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1. Introduction

The importance of actuators as fundamental components in
microfluidics has long been recognized. The ability to enable

Present and future of smart functional materials as
actuators in microfluidic devices

Sepideh Izaddoust, @3 |sabel Poves-Ruiz,®® Enrique Azuaje Hualde,®
Daniel Patko, ©2° Larisa Florea, ©¢ Colm Delaney, ©¢
Lourdes Basabe-Desmonts*?® and Fernando Benito-Lopez @ *?

The role of actuators in microfluidic systems is fundamental for accurate measurements and analyses, as
they enable precise control over fluid flow by converting various forms of energy—including electrical,
thermal, piezoelectric, and electromagnetic—into mechanical motion. The integration of actuators within
microfluidic devices facilitates system miniaturization, allowing complex fluidic operations at the
microscale. Actuators are essential components in micropumps, micromixers, microvalves, and other fluidic
control elements, ensuring accurate handling of very small quantities of liquids. However, the selection of
the material type for the actuator is highly dependent on the specific application, as well as on the material
composition and structural configuration of the microfluidic device in which it will be integrated. Actuators
can feature either moving or static components, and the use of hybrid materials allows for the
development of innovative actuation mechanisms. Given the vast range of possible actuator-material
combinations, selecting an appropriate actuation strategy is critical for optimal device performance. This
review presents recent advancements in microfluidic actuation, with a particular emphasis on material
innovations. It explores emerging actuator materials integrated within microfluidic channels, their
fabrication and integration methods, activation mechanisms, and functional applications. Additionally, the
review provides a comprehensive outlook on promising materials for future microfluidic actuator
development.

valving, thereby eliminating the need for bulky external
components. These embedded actuators have been shown to
enhance automation, minimize reagent consumption,
simplify device operation, and improve overall system

precise control over fluid manipulation at the microscale is
the key factor in the development of actuators. Since the early
stages of microfluidic technologies, actuators have played a
crucial role in various applications, including fluid pumping,
valving, and mixing. Traditional microfluidic platforms
typically were dependent on external pumps, valves, and
pressure sources, adding complexity to the system while
hindering portability, scalability, and user accessibility.
Recent advancements in integrated actuation technologies
have enabled on-chip fluid manipulation, mixing, and
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efficiency. Consequently, they significantly contribute to the
development of more reliable, scalable, and commercially
viable point-of-care diagnostics and analytical platforms,
essential for numerous fields, ranging from chemical analysis
to biomedical diagnostics."?

Conventionally, passive actuators, defined as those that do
not require external driving forces to perform their function,
have been used over the years.” These actuators could be
categorized based on whether they operate through structural
design, surface functionalization to add new properties, or
the inherent properties of the materials themselves, enabling
intriguing  “self-powered” fluid manipulation. Different
materials have been used for passive actuators such as rigid
polymers like poly(methylmethacrylate) (PMMA),* soft
polymers like polydimethylsiloxane (PDMS),” inorganics such
as glass® or silicon (Si),” paper,® and their combination.

In the context of actuators based the design, rigid
polymers such as polycarbonates (PC), PMMA, polyethylene
(PE), polypropylene (PP), polystyrene (PS) as well as glass and
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silica have been widely used in microfluidic devices. High
rigidity, stability, and suitability for various manufacturing
processes, have made these materials ideal for use as passive
mixers”'® to enhance the interaction between fluids by
controlling the flow within the microchannels. Employing
various geometrical designs of microchannels such as T-
shaped," grooved'* and/or herringbone," increases the
contact area between the fluids by inducing a turbulent or
chaotic flow.""® In addition to rigid polymers, glass and
silica have been widely used for fabrication of micromixers.
Channon et al'® designed a self-pumping asymmetric
staggered herringbone mixer from laser-ablated glass and
tape, achieving rapid flow and mixing without external forces
or pumps. In another inventive design, a 3D micromixer
made from borosilicate glass and a silicon substrate was
employed, using Baker's transformation concept."” These
examples demonstrate diverse approaches to develop
advanced microfluidic mixers, incorporating materials such
as glass and silicon substrates, along with innovative
manufacturing techniques such as ultrafast laser
micromachining'® and femtosecond laser-induced wet
etching.'® This emphasizes the significance of geometric
design and material selection in achieving efficient fluid
mixing within microfluidic systems, ultimately advancing lab-
on-a-chip (LoC) technologies.

