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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
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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

“ Microfluidics Cluster UPV/EHU, Analytical Microsystems & Materials for Lab-on-
a-Chip Group, Analytical Chemistry Department, University of the Basque Country
UPV/EHU, Leioa, Spain. E-mail: lourdes.basabe@ehu.eus,
fernando.benito@ehu.eus

b Microfluidics Cluster UPV/EHU, BIOMICs microfluidics Group, Lascaray Research
Centre, University of the Basque Country UPV/EHU, Vitoria-Gasteiz, Spain.

E-mail: lourdes.basabe@ehu.eus

“School of Chemistry & AMBER, The SFI Research Centre for Advanced Materials
and BioEngineering Research, Trinity College Dublin, Dublin, Ireland
dIKERBASQUE, Basque Foundation for Science, Bilbao, Spain

This journal is © The Royal Society of Chemistry 2025

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
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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.
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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.
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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

This journal is © The Royal Society of Chemistry 2025
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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 in LoC
technology originated two decades ago when Beebe et al.'*
integrated hydrogel valves into microfluidic systems for self-
regulated flow control inside the channel. They used direct

various

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 innovative
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,
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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.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5lc00259a

Published on 02 July 2025. Downloaded by Y unnan University on 8/2/2025 10:13:43 PM.

View Article Online

Lab on a Chip Critical review

Hydrogel valve core

PDMS microchannel

Pressure < Cracking pressure Pressure > Cracking pressure

Curtain-type Hydrogel
C NIR D
irradiation
e
Light
—
—_— Dark
Single Three
Initial " _ GUee_ arm E arm ’ Swollen state, mixing Collapsed state, non mixing

Petal-type Hydrogel

NIR irradiation
E——
]
~ 10 sets of slanted grooves Measuring
X spot
1
g Opened Opened

BSA
aRa modified —
Lemea. 001M T °>. bydisulfide -*

Outlet

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 the isomerization of protonated merocyanine
(McH*) and spiropyran (Sp) forms when exposed to light. This light-induced isomerization causes changes in the hydrogel's size, enabling the
microvalve to function effectively within microfluidic systems. Reproduced from Ter Schiphorst et al. with permission from ACS Publications,
copyright 2015.1%° (C) Hydrogel valve exhibits significant pressure resistance, facilitating light-controlled solid/liquid transportation and enabling a
controllable reaction switch. Produced from Cheng et al. with permission from Elsevier, copyright 2019.3°¢ (D) Photo-responsive passive
micromixers using a light-responsive hydrogel. In the off-state, the hydrogel is swollen and acts as a passive mixer, upon light exposure, it shrinks,
resulting in a non-mixing flat state. Reproduced from Ter Schiphorst et al. with permission from Wiley, copyright 2018.1°8 (E) Reversible protein
capture and release using a redox-responsive hydrogel integrated into a microfluidic chip. Modified BSA is captured and released via disulfide bond
cleavage and reformation within the hydrogel dots. Reproduced from Jiao et al. with permission from MDPI, copyright 2022.%>° (F) Light-driven gel
actuator for single-cell manipulation is illustrated, demonstrating the actuation of a single hydrogel within an array of multiple actuators.
Reproduced from Koike et al. with permission from Frontiers, copyright 2020.%6°
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Valves and mixing are intricately connected in
microfluidic systems, as numerous processes require the
merging of multiple channels to combine and homogenize
fluids. Within microchannels, laminar flow is the dominant
flow regime, and mixing primarily occurs through the
process of diffusion. However, in some cases, the mixing is
poor due to the low diffusion coefficients of large molecules.
To tackle these challenges, micromixers are employed to
enhance the mixing efficiency of laminar flows from
converging channels. These micromixers are designed to
improve the homogenization of fluids, ensuring that the
mixing process is more effective and efficient.

Prettyman and colleagues'®" introduced an innovative
micromixer that incorporated stimuli-responsive hydrogel
actuators to regulate mixing dynamics based on the chemical
properties of fluids. The device, designed in a T-shaped
configuration, significantly enhanced mixing efficiency,
increasing from 18.3% to 34.5% when transitioning between
the contracted and expanded states of the hydrogel. By
exploiting the pH-dependent expansion and contraction of
hydrogels within microchannels, this mixer provides both
active on/off functionality and the inherent advantages of
passive mixers. Ter Schiphorst et al'®® developed a
switchable passive mixer designed for controlling mixing and
facilitating the easy cleaning of microchannels. By utilizing
size-tuneable hydrogels, a passive slanted groove mixer was
fabricated that could be switched off by light to alter the
mixing behaviour of microfluidics to non-mixed flows. To
implement this design for generating a light-responsive
micromixer, the spaces between the slanted grooves were
filled with a light-responsive hydrogel. This configuration
efficiently mixed fluids in the absence of light, as the swollen
hydrogel formed the inverse of the scaffold. However, when
exposed to visible light, the hydrogel shrank, resulting in an
almost smooth channel surface and laminar flow. This work
paves the way for multipurpose microfluidic devices, where
mixing can be tailored to specific requirements, highlighting
the promise of light-induced control in microfluidics (see
Fig. 2(D)).

