

Young's modulus (E):
5.89 GPa;”* relative

permittivity (eg):
2.1-2.94;"* glass

transition temperature
(Ty): >350°C (ref. 75)
Young's modulus (E):
1.07 GPa;”® relative
permittivity (eg): 3.1;”7

glass transition

temperature (7,): 80°C

(ref. 77)

Young's modulus (E):
0.04-7 GPa (ref. 78)

Piezoelectric

coefficient (ds3): 13-28

PC/N, relative

permittivity (eg): 12

(ref. 79)
Piezoelectric

coefficient (dj3): 23.8

PC/N (ref. 36)

Electrical conductivity
(0): 3.4 x10°Sm™,
melting point (Tp,):

15.7 °C (ref. 80)

Electrical conductivity
(0): 3.8x10°S m™,
melting point (Tp,):

-19 °C (ref. 80)

Thermal conductivity
(x): 5300 W m™ K%,
electron mobility (p):
3.5x10° em* V' s,
SSA: 2630 m* g (ref.

81)

Thermal conductivity
(x): 3500 W m™* K
electron mobility (x):
2800-5400 cm* V'

s % SSA: 1315 m* gt

(ref. 84)
Piezoelectric

coefficient (ds3): 750

PC/N (ref. 85)

Water content: 70-90

wt%;%® ionic

conductivity: 107°-30 S

em™ (ref. 87)

Resistive,
capacitive,
triboelectric,
acoustic, and
photothermal

Capacitive
(electret-based),
resistive

Resistive

TENG-based
piezoelectric
electret sensing

Resistive
(microchannel
strain-based)

Acoustic,
thermoacoustic,
resistive,
triboelectric,
optical

Resistive,
triboelectric,
thermal

Triboelectric,
capacitive,
photothermal

Capacitive sensing

(flexible

electrolyte-based),

electrochemical
sensing

Compressible microcavities,
multimodal sensing,
electronic skin, health
monitoring, and wearable
motion tracking

Microcavity-assisted
capacitive sensor
substrate, flexible
circuit support,
laser-micromachined
encapsulation

Flexible biosensing layer,
capacitive/ion-conductive
dielectric, skin/physiological
signal acquisition
Non-contact touch sensing,
motion/posture recognition,
remote interaction,
humidity monitoring

3D pressure mapping, strain
sensing, bioelectrical
monitoring, wearable e-skin

Thermoacoustic speaker,
acoustic sensing,
micro-pressure detection

Strain sensing,
conductive film

Passive sensing, non-contact
interaction, flexible HMI

Skin-interface sensing,
physiological signal
detection, flexible
iontronic devices
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Fig. 6 Closed airbag-assisted microcavity-based sensing systems. a. A flexible resistive pressure sensor composed of a spherical PDMS microcavity
and a laser-induced graphene layer, enabling noninvasive single-vessel blood pressure monitoring.*> Reproduced with permission from ref. 35.
Copyright (2024) Springer Nature. b. A fully printed flexible sensor array with integrated airbag microcavities for simultaneous pulse monitoring at
three radial artery positions via multi-stage active pressurization.?” Reproduced with permission from ref. 27. Copyright (2025) Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim. c. A multi-channel wearable sensing platform combining silicone airbags and ionic conductive films for synchro-
nized pulse acquisition and real-time blood pressure estimation.®® Reproduced with permission from ref. 33. Copyright (2024) Springer Nature. d.
A 3D pulse sensing array with multiple airbags and machine learning-assisted signal processing for atrial fibrillation classification.®® Reproduced

with permission from ref. 88. Copyright (2025) American Chemical Society.

pressurization, effectively emulating the dynamic “palpation”
process to enhance the conformal interface between the skin
and sensor surface, while modulating the sensing depth to
capture pulse waveforms at varying vascular layers. The sys-
tem exhibits consistent performance across diverse partici-
pants, body postures, and activity states, demonstrating the
microcavity's engineering adaptability under complex pres-
sure modulation conditions.