The surface of rigid polymers (e.g. poly PMMA, cyclic olefin
polymer (COP) and copolymer (COC), PC, poly(-ethylene
terephthalate) (PET), PS, poly (ethylene glycol) (PEG), polylactic
acid (PLA), acrylonitrile butadiene styrene (ABS), or polyester)
and glass can be functionalized in order to modify the
surface properties and enhance their performance in
biological and chemical environments. This modification
allows for control of material wettability or biomolecule
immobilization. By adjusting the hydrophobicity or
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hydrophilicity of the surface, the behaviour of fluids within
microchannels can be controlled, optimizing fluid handling
and flow dynamics.”® As an example, PMMA was
functionalized with polyvinyl alcohol (PVA) to develop a
capillary-driven flow device for simultaneous multi-sample
analysis. The PVA coating transforms the PMMA surface from
hydrophobic to hydrophilic, facilitating the drawing of fluid
samples into  the  microchannels.”’ Indeed, this
functionalization approach offers versatility in selecting
materials and modifying their properties to suit specific
application requirements. It provides a means to tailor the
interaction of fluids with the microchannel surfaces, thereby
improving the efficiency and effectiveness of microfluidic
systems in various analytical and diagnostic operations.
Moreover, the surface of rigid polymers can be functionalized
by physical attachment, amination and carboxylation in order
to improve chemical immobilization susceptible, for instance,
for biological applications. These polymers have been
commonly used in microfluidic devices due to their
biocompatibility, optical transparency, and mechanical
strength. For instance, in recent work,> the surface of a
PMMA/paper hybrid channel was functionalized by
immobilization of proteins on the surface, enabling binding
with the target antibody.

Since the inception of microfluidic technologies, porous
materials like papers and filter papers have been widely used.
Owed to their biocompatibility, cost-effectiveness, and rapid
prototyping  capabilities, they have found numerous
applications ranging from point-of-care detection®® to ELISA
tests>* and even exudate detection of living plant roots.>® The
inherent porous property of paper facilitates a lateral flow of
liquids through the material. This feature makes paper an ideal
material to be used as passive micropumps, conventionally the
most common type of actuators which do not require external
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power.”**” The pumping mechanism of paper is based on the
capillary forces which typically operate by controlling the flow
rate during the filling process, making them useful when
precise flow rates without continuous regulation are
needed.”®*® Moreover, by harnessing the natural wicking
properties of paper, it can be effectively utilized as valves in
various applications. This innovative use of paper as a valve
leverages its ability to absorb and transport liquids, by capillary
action, as demonstrated by Hu et al®* in their study. In
addition, paper can be seamlessly integrated into PMMA
channels to enhance their functionality. In these channels, the
mechanical pressure applied to the paper can be used to
regulate the flow of fluids and to control fluid dynamics.** The
combination of the wicking properties of paper and its
mechanical responsiveness within PMMA systems offers new
possibilities for the design of efficient and cost-effective fluid
control mechanisms.