In the field of microfluidic device development, a
significant advancement has been made with the invention
of a solvent-driven micropump using three-dimensional two-
photon microfabrication. Xiong and colleagues'®® developed
an innovative micropump that operates by exploiting the
bending behaviour of a hydrogel film in response to
asymmetric solvent stimuli. This micropump can absorb and
discharge fluid reversibly by alternating the solvent
composition between water and ethanol, achieving an
impressive response time of 0.17 s. This novel pump
addresses the limitations of piezoelectric and electrostatic
pumps in implantable or portable drug delivery systems,
which require pumping power. In another study, two types of
polymeric =~ micropumps  were introduced, utilizing
temperature-sensitive ~ hydrogels,  specifically  poly(N-
isopropylacrylamide) (PNIPAAm), to generate liquid flow. The
diffusion micropump featured a single-layer design with a
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PNIPAAm actuator divided into five segments controlled by
resistive heating. Operating in either peristaltic or pulsatile
modes, the latter mode provided a higher flow rate and thus
enhanced performance.*®®

In addition of the aforementioned applications, hydrogels
can encapsulate living cells and biomolecules (e.g. proteins and
enzymes) offering a supportive environment that replicates
natural tissues. This is particularly beneficial in tissue
engineering and regenerative medicine, where encapsulated
cells/biomolecules can be employed to repair or replace
damaged tissues. Thomas Braschler and colleagues'®
proposed a novel and biocompatible method for the controlled
formation of alginate hydrogel by interacting laminar flows of
alginate and calcium ions, which enclosed and immobilized
yeast cells. By incorporating ethylenediaminetetraacetic acid
(EDTA) into the alginate solution and adjusting the
concentration of Ca*" ions, they were able to control the
hydrogel's growth, allowing precise manipulation of gel
expansion and contraction to trap and release cells. Jiao and
colleagues™® developed a redox-responsive hydrogel integrated
into a microfluidic device for reversible protein capture and
release. The hydrogel, composed of PNIPAAm with both
permanent  (N,N-methylenebisacrylamide) and  redox-
responsive (N,N'-bis(acryloyl) cysteamine) cross-linkers, was
fabricated using photopolymerization. The redox-responsive
cross-linker enabled the hydrogel to undergo changes in cross-
linking density through the cleavage and re-formation of
disulfide bonds, resulting in swelling or shrinking behaviour.
Rheological measurements confirmed the hydrogel's ability to
withstand long-term shear forces in continuous flow
conditions. The hydrogel successfully captured and released
bovine serum albumin (BSA) labelled with rhodamine B and
functionalized with disulfide bonds, achieving an 83.6%
release efficiency over three cycles (see Fig. 2(E)). D'eramo
et al.® fabricated arrays of hydrogel-based cages, up to 7800
cages, that can sequester and release solutes on demand by
controlling the temperature, with a density of 44 per mm?. The
hydrogel walls act as selective membranes, allowing the
exchange of small molecules while retaining larger entities like
cells. In this study, the key methodological advances included
ex situ photopatterning with simultaneous cross-linking,
grafting, and patterning of the PNIPAAm hydrogel before
closing the microfluidic device. Ex situ hydrogel synthesis
included simultaneous surface-grafting and cross-linking of
functionalized polymers via thiol-ene click chemistry. The
hydrogel was formed on thiol-modified substrates using
dithioerythritol as a cross-linker, with polymer solutions in a
methanol-butanol mix. This brought the advantages of both
chemical cross-linking of the polymer chains and their covalent
attachment to the surface, which was accurately controlled.
Patterning was achieved through deep UV exposure, by either
photolithography or direct laser writing. They demonstrated
individual trapping and release of single cells using the caging
functionality and integrated the technology into a nucleic acid
amplification test for the human synaptojanin 1 gene,
suspected to be involved in neurodegenerative diseases. The
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hydrogel cages successfully confined and amplified the target
gene in over 7000 individual compartments. A light-driven
micro-heater for single-cell manipulation was developed by
Koike's group™®® using a PNIPAAm hydrogel. They proposed a
method that allowed for trapping and mechanically stimulating
single motile cells in microchannels, significantly improving
throughput and precision compared to traditional methods.
The temperature-responsive gel was applied to a glass substrate
with light-absorbing micropatterning to achieve localized
heating, thereby enhancing response characteristics while
minimizing heat dissipation. They also reported the successful
integration of multiple actuators on a single chip without
unintended activation of neighbouring actuators (see Fig. 2(F)).

Hydrogels are also widely used in drug delivery due to their
unique properties. They can be engineered to release drugs at a
controlled rate, which helps maintain therapeutic levels of the
drug over an extended period. Likewise, they can be designed
to respond to specific stimuli present in certain tissues or
disease sites. Exploiting these properties, Ha et al.*®> fabricated
an electro-responsive hydrogel-based microfluidic actuator
platform for precise delivery of plasmonic nanomaterials and
targeted photothermal therapy of brain tumours. A conductive
hydrogel, made by embedding silver nanowires in collagen I
gel, enabled actuation via electrical signals. Upon electrical
stimulation, the hydrogel converted electrical energy into
mechanical energy, releasing nanomaterials. Arg-Gly-Asp (RGD)
peptide-conjugated gold nanorods were synthesized for
selective destruction of brain tumour cells. The hydrogel,
containing endothelial cells and nanomaterials, was delivered
to brain tumour cells through a microfluidic setup, followed by
laser irradiation for cell destruction. The platform
demonstrated controlled delivery and targeted therapy,
highlighting advancements in electrically triggered release
mechanisms and cancer treatment. In addition to the
aforementioned stimuli, smart hydrogels can sense and
respond to biological signals, which holds significant promise
for drug delivery, medical devices, and diagnostics. Gayet and
colleagues™®® introduced a novel approach using the CRISPR-
associated nuclease Casl2a to design nucleic acid-responsive
hydrogels, presenting a user-programmable sensor and
actuator. The synthesized PEGDA-DNA and polyacrylamide-
DNA hydrogels enabled regulated degradation via Casl2a.
These hydrogels were incorporated into microfluidic paper-
based devices that convert DNA inputs into visual or electronic
outputs suitable for diagnostic applications. Ambrozic's
group™®” investigated Fe-crosslinked alginate hydrogel for
controlled drug release, demonstrated with BSA. The sol-gel
transition was triggered by an external electrical signal that
changed the oxidation state of Fe ions. Fe(m) ions formed the
hydrogel, while Fe(u) ions caused its dissolution, controlling
the hydrogel thickness by deposition time and current density
strength. This process was monitored using a gold electrode
inside a microchannel, allowing for continuous or cyclic
operation. The designed channel allowed programmable
hydrogel dissolution and controlled release of BSA by adjusting
electrical conditions.