Based on the concept of pulse diagnosis, Zhao et al. intro-
duce a multi-channel, actively pressurized flexible pulse mon-
itoring platform, integrating silicone-based airbag cavities
with flexible ion-conductive membrane arrays to enable syn-
chronized pressure measurements at three distinct diagnostic
points (Fig. 6¢).>* Coupled with a neural network model
based on nine static pressure segments and pulse wave am-
plitude, the platform provides real-time predictions of sys-
tolic and diastolic blood pressures.

In addition, Cao et al. expand the multi-airbag structure to a
three-dimensional, dynamically controlled pulse array platform,
incorporating a machine learning model to develop an atrial fi-
brillation classification system, thereby achieving the digitaliza-
tion of traditional pulse diagnosis data (Fig. 6d).%® This platform
integrates active pressurization, adaptive deformation, and Al-
assisted diagnostic capabilities, marking a paradigm shift in
microcavity-based health sensing systems from simulation-
based sensing to cognitive diagnostic applications.

The sealed airbag microcavity structure modulates the sensor
state through active deformation control, thereby enhancing

1404 | Lab Chip, 2026, 26,1394-1416

both the sensitivity and reliability of flexible resistive sensors,
while offering a systematic design pathway for the high-
precision acquisition of complex physiological signals. The
structure's tunability, coupled with its continuous and controlla-
ble signal response, positions it as one of the most prominent
application paradigms in contemporary microcavity-assisted
flexible microfluidic sensing technologies.

Microchannel structure with LM infusion. Beyond the ac-
tively pressurized microcavity design based on sealed airbag
structures, another prevalent microcavity configuration em-
ployed in resistive flexible sensors is the LM microchannel
structure. Microchannels, fundamentally characterized as de-
formable microcavities with confined space, typically form
dynamic conductive pathways through the injection of LM.
This structure, while preserving the flexibility and wearability
of the device, enables substantial resistance changes in re-
sponse to variations in the cross-sectional pressure of the
channel, thus offering exceptional sensitivity and structural
stability. The fundamental equation governing the relation-
ship between resistance change and stress variation in LM
microchannels is as follows:

1+e 1
wemrto (i ) O

In eqn (1), R and R, denote the resistance of the micro-
channel under stretched and unstretched conditions, respec-
tively. p represents the resistivity of the LM, L is the length of
the microchannel, while w and % are the width and height of
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the microchannel, respectively. Aw and Ah refer to the varia-
tions in the microchannel's width and height during
stretching, and ¢ is the applied strain. The sensitivity of the
sensor is generally characterized by the gain factor (GF), as
defined by eqn (2):

_ AR/R,
B &

GF 2
GF is employed to quantify the resistance change of the LM
microchannel sensor under unit strain. A higher GF value in-
dicates a more robust stress response capability, which is
generally achieved by optimizing the channel's geometric
structure.

In the field of resistive sensing, utilizing LM-filled micro-
channels to fabricate high-sensitivity pressure sensors is a
widely adopted technique. Wu et al. introduce an innovative
structural design in which convex microarrays (CMs) are embed-
ded within the LM channel (Fig. 7a).*® By integrating convex
structures into the PDMS microchannel, the degree of deforma-
tion in the channel's cross-section during pressurization is ef-
fectively enhanced, leading to increased sensitivity to 4.3 x 10~
kPa™', while maintaining a measurement range of up to 340
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kPa. The device has been successfully applied in pulse detec-
tion, finger bending, gait analysis, and gesture recognition
scenarios.

Gul et al. develop a soft sensor using LM with a dome-
shaped design, which, when combined with AI algorithms,
leads to the development of a flexible sensor system capable
of three-dimensional stress differentiation (Fig. 7b).*° The
modular LM channel structure can resolve loading discrepan-
cies in the X, Y, and Z directions. By incorporating machine
learning models, this system achieves advanced posture and
motion recognition, offering innovative perspectives for flexi-
ble robotics and multimodal HMI.