Another material which has a long history in microfluidics
technology is PDMS.>’®* The advantageous properties of
PDMS, which include ease of fabrication and the capacity to
precisely replicate the surfaces of molds, render this polymer
an ideal material for the fabrication of passive microfluidic
components, including channels,*® mixers,*?® and
actuators.®” Furthermore, PDMS can be used to create hybrid
materials, thereby extending its application range beyond
channel fabrication to microfluidic actuator.>****° Electrodes
and valves can be readily integrated into a PDMS system,"’
and can be combined with graphene,*' electric coils,** and
chromophores.”> PDMS has been extensively used for
pressure-difference pumps, particularly in the degas-driven
flow method. Indeed, effective flow regulation requires
materials that have high air solubility like PDMS affording
the absorption and release of air under varying
environmental pressures, creating vacuum or high pressure
inside the channel, which drives fluid motion.**** PDMS
facilitates gas diffusion by creating free volumes within the
material. When degassed, PDMS generates a vacuum and
reabsorbs air upon exposure to atmospheric pressure,
creating negative pressure that drive fluid flow. This process
is influenced by microchannel geometry, material
permeability, and the balance between gas diffusion and
liquid movement.**™*® Shen et al.*® used this technique to
develop a microcasting method for patterned cell culture
systems, enabling controlled cell adhesion.

The other category of materials with numerous
applications in LoC include natural and synthetic hydrogels.
These materials are known for their high-water content,
flexibility, and ability to mimic natural tissue. The
hydrophilic three-dimensional networks of hydrogels, capable
of absorbing and retaining significant amounts of water,
solvents or biological fluids has made them ideal as passive
capillary pumps in pumpless microfluid devices.’® Unlike
paper, this phenomenon occurs because the weak bonds in
hydrogels break upon absorbing liquids, leading to their
swelling.”® Although, the capillary pressure in hydrogels is
lower compared to rigid porous material pumps, and may

6078 | Lab Chip, 2025, 25, 6075-6099
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decrease further when pumping fluids, they still offer
superior mass or volume efficiency.>® Hydrogels possess
several important properties, including, biocompatibility,
mechanical strength, biodegradability, swell ability, and
sensitivity to external stimuli.>®> These properties can be
adjusted by altering the ratios of hydrophilic to hydrophobic
components, the concentrations of initiators, composition of
polymers, and the reaction conditions.>>>* This makes
hydrogels ideal to be either passively or actively used as inert
matrices to host a board range of responsive and active
materials such as metal nanoparticles®*® biomolecules,”” %
living cells®*®° as well as ions.®”®® They can also be designed
to respond to specific stimuli. Stimuli-sensitive, also called,
smart hydrogels have been synthesized by adjusting their
composition, becoming responsive to physical, chemical and
biochemical environmental triggers. Based on the type of
crosslink (chemical, physical and/or dual-network) the
response of smart hydrogel leads to its volumetric or
structural changes.®” Based on the composition, smart
hydrogels can respond to temperature,”””" electric fields,””
light,”® pressure,”* pH,”” ionic strength,’® and certain
biological molecules.”” This feature enables hydrogels to be
applied as smart actuators®’® like valves,””®® grippers,®"
microcages,® micropumps,®*®* and membranes.®> They are
also used in drug delivery,®®®” drug release and tissue
engineering,®® encapsulation,®”°® and cell culture,”® which
demonstrate the importance of these materials in LoC
technology.

In addition to the aforementioned materials, magnetic
materials have also become a common component of
macroscale fluidic systems. These materials form a
distinctive class that uses the potential energy stored in
magnetic fields to generate mechanical signals, thereby
enabling precise and versatile actuation.”®™> The family of
magnetic materials encompasses a wide range of substances,
including magnetic nanoparticles, ferrofluids, and solid
ferromagnetic alloys such as stainless steel, as well as
composite materials.”® Despite their diversity, these materials
share a common response to external magnetic fields,
whether generated by permanent magnets or electromagnets.
Magnetic materials have become a common component of
macroscale fluidic systems, where they facilitate the efficient
operation of components such as pumps, mixers and
97799 In microfluidics, they offer distinct advantages
including precise and tuneable actuation, enabling dynamic
fluid handling and unlocking novel types of actuation
mechanisms previously unattainable with traditional
methods.'”® "% One of the primary benefits of using
magnetic materials in microfluidics is the ability to finely
control actuation by adjusting the strength and gradient of
the applied magnetic field. This level of precision facilitates
highly adaptable and responsive fluid manipulation.
Furthermore, the integration of magnetic materials into
microfluidic devices has resulted in the development of
innovative, efficient, and flexible methods of fluid control.***
These advancements continue to expand the capabilities of

valves.