This journal is © The Royal Society of Chemistry 2025
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Following the biological application of hydrogel actuators,
Fu et al'®® developed hydrogels that mimic the colour-
changing abilities of natural organisms, such as chameleons.
By integrating engineered cardiomyocyte tissues with
synthetic inverse opal hydrogel films, hydrogels were
synthesized to autonomously regulate their structural colour
through cell elongation and contraction. These biohybrid
hydrogels can be used in various applications, including
dynamic visual displays, intelligent actuators, soft robotic
devices, and “heart-on-a-chip” platforms for biological
research and drug screening. Sun and colleagues'®
introduced a novel optical and electrical dual-responsive
heart-on-a-chip system, inspired by the vibrant feathers of
peacocks. This system used cardiomyocytes hybrid bright
MXene structural color hydrogels to evaluate hormone
toxicity accurately and efficiently. By incorporating two-
dimensional materials like MXene onto photonic crystal array
templates, the system mimicked the contraction consistency
of actual cardiac tissues, providing a reliable platform for
hormone evaluation. Overall, this optical and electrical dual-
responsive heart-on-a-chip offers a simple and cost-effective
method for rapid screening of various molecules, including
hormone drugs, with real-time visualization of cardiomyocyte
behaviours. Moreover, Kwon's group'’® developed a device
using a 4-hydroxybutyl acrylate hydrogel to address issues
like bubble generation and biocompatibility in electro-
responsive smart materials. Operating at low voltages (<1.2
V), the device featured a microfluidic channel with an
electroactive hydrogel actuator for particle sorting. It
successfully sorted mouse embryoid bodies by size,
preserving their pluripotency and ability to differentiate into
three germ layers, thereby demonstrating the practical
application of smart materials in cell biology.

LoC technologies have made remarkable strides over the
past few decades, promising enhanced automation and
scalability for analytical and diagnostic applications. Despite
these advancements, many innovations have yet to fully
realize their potential, especially in automating complex
protocols. A significant limitation of current LoC technology
is its dependence on MEMS, which require external control
mechanisms to operate essential components like pumps
and valves. This reliance limits the efficiency of selecting and
controlling individual fluid units. A promising solution is
logical microfluidics, which aims to use microelectronics for
improved on-chip control. Beck et al.’”" developed a chemical
volume phase transition transistor (CVPT) employing stimuli-
sensitive hydrogels like PNIPAAm to control fluid flow based
on specific chemical concentration thresholds. This
innovative approach enabled seamless regulation of fluidic
circuits using easily manufacturable materials that are
already well known within the LoC community. The
introduction of CVPT presented a proper solution to several
challenges faced by traditional LoC technologies. The CVPT
effectively addressed contamination concerns, ensuring
signal compliance for cascading operations, and simplifying
the complexities associated with chemical signal inversion.
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2.4 Magnetic material-based actuators

Magnetic materials, a unique class that harness the potential
energy stored in magnetic fields to generate mechanical signals,
are widely used for precise actuation due to their common
response to external magnetic fields, whether from permanent
magnets or electromagnets, enabling versatile applications in
microfluidics such as pumps, valves, and flow control
mechanisms.'®*"7? This capacity enables actuation at multiple
levels, from manipulating solid particles and cells, to actuating
liquid droplets, and even influencing the flow of the entire fluid
stream.'”™”> The family of magnetic materials encompasses a
wide range of substances, including magnetic nanoparticles,
ferrofluids, and solid ferromagnetic alloys such as stainless steel,
and composite materials.”®'”*"”” One of the main advantages of
magnetic separation techniques lies in their simplicity, speed,
and cost-effectiveness. Additionally, the ability to rapidly and
selectively isolate specific cells or particles is a pivotal step in
numerous applications, including biological analyses, food
production, chemical processing, and medical diagnostics."””®'”®

Magnetic actuation offers advantages for micropump
designs, facilitating precise, contactless, and remote-
controlled fluid movement. Similarly, magnetic valves benefit
from this capability, providing a reliable and non-invasive
method for on-demand flow regulation. Several research
groups have explored configurations of magnetic-based
micropumps and valves. Doganay et al.'® developed a novel
rotating permanent magnetic actuator in 2020, specifically
designed to move Fe;O,-water magnetic nanofluids. This
system was used to pump chemicals through micro-sized
channels arranged in circular paths. In the same year,
Mirkhani et al'® investigated a bio-hybrid approach
employing magnetostatic bacteria as a self-replicating,
biologically based ferrofluid. The bacteria generated a
rotating magnetic gradient field to induce directional fluid
flow on a PDMS microfluidic device, while a magnetostatic
gating field enabled spatially selective actuation. Building on
these early developments, Peng et al.'®* introduced a low-cost
magnetic micropump in 2021, combining barium ferrite
particles with neodymium magnets. This actuation system,
integrated into a PMMA device, was driven by the oscillation
of magnets in response to audio signals, such as MP3 inputs.
More recently, Sohn et al.'®* developed a method for the self-
assembly of reprogrammable magnetic cilia arrays.
Composed of a mixture of neodymium iron boron (NdFeB)
and EcoFlex, a flexible polymer, these cilia were actuated
using both striking and rotating magnetic fields, enabling
controlled fluid flows within an acrylic channel. This system
provided a versatile platform for fluid mixing and pumping,
with the added advantage of reprogrammable actuation
capabilities (see Fig. 3(A)). Very recently, several new
approaches emerged. Wang et al.'®* designed a ferromagnetic
ferrofluid as a fluid plug to enable stable flow rates in a
PMMA thin film using a dual-rotating magnetic source
combined with fixed magnets. Around the same time, Veloso-
Fernandez et al'®® developed a composite material
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incorporating cobalt ferrite (CoFe,0,) magnetic nanoparticles
within thermo-polyurethane. This composite demonstrated
magnetically actuated bending, serving as an efficient valve
for on-off switching of fluid flow within a 3D-printed
microfluidic channel.