Subsequently, Luo et al. employ geometrically tunable
structures to optimize the deformation response of micro-
channels and introduce Peano fractal microchannels
(Fig. 7¢)."® The Peano fractal not only increases the strain
sensing density per unit area, but also through the optimiza-
tion of structural geometry, delays the fracture point of the
LM's conductive path, thus expanding the effective detection
range. Their study highlights the importance of embedded
structures in regulating conductive pathways within micro-
channels and demonstrates that engineering the geometry of
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Fig. 7 Microchannel-based resistive sensors with LM. a. A soft resistive sensor integrating CMs within a PDMS-LM microchannel to enhance
cross-sectional deformation and improve sensitivity, applied in pulse monitoring, gait analysis, and gesture recognition.®® Reproduced with permis-
sion from ref. 89. Copyright (2023) IEEE. b. A dome-shaped microchannel sensor that differentiates multi-axis pressure distribution (X, Y, Z2) and
supports intelligent stress recognition through machine learning models.°® Reproduced with permission from ref. 90. Copyright (2024) Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim. c. A Peano-type fractal microchannel structure that enhances stretchability and sensing density by optimiz-
ing the conductive path geometry of the LM.*® Reproduced with permission from ref. 15. Copyright (2023) Springer Nature. d. A pressure-sensitive
structure based on the reversible contact behavior of LMDs, enabling dynamic resistance switching for applications such as physiological signal im-
aging and throat motion monitoring.>® Reproduced with permission from ref. 30. Copyright (2025) Wiley-VCH Verlag GmbH & Co. KGaA,

Weinheim.
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microcavities can achieve a synergistic optimization of sensi-
tivity, stretchability, and stability.

Building on this, Dong et al. introduce a novel pressure
sensing structure based on the reversible contact behavior of
liquid metal droplets (LMDs). By precisely controlling the
microchannel geometry and electrolyte filling, they achieve
controllable contact and disconnection of LMDs under vary-
ing pressures, leading to stable resistance changes and en-
abling “switch-like” dynamic resistance regulation (Fig. 7d).*°
It has been successfully applied to complex physiological sig-
nal sensing scenarios, including two-dimensional image re-
construction and pharyngeal motion detection.

Brief summary. In summary, LM microchannels, as dynamic
closed microcavity structures, exhibit good tunable performance
in flexible pressure sensor design. Different studies have en-
hanced critical metrics, such as high sensitivity, broad dynamic
range, and multimodal responses through strategies like the in-
corporation of microstructure arrays, directional recognition
channel designs, and LMD reversible contact. These advance-
ments highlight the vast potential of LM microcavity structures
in wearable health monitoring and integrated smart systems.

Recent research has introduced the use of micro-cage
structures to achieve local regulation of microscopic strain,

Micro-Cage
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representing an innovative microcavity configuration. This
structure has demonstrated significant advantages in enhanc-
ing the resolution and anti-crosstalk capabilities of array sen-
sors, making it highly suitable for multi-pixel pressure sens-
ing systems. Zhang et al implement micro-cage strain-
constrained structures in PDMS using a photo-crosslinking
strategy.”’ By employing ultraviolet-induced crosslinking inhi-
bition, they introduce locally uncrosslinked regions in the
PDMS, thereby forming microcavity units with localized
strain characteristics that effectively constrain deformation
diffusion within each pixel. The micro-cage structure reduces
mechanical crosstalk between array elements by 90.3%, while
maintaining an excellent sensitivity of 18.94 kPa™. Addition-
ally, it achieves a spatial resolution exceeding 4000 ppi and a
minimum perceptible weight of 1 g (Fig. 8). This approach of-
fers an effective structural solution for high-density and low-
crosstalk flexible array sensors.