This journal is © The Royal Society of Chemistry 2025
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microfluidic  systems, making magnetic materials an
indispensable tool for modern fluidic applications.

This review provides comprehensive and up-to-date
exploration of the diverse materials employed as actuators in
microfluidic devices. Given the pivotal role of actuators in
regulating microfluidic environments, their importance
cannot be overstated. This review aims to guide the selection
of suitable materials for specific actuator applications by
discussing their fabrication and integration methods, the
external stimuli that activate them, and their wide-ranging
applications. Additionally, it highlights the advantages of
these materials, emphasizing their practicality and ease of
implementation. Beyond established materials, this review
introduces emerging alternatives that represent the next
generation of microfluidic actuators, with the potential to
significantly enhance system performance and functionality.
By focusing on these advancements, this work underscores
the transformative potential of novel materials in LoC
technology, paving the way for more efficient, precise, and
versatile microfluidic devices.

2. Functional materials as actuators
2.1 Paper and cellulose based actuators

Paper, as a material, has emerged as a highly suitable
platform for microfluidic devices due to its intrinsic
properties and structural versatility.>>'%%” Its natural
wicking ability enables passive fluid transport through
capillary action, eliminating the need for external pumps or
power sources. Composed primarily of cellulose fibres, paper
features a porous structure that can be chemically modified
or physically patterned to regulate fluid flow and enhance
functionality."®” "% Additionally, its affordability, lightweight
nature, and availability in various forms make it a practical
choice for low-cost and scalable device fabrication. The ease
of processing through techniques such as printing, wax-
patterning, and lamination further expands its applicability
in microfluidics."*** Beyond its mechanical and chemical
adaptability, paper's compatibility with biological and
chemical assays has driven its widespread use in applications
such as point-of-care diagnostics, environmental monitoring,
and biomedical research. Its biodegradability and
disposability also contribute to its appeal, particularly in
resource-limited settings where cost-effective and sustainable
solutions are essential,"**'

Beyond paper, several other materials with similar
properties have been explored for microfluidic applications,
particularly those that leverage capillary-driven fluid
transport. Nitrocellulose, widely used in lateral flow assays,
offers high porosity and excellent protein-binding capacity,
making it an ideal for bioassays and diagnostic
applications.’®®'%*> Textiles, including cotton, silk, and
synthetic fibres like nylon, provide flexible and porous
substrates that can be patterned or functionalized to guide
fluid flow."'>'® Cotton threads have been integrated into
microfluidic devices as channels for passive fluid transport,

This journal is © The Royal Society of Chemistry 2025
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offering a simple and scalable alternative to traditional
microfabrication  techniques."””'*®  Similarly,  nylon
membranes provide controlled porosity and chemical
resistance, expanding their use in filtration and separation
processes."™™° In a study by Lin et al,"”" a nitrocellulose
rotating disc was used as the reaction layer for an ELISA
test, paired with a filter paper disc that served as a reservoir
for the washing step. To create fluidic channels on the
discs, UV-curable polyurethane was screen-printed onto the
nitrocellulose surface, effectively defining hydrophobic
barriers and guiding fluid flow (see Fig. 1(A)). Paper can
also be integrated with 3D printed materials, expanding the
design possibilities of microfluidic systems. For instance, at
Zargaryan's group,'>> a 3D printed system was developed
which featured a slotted bridge valve that regulated the flow
through the paper channels via simple mechanical pressure
on the paper. Additionally, their design included a 3D
printed liquid reservoir connected to a filter paper channel,
where simply applying pressure allowed for controlled
release of the liquid into the microfluidic network. This
integration of paper with additive manufacturing techniques
demonstrates a promising approach for creating hybrid
microfluidic systems with enhanced control over fluid
manipulation (see Fig. 1(B)).