Further expanding the application of magnetic actuation
in microfluidics, Zhao et al.'®® introduced reprogrammable
magnetic pixel actuators composed of NdFeB nanoparticles
embedded in a PDMS matrix. These actuators were utilized
to create integrated open-microfluidic functional modules,
including on-off valve control. Meanwhile, Li et al'®’
presented a liquid-based magnetic porous membrane
incorporating carbonyl iron powder, allowing the generation
of highly controllable valves capable of liquid gating,
accommodating fluids of varying viscosities.

Similarly, effective mixing is essential for chemical and
biochemical interactions, playing a key role in enhancing the
performance of advanced LoC devices. However, conventional
mixing methods often face challenges in microfluidic
environments due to limited turbulence, making the
integration of magnetic materials an attractive solution. Recent
studies have focused on the innovative use of magnetic
particles and composites to enable precise and controllable
mixing in microfluidic systems. One approach, demonstrated
by Lin et al."®® involved the use of ferrofluid magnetite particles
combined with PEGDA and alginate. This composite material
enabled controlled rotation in open microfluidic systems,
offering significant potential for biomedical applications.
Building on this concept, Sun et al.'® designed and fabricated
a magnetic micromixer that integrated specially designed gold
microwires. Their system successfully combined water with
ferrofluids in Y-shaped microfluidic channels under uniform
magnetic fields. Expanding on these efforts, Feng et al'®
developed nonspherical magnetic particles containing Fe;O,4
nanoparticles, which allowed precise control over the rotation
rate and vortex creation within the fluid. This capability was
particularly useful in applications such as the detection of
Hg(u) ions, where effective mixing plays a crucial role in
analytical sensitivity. Around the same time, Broeren et al.'"
introduced magneto-actuated microwalls composed of iron
powder embedded in a thermoplastic elastomer. These flexible
microwalls, integrated into microchannels, enabled on-
demand fluid mixing of substances like water and glycerol,
further expanding the potential of magnetically driven
microfluidic devices (see Fig. 3(C)). Most recently, in 2024,
Naghash et al.’® explored a dynamic mixing strategy using a
stainless steel microball within a 3D-printed microfluidic
device. The microball was actuated along linear and circular
paths using external magnets, ensuring thorough mixing of
liquids and demonstrating an innovative, programmable
approach to microfluidic mixing. These advancements
highlight the rapid evolution of magnetic actuation in
microfluidics, demonstrating its versatility in enabling precise,
controllable, and efficient fluid manipulation for applications
ranging from fluid transport and precision flow control to
advanced LoC systems.
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Fig. 3 Magnetic material actuators in microfluidic devices. (A) Schematic illustrating experimental and simulation results of particle movement
induced by a rotating magnetic field in a unilateral cilia array channel. Reproduced from Sohn et al. with permission from Wiley, copyright 2023.18% (B)
Sketch depicting the orientation of pillars in an NdFeB-powder/soft-silicone liquid-infused soft magnetic carpet exposed to a magnet array (top).
Time-lapse of 40 uL droplets moving under a magnetic field on the soft carpet (top view (left) and side views (right)). Reproduced from Demirérs et al.
with permission from PNAS, copyright 2023.1%% (C) Experimental setup and images illustrating the “on” and “off” states of magnetic microwalls,
composed of magnetic particles embedded in elastomer, for flow control. Reproduced from Broeren et al. with permission from RSC, copyright
2023.1%! (D) Schematic demonstrating the steering of a wheel-like swarm of paramagnetic nanoparticles navigating through a compact cross-shaped
narrow channel by adapting to the structure of the channel (i-x). Reproduced from Li et al. with permission from Frontiers, copyright 2022194

In addition to the previously mentioned applications of
magnetic materials, on-demand droplet transport is a
fundamental capability in microfluidics, supporting a wide
range of applications from water collection and
environmental monitoring to biomedical detection and
chemical analysis. In both digital and open microfluidics, the

This journal is © The Royal Society of Chemistry 2025

precise and controlled movement of droplets is essential for
tasks such as reagent mixing, sample handling, and droplet-
based chemical reactions. The use of magnetic materials has
opened promising avenues for enabling externally controlled
active droplet transport.”® Several research groups have
explored innovative configurations for magnetic-based
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Table 1 Functional materials, their application, stimuli and fabrication/integration methods
Material Application Stimulus Fabrication/integration methodology = References
3D printed filter paper Valve Manual Filter paper, polypropylene melted Zargaryan et al.'*
into the paper to create the channel
and polylactic acid (PLA) was used to
3D print the valves
Paper Valve Gravity Filter paper, the moisture of the filter Kumar et al.'**
paper pushed down the paper
cantilever and this made the
connection
Paper Valve/delay Mechanical motion Dissolvable sucrose delay was Tu et al.'**
and solubility of the  integrated into the paper structure;
sucrose also the expansion of a sponge was
used to create a mechanical motion
valve
Nitrocellulose, filter ELISA Manual Screen-printing polyurethane acrylate Lin et al.'*'
paper (PUA) was used to define the
channels in the paper. The paper
discs were rotated on each other.
Into a sensor disc
PMMA-paper Valve Mechanical CNC micromilling and soft Hu et al.”®
lithography
PDMS prepolymer + Tubing bending + movement Magnetic Magnetic layer inserted into the Zhao et al.>*®
Fe;0, nanoparticles of liquids/drops PDMS
Pixel magnetic actuator Valves, curation of materials Magnetic Magnetic material immersed into Zhao et al.'®®
(PDMS, NdFeB NP) and liquid delivery PDMS
PDMS-ionic Mixing Physical PDMS chamber, the IPMC is Annabestani et al.*
polymer-metal composite oscillation-electric embedded into the channels
(IPMC) signal