Capacitive sensing

Porous dielectric layer. To design flexible capacitive tactile
sensors, the structure and dielectric properties of the dielec-
tric layer are critical to the overall sensing performance.
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Fig. 8 Micro-cage structured stretchable pressure sensor array and its key performance metrics.®* A photo-crosslinking strategy is used to create
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Traditional homogeneous dielectric materials face limitations
in terms of compressibility, dielectric constant tunability,
and response speed, making it challenging to achieve both
high sensitivity and wide range response. In contrast, porous
materials, filled with numerous micro-scale cavities, naturally
form a three-dimensional microcavity network. By introduc-
ing micro-scale air cavities within the dielectric, porous di-
electric layers not only reduce the overall dielectric constant,
but also enhance compressibility under applied forces, thus
improving capacitive response sensitivity and signal-to-noise
ratio. This structural design has significant potential for inte-
gration into flexible electronic skin systems, particularly for
tactile and non-tactile integrated sensing, and demonstrates
excellent performance in both static pressure monitoring and
dynamic interface interactions.

Based on the aforementioned design principles, Wang
et al. develop a dual-modal flexible electronic skin, utilizing
digital light processing 3D printing to construct micro-spike
electrode structures, and introducing a porous PDMS dielec-
tric layer via a sacrificial template method to create micro-
structure-microcavity composite capacitive sensing units
(Fig. 9a).”® The porous structure not only reduces the dielec-
tric constant, but also enhances compressive deformation re-
sponse, resulting in a high sensitivity of 1.672 kPa™" within a
pressure range of 0-20 kPa, with mass detection capability
down to 1 g and non-contact recognition ability up to 10 cm.
Under a similar structural framework, Wu et al. further pro-
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pose a flexible sensing array integrating porous dielectric
layers, micro-spike electrodes, and edge electric field sensing
mechanisms (Fig. 9b). The porous sponge structure, made of
PDMS with hundreds of micron-sized holes, is filled with
ionic liquid and sandwiched between two layers of flexible
conductive fabric, forming a highly sensitive variable capaci-
tance structure. Non-contact recognition is enabled by the
edge electric field interference mechanism, and dynamic ges-
ture and 3D morphology sensing with >99% accuracy is
achieved through machine learning.*”

The micron-scale cavities within the porous dielectric layer
are crucial in enhancing the compressive response of the de-
vice and its sensitivity to edge electric field disturbances. Ad-
ditionally, they significantly reduce the overall mass, facilitat-
ing the maintenance of the device's flexibility and
conformability. This microcavity structure, which integrates
both performance and lightweight characteristics, serves as a
fundamental structural basis for the development of multi-
modal flexible sensors.

Electret thin film. The electret thin film is a key microcavity
material for enabling high-sensitivity non-contact capacitive
sensing. It stores permanent charges within, and by construct-
ing a membrane-cavity-electrode microbubble structure, it gen-
erates a stable electric field response. This structure offers sev-
eral advantages, including self-powering, flexibility, and low
power consumption, making it particularly suitable for long-
range non-contact HMI applications. In such a structure, the
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Fig. 9 Porous dielectric layer-based capacitive sensors. a. A dual-responsive electronic skin fabricated via DLP 3D printing, integrating micro-

spike electrodes and a porous PDMS dielectric layer to

form microstructure-microcavity composite capacitive units.?® Reproduced with permission

from ref. 28. Copyright (2023) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. b. A bimodal sensing array composed of ionic liquid-filled porous
PDMS and flexible fabric electrodes, enabling edge electric field modulation for touchless and dynamic pressure sensing with >99% gesture recog-

nition accuracy.®”
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microcavity not only provides dielectric isolation, but also serves
as an air gap for stable capacitive response, significantly en-
hancing sensitivity and signal-to-noise ratio.