The wicking property of paper can be finely tuned and
used to create valves and separate reaction compartments in
microfluidics. When paper absorbs water, its weight and
persistence  length  change, leading to  structural
deformation. As a cantilever, the wicking paper bends
downwards, establishing a fluidic connection between
previously separated compartments.'*® Tu et al.'** developed
a complex valve system to regulate flow through paper-
based channels. Their design incorporated a sponge
attached to a filter paper, which expanded upon water
absorption. This expansion displaced a movable arm with a
hydrophilic head, bridging hydrophilic channel sections and
facilitating fluid transfer. Additionally, they introduced a
fructose-based soluble retardant to control flow speed.
These strategies demonstrate the potential of paper's
inherent mechanical and hydrophilic properties for the
development of self-regulating microfluidic devices.

Wax Dbarriers play a crucial role in paper based
microfluidic systems, acting as hydrophobic boundaries to
direct and control fluid flow. Moreover, it is possible to tune
the flow over these wax barriers. Beyond passive
containment, the flow over wax barriers can be actively tuned
to enable dynamic fluid regulation. In the work of Atabakhsh
and colleges'* a simple paper-based fluidic system with
screen-printed wax micro bridges was developed, combined
with screen printed electrodes functioning as thermal
actuators (see Fig. 1(C)). By using the electrodes as localized
heaters, it was possible to melt and regulate the melting of
the wax barriers, modifying the structure of the paper
channels and altering the flow conditions on demand. Paper-
based systems can also be combined with rigid substrates,
such as PMMA, to enhance their mechanical stability and
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Fig. 1 Hybrid PDMS and paper-based actuators in microfluidic devices. (A) Paper-based ELISA test system, where sensors rely on the rotation of
paper discs containing assay reagents. The mechanical movement of the discs facilitates the transfer of reagents and samples. Reproduced from
Lin et al., with permission from Nature, copyright 2022.*?* (B) Schematic of finger-actuated hybrid reservoirs and valves demonstrating the
suitability of paper combined with 3D printing. (i) Fabrication of components, (i) mounting onto the hybrid device (iii) slotting reservoir
components into the couplers. Reproduced from Zargaryan et al. with permission from Nature, copyright 2020.12? (C) A micro heater and a wax
barrier inserted into a paper microfluidic system, using screen printing techniques. The control of the micro enables precise control of the wax
barrier and flow. Reproduced from Atabakhsh et al., with permission from Elsevier, copyright 2024.1%> (D) Flow in paper can be regulated using
screws implemented into a PMMA housing. The pressure of the screw regulates the flow within the paper. Reproduced from Hu et al, with
permission from Elsevier, copyright 2023.2 (E) A Nafion-Pt electrode-based ionic polymer-metal composite (IPMC) is inserted into a PDMS
microfluidic channel to be used as a mixer. Reproduced from Annabestani et al. with permission from IEEE, copyright 2020.4° (F) Schematic
representation of a PDMS device with tiny electromagnets. The magnetic actuators generate peristaltic motion in the channels working as inbuilt
pumps. Reproduced from Subandi et al., with permission from Elsevier, copyright 2024.%?

functionality. Hu et al.>*> demonstrated the benefit of using  Fig. 1(D)). This hybrid system enabled the isolation of
PMMA to securely house fluidic components, such as paper  exosomes and the extraction of miRNA from biological
tissue. Additionally, screws were inserted over paper samples, showcasing the potential of paper-PMMA
channels, allowing for mechanical actuation of fluid flow (see ~ microfluidic platforms for biomedical applications.