Graphene oxide-PDMS

2-Hydroxyethyl

methacrylate (HEMA) +

ethylene glycol

dimethacrylate (PEGDMA)

PNIPAAmM

PNIPAAmM +

N,N-dimethylacrylamide

(DMAAm) +
N,N-diethylacrylamide
(DEA) +
N-methylacrylamide
(PNMA) +

N-ethylacrylamide (PNEA)

PNIPAAM
PNIPAAmM

HEMA

Poly(acrylic
acid-2-hydroxyethyl
methacrylate)
(PAA-HEMA)

Phenylboronic acid-based

hydrogel (PBA)
PNIPAAmM + HEMA

HEMA

PEGDA

PNIPAAmM

PNIPAAM

Graphene oxide-based
nanocomposite of
PNIPAAmM + poly(N,N

dimethylacrylamide)
(PDMAA)

Lab Chip

Droplet manipulation

Valve

Valve

Valve

Valve

Valve massively integrated

into a circuit
Valve

Valve, provide the driving

pressure to power the
dispensing device

Drug delivery

Active wall and delivery

piston
Micro check-valve

Micro check-valve
Valve
Valve

Valve

Electric field

Temperature

Temperature

Temperature

Temperature
Temperature

pH
pH

Chemical
(glucose)-pH
Temperature-pH
Mechanical pressure
Mechanical pressure
Light

Light

Light

Graphene oxide embedded into the
PDMS

Direct photopatterning of liquid
phase

Photopolymerization/integration into
a polycarbonate

Radical
polymerization/photopatterning

In situ photopolymerization
Photopolymerization/photopatterning

Liquid phase polymerization
In situ photopolymerization

Free radical polymerization
Photopolymerization

Tectonic and liquid-phase
photopolymerization

Optofluidic lithography
Photopolymerization + laser ablation
and micro-milling for valve
integration

Photopolymerization

In situ free radical polymerization

Basu et al.*

Beebe et al.'*°

J. Wang et al.”®

Harmon et al."*!

Geiger et al.”*

Haefner et al.**?
Liu et al.*®?
Eddington &
Beebe,'**

Baldi et al.**®
Kim & Beebe'*®
Kim & Beebe'*’
Wang et al.'*®
Pandurangan
et al.™?

Ter Schiphorst

et al'>
Cheng et al.™*®
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Table 1 (continued)
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Material Application Stimulus Fabrication/integration methodology = References

PNIPAAM On-off valve Temperature-magnetic Magnetic particle sonication inside  Satarkar et al.™>’
the polymer and
photopolymerization

PNIPAAM Microvalve Light Localized photo polymerization Sugiura et al.>*

HEMA Micromixer pH In situ photopolymerization Prettyman &

Eddington®*
PNIPAAmM Micromixer Light Photopolymerization Ter Schiphorst
et al*®

Polyacrylamide (PAAM)  Micropump Solvent/chemical Two-photon microfabrication (TPM)  Xiong et al.'®®

PNIPAAM Diffusion-based micropump Temperature In situ photolithographic Richter et al.'®?
polymerisation

Alginate Cell entrapment and release = Chemical In situ physical polymerization in Braschler et al."®*
CacCl,

4-Hydroxybutyl acrylate  Live cell sorting in cell Electricity In situ photopolymerization Kwon et al.'”°

(4-HBA) culture media

Methacrylated gelatin Soft robotic, heart-on-a-chip  Mechanical Sacrificial template Fu et al.'®®

(GelMA), platforms

PNIPAAmM Cages for cell culture Temperature Ex situ surface D'eramo et al.®
grafting/photopatterning

PNIPAAM Microheater for single-cell Light Photopolimerization/micropatterning Koike et al.*®

manipulation
Embedded silver Delivery of plasmonic Electricity Silver nanowires were added to Ha et al.'®®

nanowires in collagen I

PEG-DNA + PAM-DNA
Alginate
PNIPAAmM

GelMA
PNIPAAM

Ferrofluid NP in PEGDA +
alginate

Permanent magnetic
actuator (PMA) for
movement of Fe;O,-water
magnetic nanofluid
Barium ferrite particles
with neodymium magnets
Magnetic nanoparticles

NdFeB + EcoFlex
magnetic carpets
Superparamagnetic
nanoparticles (Fe;,014Sr)
Au microwires

NdFeB + EcoFlex
magnetic cilia

Magnetic nonspherical
particles containing
Fe;0, nanoparticles
Magnetic (FMNP@SiO,)
cover of droplets
Stainless steel bead (C, O,
Cr, Mn, Fe, Ni)

Magnetic SIBS (iron
powder) microwalls

Micropillar array (liquid
silicone, silicone oil, and
iron powder)

Iron magnetic
nanoparticles

nanomaterials/photothermal

therapy

Drug release

Drug release

Capturing and releasing
proteins
Heart-on-a-chip

Planar chemical volume
phase transition valve
Stirrers in biological
applications