Liu et al. develop a self-powered flexible non-contact sen-
sor (Fig. 10a), where a fluorinated ethylene propylene (FEP)
film and PET substrate composite form a cavity structure. By
utilizing corona charging, stable potential and capacitive re-
sponses are generated, enabling precise sensing of distances
as small as 2 mm. The sensor successfully detects eyelid
movements and exhibits a certain degree of resolution for
various gestures and spatial positions, showing considerable
application potential in the fields of soft robotics and wear-
able sensing technologies.’>

Dai et al. introduce a flexible electret sensing platform in-
tegrated with a variable-spacing electrode array. By utilizing a
microcavity structure to adjust the equivalent capacitance re-
sponse curve with respect to distance, they achieve an ultra-
wide sensing range (2-180 mm) and multi-angle 3D recogni-
tion capabilities (Fig. 10b).>* The device enables non-contact
multi-point tracking, object posture recognition, and remote
sliding gesture interaction through the coupling of electric
field disturbances and structural microcavity variations.

In an extended approach, Xu et al. integrate electret micro-
cavity structures with optical ranging and acoustic feedback
functionalities, constructing an intelligent scanner based on
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an FEP-air-PET sandwich structure. This system enables 3D
spatial depth perception and real-time voice feedback within
a self-driven HMI system (Fig. 10c).>> The device, without any
external power input, utilizes structural vibrations to drive a
sound wave emitter and adjust the laser scanning angle,
allowing for long-range positioning and navigation up to 250
cm. This serves as a representative example of the application
of electret microcavity structures in multimodal interaction.

In a non-contact sensing, the electret structure generates
an electric field disturbance, whereas in a contact scenario, it
induces a charge coupling response. As a result, when ap-
plied to contact-based mechanical sensing environments, the
signal output transitions to a triboelectric response.

Triboelectric sensing

Triboelectric sensing relies on the surface charge transfer
during the contact-separation process of materials, enabling
passive, highly sensitive flexible pressure sensing. When inte-
grated with electret or porous microcavity structures, it en-
hances the device's output stability, response linearity, and
spatial adaptability.

Wu et al. develop a flexible, self-powered electret pressure
sensor array based on a multilayer structure of e-PTFE, PFA,
and FEP, with the core being a composite film featuring a
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microcavity structure (Fig. 11a).>® The microcavity structure
significantly reduces the Young's modulus of the film layer
while enhancing sensing performance, achieving a sensitivity
of 9 mV N™* over a range of 1.4-13.6 N. The sensor demon-
strates excellent performance in real-time monitoring across
various human body scenarios (e.g., sound, pulse, and finger
joint activities) and during pig knee joint replacement
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Zhou et al develop a respiration-driven self-powered
PVDF/cellulose acetate (CA) nanofiber filter material, incorpo-
rating a porous fiber network created by electrospinning and
an annular cavity composed of copper foil, electrode sheets,
and elastic supports (Fig. 11b).>® This microcavity structure
aids in maintaining a stable airflow channel and electric field
gradient, thereby enhancing the electrostatic adhesion capac-

surgery. ity generated by the triboelectric effect. It exhibits sustained
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and efficient capture of submicron particles, demonstrating
the role of microcavity structures in self-powered filtration
systems.

Porous PDMS materials are frequently utilized in the con-
struction of triboelectric microfluidic sensors. Qin et al. de-
sign a sensor based on a water-containing elastomer struc-
ture, employing gradient-distributed multi-stage
microchannels to create a sandwich-like porous microcavity
network (Fig. 11c).”* The microcavity provides both liquid
storage and flow paths, and when the sensor nears its com-
pression limit, a “water bridge” forms through liquid extru-
sion, dynamically adjusting the internal electric field, achiev-
ing a wide linear detection range from 5 to 1240 kPa. The
porous microcavity improves deformation adaptability and
charge migration efficiency, enabling the device to perform
three-dimensional tactile recognition and bending angle
sensing, thereby expanding the application scope of triboelec-
tric sensing.