6080 | Lab Chip, 2025, 25, 6075-6099 This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lc00259a

Open Access Article. Published on 02 iulie 2025. Downloaded on 18.04.2026 20:31:01.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Lab on a Chip
2.2 PDMS and hybrid PDMS actuators

PDMS is widely used in microfluidics®® primarily as passive
elements such as channels, or mixer thanks to its geometrical
or elastic properties.”>"*® It has also been employed as an
integrated pump, particularly when degassed PDMS is
used.'?”'*® Integrating mechanical valves into PDMS-based
microfluidic systems is a common practice, especially in 3D
structures, where a parallel PDMS layer can be fabricated for
pneumatic channels. This layer can apply pressure to seal
liquid flow within the liquid channels. Additionally, screws
can be inserted into the PDMS to regulate pressure and block
flow in the channel.*”**°

Electrodes can also be used to regulate flow in PDMS-
based microfluidic systems. Qaiser's group'®° integrated a
square-wave meander copper-based microheater into a
microfluidic  chip, achieving a 44% higher output
temperature with lower input energy compared to other
meander heaters. They placed a PDMS-Expancel hybrid
reservoir-channel-outlet system over the microheater, and
during thermal expansion, water was pushed out of the
reservoir. Additionally, simple sliding wall parts can be
inserted into a PDMS systems to create manually controlled
valves. In Venzac's work,"*' a 3D-printed sliding wall was
used for valving, pumping, and compartmentalization in a
PDMS microfluidic system. They system contained a
polymerized polyethylene glycol diacrylate (PEGDA) and an
agarose-based hydrogels separating two fluidic
compartments. When a constant electric field was applied
between the two compartments, DNA migration occurred.
However, the PEGDA membrane's pore size (approximately 5
nm) was too small to allow DNA transfer, resulting in DNA
concentration in front of the membrane. In contrast, the
DNA could easily flow through the agarose gel.

Recent advances have explored the use of PDMS-based
hybrid materials as microfluidic actuators, with varying levels
of hybridisation. Annabestani et al*® developed an ionic
polymer-metal composite (IPMC)-based cantilever
micromixer into a microfluidic channel. The movement of a
Nafion-Pt electrode-based IPMC generated an effective
mixing within 15 s (see Fig. 1(E)). In another advancement,
electro wetting properties of a PDMS-graphene oxide (GO)
hybrid surfaces were modified to achieve precise
translocation of water droplets using electrodes. The
electrodes, with triangular shapes (1.5 x 1.5 mm) and 60 um
spacing, enabled accurate control of water droplets via
electrical voltage.*'

PDMS also allows the incorporation of larger components,
as demonstrated by Subandi et al,” who inserted tiny
magnets and electromagnetic coils into PDMS to create a
peristaltic pump. The system achieved a flow rate of 8 mL
min~', with small volume changes generated by the
electromagnets (see Fig. 1(F)). Additionally, heating
electrodes can be integrated into PDMS-based microfluidic
systems due to PDMS's excellent heat resistance. In a
multilayer PDMS device, Sesen et al."** embedded a heating
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wire surrounded by oil beneath a PDMS membrane. When
the wire was switched on, the generated heat caused the oil
to expand, which in turn pushed the PDMS membrane,
blocking the flow within the channel above the heater,
achieving closure within 2 s. Finally, chromophores can also
be incorporated into PDMS to enable light-controlled fluid
flow. Angelini and colleagues®® used a dispersed red 1
methacrylate material doped into the PDMS, which expanded
under a 532 nm light source effectively blocking the fluidic
channel and controlling flow.