Generation of flow

Pump

Cell-sorting
system/micro-sieve
Droplet movement

Locomotion and
load-carrying capabilities
Micromixer

Liquid movement

Mixer

Sorting of cell-loaded
droplets

Movement and mixing of
drops

Mixer

Multi-functional droplet
manipulation

Controlled movement of
droplets in flow

This journal is © The Royal Society of Chemistry 2025

Biological molecules
Electricity
Chemical-redox
Optical-electrical

Chemical

Magnetic

Magnetic

Magnetic
Magnetic
Magnetic
Magnetic

Magnetic
Magnetic

Magnetic

Magnetic
Magnetic

Magnetic

Magnetic

Magnetic

collagen I then gelated in 37 °C
incubator for 30 min
Radical-catalysed polymerization
Electrodeposition
Photopolymerization

Photonic crystal (PhC) templates and
photopolymerization
In situ polymerization

Synthesis in microfluidic device: with
two phases of oleic acid, Ca*",
commercial ferrofluid nanoparticles,
and alginate 2%, PEGDA 15%, 1%
photoinitiator

Commercial nanofluid, used in
suspension form

PMMA chip

Commercial nanofluid, used in
suspension form

Commercial nanofluid, used in
suspension form

Commercial superparamagnetic
nanoparticles dispersed in water
Y-shaped microfluidic device
Acrylic channel NdFeB + EcoFlex

Microfluidics-based formation of
droplets

Microfluidics-based formation of
droplets
Open fluidics

Hot embossing with magnetic SIBS
pre-mixed with magnetic particles
bound to the microfluidic device
Open fluidics

Gayet et al."®®
Ambrozi¢ & Plaz
Jiao et al.**®

1167

Sun et al.'®’
Beck et al.'”!

Lin et al.'®®

Doganay et al.'®

Peng et al.®>
Yang et al.'%®
Demirérs et al.'®
Li et al.™**

Sun et al.'®’
Sohn et al.*®?

Feng et al.'*°

Liu et al.*™*

He et al.**®

Broeren et al.**

Peng et al.'®’

Kichatove et al.*®”
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Material Application Stimulus Fabrication/integration methodology = References
Ferrofluid Valve and fluid movement Magnetic Wang et al.'®*
EGaIn@Fe, liquid metal 2D and 3D movement in Magnetic Ku et al.*®
channels
Magnetotactic bacteria Rotating gradient field that ~ Magnetic Commercial iron NP, bacteria were Mirkhani et al.'®'
and iron oxide generates directional flow; cultured
nanoparticles Magnetostatic gating field
that enables spatially
selective actuation
Magnetic beads Sorting and separation of Magnetic Commercial magnetics particle beads Phiphattanaphiphop
conjugated with sperm cells et al.*”®
antibodies
Magnetic nanoparticle Cell sorting for analysis of Magnetic Commercial antibody-conjugated Wang et al.**°

labelled cells rare tumour cells and

purification of transfected

CARTT cells

Sorting, purification, release, Magnetic
and detection of circulating

tumour cells from blood

Streptavidin coated
magnetic beads
functionalized with

aptamer

Fe;0, nanoparticles for Robotic Magnetic
microrobots

TPU/CoFe,0, composites Valves, resistance of flow Magnetic
Magnetic stainless steel ~ Micromixer Magnetic

microball

Intracellular uptake of
iron oxide nanoparticles
with biocompatible shell

Analysis of cell proliferation =~ Magnetic
based on magnetization

levels in the cell culture,

sorting between phases of

cell division, adaptable to

in vivo CRISPR phenotyping

droplet manipulation, demonstrating versatile strategies for
controlled movement. Demirors et al.’®® developed magnetic
“carpets” composed of NdFeB particles embedded in EcoFlex,
a flexible polymer, enabling precise droplet transport across
open microfluidic surfaces (see Fig. 3(B)). Following this
concept, Peng et al.'® introduced a micropillar array made
from a composite of liquid silicone and iron powder,
providing a multifunctional platform for droplet
manipulations, including the microchemical reaction of
CaCo; crystallization. Similarly, He et al'®® studied the
movement of droplets using an actuated stainless-steel bead
composed of a mixture of carbon, oxygen, chromium,
manganese, iron, and nickel, demonstrating effective droplet
transport and mixing. In another approach, Kichatov et al.*’
explored the use of iron magnetic nanoparticles dispersed in
the continuous phase of an emulsion, enabling the
controlled movement of droplets within the flow.

Numerous research groups have explored diverse
magnetic-based sorting configurations, developing
innovative and efficient methods for the precise separation
of biological samples. Yang et al'®® investigated the use
of magnetic nanoparticles in the development of a cell-
sorting system, incorporating an array of microcolumns
acting as a micro-sieve within a PDMS device to separate
target cells from background cells while removing
redundant magnetic nanoparticles. Phiphattanaphiphop

Lab Chip

magnetic nanoparticles

1 202

Commercial streptavidin magnetic Nian et a

beads
Y. Xu et al.***

Veloso-Fernandez
et al.'®

CoFe,0,4 nanoparticles added to
thermo-polyurethane polymer
synthesis
Hajihadi Naghash
et al'”
Commercial carboxylated MNPs and Wang et a
Cy5-conjugated MNPs