The integration of electret and triboelectric microcavity
structures highlights a convergent pathway toward self-pow-
ered, highly sensitive, and spatially adaptive sensing systems.
Through the coupling of permanent charge retention, dy-
namic air gap modulation, and porous dielectric design,
these approaches enable multimodal signal conversion across
both contact and non-contact scenarios. Collectively, they
demonstrate the synergistic advantages of microcavity-
enhanced self-powered sensing technologies in the develop-
ment of next-generation human-machine interfaces, intelli-
gent wearables, and low-power biomedical diagnostics.

View Article Online
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Acoustic sensing

Microcavity architectures play a pivotal role in acoustic en-
ergy harvesting and transduction. They effectively capture
acoustic energy, augment sound pressure, and adjust the fre-
quency response, thereby efficiently converting weak acoustic
vibrations into readily measurable and processable electrical
or optical outputs, thereby constituting an effective pathway
to enhancing the sensitivity of acoustic sensing.

Chen et al. propose an acoustic sensor (Fig. 12a) based on
GO/DNA aerogel.”* This sensor capitalizes on the porous
microcavity structure to detects faint acoustic vibrations with
high sensitivity and converts them into measurable resistance
changes. It delivers an effective response bandwidth of 300-
4000 Hz and a sensitivity of 74.4 kPa™, exhibiting highly syn-
chronized responses to animal sounds, human voices, and
environmental noise. Zhong et al. propose a highly sensitive
acoustic sensor (Fig. 12b) based on PI/GO foam.”® This sen-
sor converts the tiny vibration energy, produced by the re-
peated reflection of sound waves within porous microcavity,
into electrical signals, enabling the identification of both bio-
logical and non-biological sounds via distinct peaks. Liu
et al. propose a highly sensitive graphene-based Fabry-Perot
acoustic sensor (Fig. 12¢).”® By reducing the pressure change
within the enlarged backing air cavity (EBC), the equivalent
acoustic pressure acting on the diaphragm was increased,
achieving an exceptionally high mechanical sensitivity of
187.32 nm Pa' @ 16 kHz. Active sensors require both a
sound source and a sensor. Therefore, in terms of the sound
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source, Ren et al. report a wearable acoustic device based on
graphene thermoacoustic resonance and a 3D-printed conch-
inspired spiral cavity (Fig. 12d).*° Tuning the cavity height af-
fords control over the operating resonant frequency, yielding
pronounced resonance enhancement at 5.4 kHz, with the
sound pressure level (SPL) rising from 32 dB to 71 dB.

Brief summary. In summary, the incorporation of micro-
cavity architectures drives measurable advances in high-
sensitivity detection and broadband response within acoustic
sensing, delivering strong performance in weak acoustic-
signal detection, sound recognition, and HMI.

Other sensing

In addition to the aforementioned mainstream systems,
microcavity-assisted sensing technologies based on optical
and thermal principles also play a vital role in physical sens-
ing within microfluidic systems. Fan et al. demonstrate an ul-
traviolet (UV)-near-infrared (NIR) dual-narrowband photode-
tector applicable to solar UV intensity monitoring and PPG
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signal detection (Fig. 13a).”” By incorporating a microcavity
structure, the device leverages optical interference effects to
enhance its optical response at the resonant wavelength,
allowing selective transmission of 330 nm UV light (transmit-
tance >80%) while suppressing light in other spectral ranges.
Zhu et al. report an organic PPG sensor that integrates a
microcavity organic light-emitting diode (OLED) and an an-
nular organic photodetector (OPD) (Fig. 13b).** By tuning the
cavity length between the semi-transparent and reflective
metal electrodes, the angular emission profile of the OLED is
controlled, enhancing arterial light absorption, reducing
baseline drift, and optimizing the pulsating signal.
Movaghgharnezhad et al. design a highly sensitive broadband
visible-light detection system based on a 3D heterogeneous
multiscale porous graphene structure (Fig. 13c).”® The inter-
connected multilevel porous microcavity improves photo-
responsivity to 4.4 mA W', representing a three-order-of-
magnitude enhancement over monolayer graphene photode-
tectors. Li et al. propose a multifunctional phase-change
aerogel for wearable thermal management (Fig. 13d).”’
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Leveraging a cross-linked continuous skeleton and preserved
porous cavity structure, the material enhances heat storage
capacity while maintaining the intrinsic properties of
aerogels, such as thermal insulation, adsorption, and me-
chanical flexibility. The resulting thermal conductivity
reaches 29.6 mW m™ K.