2.3 Hydrogel based actuators

Hydrogel actuators are cutting-edge materials capable of
altering their shape or size in response to external stimuli,
including temperature, chemicals, pH, light, and electric or
magnetic fields.”** These actuators are three-dimensional
polymer networks that can retain significant amounts of
water and other fluids. Smart hydrogel actuators can undergo
both reversible and irreversible changes in volume and shape
when exposed to specific stimuli. They can be engineered to
undergo numerous shape-morphing modes, such as bending,
rolling, twisting, folding, origami, walking, and crawling by
emulating natural movements. These stimuli-responsive
shape transformations have led to the development of
applications, including valves, sensors, and
robotics.®*”'**13% Their biocompatibility makes them ideal for
biomedical applications, including drug delivery, tissue
engineering, and soft robotics. Additionally, they can be
integrated into smart textiles and wearable sensors for health
monitoring.*>'?*""**  Hydrogel actuators represent a
pioneering advancement in materials science, offering
transformative potential across multiple fields due to their
exceptional responsiveness and adaptability.

The application of hydrogels as actuators
technology originated two decades ago when Beebe et a
integrated hydrogel valves into microfluidic systems for self-
regulated flow control inside the channel. They used direct
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photopatterning ~ of  liquid-phase  hydrogels  within
microchannels, simplifying system construction and
assembly, which overcame traditional challenges in

microscale integration and improved system functionality.
Similarly, a thermo-responsive valve was developed by Wang
et al.”® in order to be used for flow control, distribution of
the samples into multiple paths, metering and sealing of a
polymer chain reaction (PCR) reactor.

Harmon and colleagues'*' developed an
actuation system that wused a thermo-responsive
N-isopropylacrylamide (NIPAAM) hydrogel valve integrated
with a PDMS membrane. This design separated the
microfluidic channel from a reservoir, allowing the actuator
to swell and enabling precise flow control for various
solutions across a wide range of pH and ionic strengths. In
another study, Gieger's group’' introduced a versatile,
disposable polymer-based microfluidic device with integrated
fluidic  interconnects  for  high-pressure  operation,

innovative
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lithographically patterned microheaters, and a thermally
sensitive hydrogel valve. This valve remains closed at room
temperature and opens above 32 °C, allowing fluid flow. The
device demonstrated reliable actuation over 100 cycles, with a
rapid valve response time of 5 s using on-chip heaters. On
the other side, Haefner et al'** developed a large-scale
integration (mLSI) platform, utilizing up to 172 hydrogel
valves per square centimetre in a single microfluidic circuit,
controlled using an optoelectrothermic transducer setup for
precise manipulation of the microfluidic system. This device
enabled parallel execution of thousands of reactions on a
single chip, highlighting the potential for advanced micro-
electro-mechanical systems (MEMS) applications and
complex fluidic operations with high efficiency and
reliability. Additionally, innovative microvalves made from
pH-responsive hydrogel materials were created within
microchannels using liquid phase polymerization. This
approach simplified device construction and enabled both
sensing and actuation functions. Liu and colleagues'®
detailed the fabrication process, employing in-channel
processing and in situ photopolymerization techniques such
as the “laminar stream mode” and “mask mode”. They
produced several 2-D and 3-D hydrogel-based microvalves,
which were tested for response time, pressure drop, and
maximum differential pressure capabilities. pH-responsive
hydrogels were used to generate the actuation pressure
required for both valving and dispensing functions in a
microfluidic device. An array of these responsive hydrogels
was used in a microdispensing device to deform a flexible
membrane above a fluid reservoir chamber. This deformation
altered the chamber volume, pushing fluid through when the
valve was open. When the valve was closed, the expanding
hydrogel array created a storable pressure source for fluid
dispensing upon reopening.'** Besides pH and thermo-
responsive hydrogels, researchers explored environmentally
sensitive hydrogel microvalves for microactuation in aqueous
media. These microvalves facilitated rapid swelling and
deswelling transitions in response to the diffusion of
chemical species through a porous membrane, causing a
flexible diaphragm to deflect and open or close the valve
orifice. The hydrogel, based on phenylboronic acid, showed
sensitivity to glucose and pH variations, making it ideal for
applications such as drug delivery systems."*® Exploiting the
swelling property of hydrogels, Kim et al.'*® developed active
walls for blocking/diverting flow and delivery pistons for
moving objects within microchannels. This was achieved
using in-channel liquid-phase photopolymerization (LP3)
technology to fabricate reconfigurable components within
integrated systems. Leveraging the elastic force of a swollen
hydrogel, the same group'®’ used microfluidic tectonics and
liquid-phase photopolymerization to create an in-plane bi-
polymer check-valve designed for microfluidic flow control
and contamination prevention. The valve operated actively
through hydrogel swelling and passively as a one-way valve,
offering quick restoration of the valve head using elastic
forces. Wang's group'*® applied a photo-curable hydrogel
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solution containing PEGDA to fabricate a planar micro check
valve via optofluidic lithography. This valve featured simple
fabrication, easy integration with microfluidic devices, and
excellent performance in low-pressure operations, including
nearly zero forward cracking pressure, no reverse leakage,
adjustable fluidic resistance, and good repeatability. They
demonstrated the valve's potential in finger-actuated micro-
mixers and bio-actuated micro-pumps, thereby simplifying
flow control in integrated microfluidic systems (see Fig. 2(A)).