1 203

et al' employed magnetic beads conjugated with
antibodies for sperm cell sorting on a glass microfluidic
device, targeting the isolation of X-sperm cells from
Y-sperm cells. Wang et al.?®® investigated both intra- and
extracellular labelling of cells with magnetic nanoparticles
to achieve high-performance magnetic cell sorting. This
approach focused on the analysis of rare tumour cells and
the purification of transfected chimeric antigen receptor
(CAR) T cells, a critical step in cell-based immunotherapy.
Liu et al?*" developed a magnetic F-MNP@SiO, coating
for droplets, enabling biocompatible sorting of cell-loaded
droplets. This method allowed for the encapsulation and
sorting of cells within droplet microenvironments,
maintaining cell viability and functionality throughout the
process. In a similar vein, Nian et al>**> functionalized
streptavidin-coated magnetic beads with an aptamer for
the targeted sorting, purification, release, and detection of
circulating tumor cells from whole blood samples within a
PDMS device. Wang et al®® employed the intracellular
uptake of biocompatible iron oxide nanoparticles for the
analysis of cell proliferation based on magnetization levels
within cell cultures. This method facilitated, within a 3D
printed device, the sorting of cells based on their phase
in the cell division cycle, offering valuable insights into
cellular behavior, while also being adaptable to CRISPR-
based phenotyping.
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Magnetic materials also play a pivotal role in the
development of soft- and microrobots, which rely on their
ability to perform advanced tasks such as autonomous
locomotion, shape morphing, and precise manipulation.
These robots use magnetic fields for remote and
programmable control, enabling navigation through complex
environments and the execution of tasks like targeted drug
delivery or microscale assembly.'®® For instance, Li et al.'®**
used superparamagnetic nanoparticles (Fe;,0,4Sr) to design
fish-like swarm robots capable of multimodal locomotion
and load-carrying, highlighting the potential for cooperative
robotic systems in biomedical and industrial applications
(see Fig. 3(D)). Furthermore, Xu et al>*°* optimized Fe;0,
nanoparticles to function as microrobots within a 3D-printed
microfluidic device, enabling precise manipulation and
navigation through microchannels. Similarly, Ku et al>®
developed a hydrogel hollow fibre doped with carbon
nanotubes, Fe;O, nanoparticles, and MnO, particles. This
composite allowed for the generation of microrobots with
dual magnetic and chemical actuation.

The summary of discussed materials, their application,
stimuli and fabrication/integration methodologies have been
presented in Table 1.

3. Next generation actuators

The field of functional materials is constantly expanding,
offering an ever-growing range of possibilities for their
application in microfluidics. In this review, we have
highlighted several classes of materials currently used as
actuators in microfluidic devices, demonstrating their
transformative potential in various applications. Beyond
these established options, ongoing research into both
conventional and novel materials is uncovering new
opportunities for their use as microactuators. This rapidly
evolving field of study is bound to have a significant impact
on microfluidics in the near future, driving innovation in
device functionality, responsiveness, and integration.

A particularly promising class of functional materials is
liquid crystals (LCs), which have attracted increasing
attention due to their anisotropic viscoelastic properties and
long-range orientational order. As soft yet highly responsive
materials, LCs can dynamically adjust their physical and
chemical properties in response to external stimuli, making
them excellent candidates for actuation in microfluidic
devices.”””?°® When incorporated into polymer networks,
these materials form liquid crystal polymers (LCPs) which
can be further classified as liquid crystal elastomers (LCEs)
or liquid crystal networks (LCNs) upon crosslinking. These
crosslinked LCPs are particularly suitable for actuator
applications, as they undergo substantial and reversible
shape changes as they transit from the ordered liquid crystal
phase to the disordered isotropic phase.**® Their adaptability
extends to a range of soft robotic applications, including
microgrippers, biomimetic devices, and portable haptic
systems.”*?*'% Additionally, cholesteric liquid crystals, which

This journal is © The Royal Society of Chemistry 2025
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have nano-helical structures similar to those found in
biological organisms, can be integrated into actuators to
generate vivid structural colour changes in response to
environmental stimuli.>'* Modulated at the nanoscale, these
structural colours, can selectively reflect specific wavelengths
of light, providing unique visual feedback mechanisms that
go beyond the limits of conventional colour recognition.*'?
Recent advances have demonstrated that LCN actuators can
be driven by various external stimuli, such as heat, light,
humidity, and electrical signals, further expanding their
applicability in microfluidic and soft robotic systems.*'*">'®
The ability of LCEs and LCNs to be processed into various
morphologies, including thin films, fibres, monolithic
structures, and composite materials, enhances their potential
for seamless integration into microfluidic platforms.

Nanoparticles have also emerged as a versatile class of
functional materials with significant potential in microfluidic
applications. While magnetic nanoparticles have already been
explored for actuation and manipulation purposes, polymeric
and bio-inspired nanoparticles offer additional
functionalities, including biosensing and controlled cargo
delivery and release mechanisms.>"”>*' These nanoparticles
can encapsulate various payloads, such as drugs or
biomolecules, and respond to specific stimuli for targeted
release, making them valuable for biomedical microfluidic
applications.””*** In addition, metallic nanoparticles,
particularly gold, silver and platinum, have been extensively
studied due to their unique plasmonic properties, which
enable them to function as highly sensitive elements in
optical sensing platforms.?****® Their strong interaction with
light enables precise detection mechanisms but also
facilitates their role as efficient microheaters when exposed
to electromagnetic radiation.**”>*° The heating capabilities
of metallic nanoparticles can be exploited for localized
temperature modulation within microfluidic environments to
drive fluid displacement, enhance mixing, control the
generation of bubbles or enable localized thermal processing,
resulting in exciting applications such as molecular biology
or the development of electromechanical devices (see
Flg 4(A)).230—234