Brief summary. As a critical element in multiphysical sens-
ing platforms, microcavity structures demonstrate functional
versatility and structural compatibility across diverse sensing
mechanisms. From enclosed air cavities and LM micro-
channels in mechanical sensing, to resonant acoustic cham-
bers, and interference-based photothermal structures, micro-
cavities enhance systematic performance by modulating local
field distributions and strengthening signal coupling effects,
leading to improved sensitivity, dynamic range, and spatial
resolution. Researchers advance microcavity sensors toward
enhanced performance, energy efficiency, and multimodal in-
tegration through co-design of materials and structures, in
combination with AI algorithms, micro/nanofabrication, and
flexible encapsulation technologies. The continuous evolu-
tion of sensing mechanisms and structural designs discussed
in this chapter illustrates that microcavities are gradually be-
coming a bridge between material properties and system
integration.

Summary and Prospect

Microcavity-assisted microfluidic physical sensors expand the
capabilities of flexible sensors in precise measurement and
multimodal signal processing through sophisticated cavity
design, rational combinations of various flexible materials,
and fabrication techniques suitable for mass production.
This work provides a comprehensive analysis of microcavity
architectures in microfluidic physical sensors, focusing on
material optimization, representative structural typologies,
and mechanisms for multimodal sensing. Special attention is
given to their role in enhancing performance across resistive,
capacitive, and triboelectric channels, emphasizing the piv-
otal contributions of microcavities to signal amplification,
strain modulation, and multimodal signal integration. By in-
tegrating functional materials, such as polymers, porous ma-
terials, LMs, and carbon-based nanomaterials, microcavity
structures substantially improve the sensitivity and temporal
responsiveness of sensors, while simultaneously conferring
superior mechanical flexibility, environmental adaptability,
and system-level integrability. These attributes position
microcavity-enabled devices as promising candidates for ap-
plications in health diagnostics, interactive systems, and en-
vironmental monitoring.

In contrast to conventional sensing architectures, micro-
fluidic platforms exhibit distinct advantages in the context of
physical signal detection. On one hand, the enclosed and
controllable channels and cavity structures provide a stable
three-dimensional support environment for microcavity
units, helping to confine deformation regions and improve
response repeatability. On the other hand, the design flexibil-

1412 | Lab Chip, 2026, 26, 1394-1416

View Article Online

Lab on a Chip

ity of microfluidic channels and their ability to manipulate
fluid media make them naturally compatible with materials,
such as LMs'® and porous gels,'®" thereby enhancing the
sensor's dynamic response and adaptability to complex envi-
ronments. Microfluidic systems inherently possess the capac-
ity to precisely modulate and transmit a wide range of physi-
cal stimuli, including pressure,'®® acoustic signals,'®
temperature,'® and fluidic cues,'® thereby establishing a
foundational infrastructure for integrated multiparametric
sensing.

Although significant advancements have been achieved,
microcavity-enabled microfluidic sensing platforms continue
to encounter challenges. The stability and long-term reliabil-
ity of microcavity structures still depend on further optimiza-
tion of material systems and packaging processes. Moreover,
scalable and standardized high-throughput fabrication tech-
niques for large-area production remain underdeveloped,
thereby constraining the widespread implementation of such
sensors in industrial and clinical applications. In addition,
the convergence of multimodal sensing and Al algorithms re-
mains predominantly at the experimental validation phase,
with few cases of mature, systematic deployment.