Hydrogel materials function based on their ability to
absorb and release water, a process determined by the lower
critical solution temperature (LCST) behaviour. Below the
LCST, hydrogels absorb water and swell, while above this
temperature, release water and shrink. By employing a low
energy light source such as light emitting diodes (LEDs), it is
possible to convert light to heat and actuate these gels
through LCST behaviour, which make them particularly
attractive.”**'*>  Moreover, light-responsive  hydrogel
actuators can be developed by optimizing the molecular
design of spiropyran photochromes."”™ Sugiura and his
team'** developed an innovative photo-responsive microvalve
that operates through localized photopolymerization. They
achieved this by integrating a spiropyran-based moiety into
the hydrogel and channelling acidic water through it,
resulting in the formation of hydrophilic protonated
merocyanine. This transformation causes the chromophore
to switch to a predominantly hydrophilic state, leading to the
hydrogel swelling and closing the microchannel due to water
absorption. When exposed to blue or white light, the process
reverses, causing the gel to contract and the channel to open.
While the channel opens within seconds, closing takes
several hours, which limits these valves to single-use
applications. Ter Schiphorst et al'>® developed reversible
light-responsive hydrogel valves for microfluidic applications,
studying the molecular design of spiropyran photoswitches
and gel composition. The reversible light-responsive hydrogel
valves were integrated within microfluidic channels, allowing
reversible and repeatable valve operation in neutral pH under
water (see Fig. 2(B)). An innovative combination of graphene
oxide (GO) with polymer matrices was investigated in a study
by Cheng and colleagues.'®® They developed self-healing GO-
based nanocomposite hydrogels. These hydrogels function as
near-infrared (NIR) light-driven valves, capable of undergoing
reversible phase transitions and bending when exposed to
NIR light (see Fig. 2(C)). An additional advancement in
hydrogel actuator was achieved with the development of a
remotely controlled hydrogel nanocomposite valves. Satarkar
et al.”” reported a novel approach by dispersing magnetic
nanoparticles  within  temperature-responsive =~ NIPAAm
hydrogels to create the nanocomposite hydrogel valve. By
applying an alternating magnetic field (AMF), the swelling
and collapse of the nanocomposite were remotely controlled.
Employing low temperature co-fired ceramic (LTCC)
technology, they fabricated a Y-junction ceramic channel
where the incorporated ON-OFF nanocomposite valve was
controlled by AMF.
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Fig. 2 Hydrogel actuators in microfluidic devices. (A) Valve for low-pressure operations. It offers near-zero forward cracking pressure, no reverse
leakage, and tuneable fluidic resistance. It shows high repeatability, making it ideal for use in finger-actuated micro-mixers and bio-actuated
micro-pumps. This design significantly simplifies flow control in integrated microfluidic systems. Reproduced from Wang et al. with permission
from Elsevier, copyright 2020.2*® (B) Light-responsive hydrogel microvalve, which operates through