Future research may advance along three principal direc-
tions. At the materials level, research focuses on novel com-
posite systems that exhibit stretchability, autonomous self-
healing, self-powering capabilities, and responsiveness to
multiple physical stimuli. Efforts also aim to enhance their
environmental tolerance under extreme conditions, while in-
corporating biodegradable and biocompatible materials to
address the specific requirements of wearable and implant-
able medical devices. From a manufacturing standpoint, inte-
grating techniques, such as laser micromachining, 3D print-
ing, and soft lithography with automated encapsulation
enables high-throughput, standardized, and large-area pro-
duction, while the processing precision still requires further
improvement. Furthermore, the development of multi-
material co-fabrication and programmable structural
manufacturing strategies addresses the growing demand for
personalized and adaptive sensing solutions. Additionally, in-
tegrating physics-based model with machine learning enables
the parametric design and predictive performance evaluation
of microcavity architectures, thereby accelerating device de-
sign workflows. Regarding application and system integra-
tion, advancing the deep convergence of microcavity sensing
with AI algorithms and low-power wireless communication is
essential. Custom optimization should be performed for di-
verse application scenarios, including healthcare, HMIs, envi-
ronmental monitoring, and industrial diagnostics, while pur-
suing developments toward high-density sensor arrays,
minimized inter-channel crosstalk, and enhanced spatial res-
olution. Such progress ultimately facilitates the realization of
multimodal, intelligent sensing architectures. Meanwhile, in-
tegrating physicochemical approaches is emphasized,
wherein the inherent advantages of chemical sensing are
harnessed in synergy with physical modalities to enable mul-
timodal and multi-throughput data acquisition, thereby
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supplying richer datasets to support algorithmic training and
inference. For instance, hydrogels not only enable multi-
modal chemical sensing,'®® but are also commonly used in
physical sensing applications.*® By harnessing the material's
capacity to adapt to diverse sensing mechanisms, it becomes
possible to design multifunctional sensing systems. Similarly,
by augmenting organ-on-a-chip platforms with physical sens-
ing capabilities to monitor internal parameters, researchers
can provide more effective guidance for experimental design
and optimization.

Microcavity-assisted sensors possess a solid foundation for
industrialization and strong potential for real-world deploy-
ment. In the field of wearable healthcare, the integration of
enclosed microcavity structures and multimodal sensing algo-
rithms enables noninvasive health assessments such as contin-
uous blood pressure and pulse monitoring, applicable to smart
health patches, postoperative rehabilitation monitoring, and
chronic disease management systems.'%”'°® In HMI and intelli-
gent interfaces, structures involving porous electrets and LM
microchannels are widely applicable in non-contact operating
systems, Al-based interactive platforms, and tactile sensors for
soft robotic end-effectors.'**** The incorporation of AI acceler-
ates the advancement of microcavity sensor technologies. By
using machine learning and computational modeling, re-
searchers systematically explore material combinations and cav-
ity designs with enhanced efficiency, thus reducing the research
cycle; simultaneously, intelligent algorithms at the application-
level function to integrate multimodal signals and discern com-
plex patterns, which in turn enhances support for health moni-
toring and HMI. As demand grows for precise monitoring of
controlled microenvironments, these systems can be further ex-
tended to applications in environmental sensing and microscale
fluidic regulation. In extreme condition sensing, advanced ma-
terials including graphene aerogels and microstructured con-
ductive foams enable precise detection in challenging settings
involving high or low temperatures and high pressures."*> Com-
bined with scalable fabrication techniques such as soft lithogra-
phy and 3D printing, it is expected to establish low-cost, mass-
producible industrial platforms to support the rapid develop-
ment of flexible electronics and digital healthcare.'®

As research progresses, the focus of microcavity-assisted
microfluidic physical sensors shifts from single performance
optimization to more complex system integration and engi-
neering applications. In the future, with the continuous prog-
ress of materials, fabrication processes, and intelligent algo-
rithms, microcavity-assisted microfluidic sensing technology
is expected to continue playing a role in intelligent percep-
tion systems and become a key technological enabler in
fields of biomedicine, flexible electronics, and novel HMI.
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