Taking direct inspiration from biochemical processes
found inside cells, another rapidly advancing category of
functional materials is bio-derived micromotors and robots.
For instance, enzyme-based micromotors use biochemical
reactions, such as urease and glucose oxidase reactions to
catalyse reactions and generate motion. The controlled
conversion of chemical energy into mechanical movement
provides these micromotors with exceptional adaptability
and efficiency (see Fig. 4(B)).>**>*° More recently, DNA
oligonucleotides have been explored for the generation of
DNA-based motors, using programmable hybridization
mechanisms to achieve precise movement control (see
Fig. 4(C)).>*°**> Additionally, whole microorganisms have
been investigated as bio-actuators, offering unique
advantages in terms of self-propulsion and responsiveness
to environmental stimuli. In particular, T4 bacteriophages
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Fig. 4 Novel functional materials with potential use as actuators in microfluidic devices. (A) Optical micrograph of a fabricated platinum heater
(left) and photographs of vapor bubbles in hot deionized (DI) water with 0.5, 1.0- and 1.5 mm heaters at applied heating powers of 198, 332 and
446 mW, respectively. Reproduced from Schepperle et al. with permission from Elsevier, copyright 2022.2** (B) Schematic illustrating the
mechanism of a urease-based micromotor for controlled local pH increase. Reproduced from Choi et al. with permission from Elsevier, copyright
2022.2%° (C) Schematic of the synthesis and velocity analysis of DNA-motors powered with hydrogen peroxide. Reproduced from Draz et al. with
permission from Nature, copyright 2018.24° (D) Two-photon polymerization of microstructures composed of liquid crystal networks exhibiting
thermos-responsive contraction. Reproduced from Donato et al. with permission from Wiley, copyright 2023.24°

have been used to label and select magnetic micromotors,
while light-induced bacterial movement has been exploited
to generate micro-reactors in fluidic environments.***2
These biological micromotors and robots offer an
innovative approach to microfluidic actuation, combining
the precision of synthetic control with the dynamic
adaptability of living systems.

Lab Chip

In addition to the search for novel materials, considerable
investigations have focused on the methods for constructing,
polymerizing, and integrating these materials into functional
systems. Micro- and nanoscale structuring has proven to be
critical in achieving functionalities that are not achievable at
the macroscale. Direct laser writing via two-photon
polymerization =~ (DLW-2PP) is an  advanced 3D
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nanofabrication technique that uses a focused femtosecond
laser to initiate polymerization only at the focal point of the
laser, where two photons are absorbed in quick succession,
via a short-lived virtual state. This nonlinear process enables
precise structuring inside photosensitive materials, allowing
for the creation of complex 3D micro- and nanostructures.
The technique achieves voxel sizes as small as 100
nanometers in width, offering exceptional resolution beyond
the diffraction limit. 2PP-DLW is widely used in fields like
photonics, biomedicine, and microfluidics for fabricating
custom-designed microdevices.*****®* This method has
emerged as a highly effective technique for inducing locally
selective  polymerization in various stimuli-responsive
materials.”*® This method offers exceptional resolution and
an unparalleled degree of freedom in structural design,
enabling the fabrication of microactuators capable of
performing advanced tasks such as walking, grasping,
swimming, and drug delivery. DLW has become the method
of choice for 3D printing precise and complex geometries in
micro- and nanoscale dimensions, enabling the production
of both 3D and 4D microstructures.”>*>*> Shape memory
polymers (SMPs),>* a class of smart materials capable of
controlled shape changes upon external stimuli such as light,
temperature,”*>°® or chemical inputs such as pH or
sugar,”®"**” have garnered particular interest in this
context.””” Microscale 4D printing using DLW has already
been demonstrated for hydrogels, elastomeric liquid crystals,
and composite materials, paving the way for multifunctional
microactuators. The ability to induce nanostructuring in
these materials enables them to respond to multiple stimuli
through a single input, directly linked to the nanoscale
geometries achieved during fabrication. For instance, this
structuring can be used to create microstructures with
photonic capabilities enabling self-reporting of material
actuation, providing real-time feedback by changing optical
properties in response to external stimuli such as
temperature or vapor, further enhancing their functionality
in smart sensing and adaptive systems (see
Fig. 4(D)).>*>**%2¢1  Simultaneously, it allows for the
generation of microactuators composed of both conventional
and novel materials, such as  hydrogels and
ionogels,>***%*2%* with the potential for seamless integration
into future microfluidic devices. By combining innovative
materials and advanced fabrication techniques, these
developments promise to further increase the versatility and
functionality of microfluidic technologies.

255

4. Conclusions

The integration of actuators into microfluidic systems has
significantly advanced the miniaturization of fluidic
technologies, enabling the execution of complex tasks on an
exceptionally small scale. Actuators, which convert various
forms of energy into mechanical motion, are essential for
controlling fluid flow within microfluidic devices. This

precise control is crucial for achieving accurate

This journal is © The Royal Society of Chemistry 2025
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measurements and facilitating complex analyses. This
review has examined recent advancements in actuation
technologies, with particular emphasis on the materials
employed in these systems. A range of functional materials
has been identified, including paper, PDMS, hydrogels,
magnetic materials, and their hybrids, all of which are
currently utilized in microfluidic devices. The suitability of
each material for various applications has been evaluated,
highlighting their versatility across multiple contexts.
Additionally, methods for fabricating and integrating these
materials into microfluidic systems, as well as the stimuli
that activate them, have been discussed. This review
highlights their role in key microfluidic components, such
as micropumps, micromixers, microvalves, and other
essential components for precisely controlling liquids
though the microchannels. Moreover, several classes of
materials with transformative potential have been identified,
including bio-derived micromotors and robots, metallic,
polymeric, and bio-inspired nanoparticles, as well as liquid
crystals. These materials show considerable promise as
actuators within microfluidic channels, offering new
avenues for innovation.

In addition to exploring novel materials, significant efforts
have been dedicated to developing methods for fabricating,
polymerizing, and integrating these materials into functional
systems. A notable technique is direct laser writing,
particularly through two-photon polymerization, which has
proven highly effective for locally selective polymerization in
stimuli-responsive materials. This method enables the
creation of microactuators capable of performing advanced
tasks such as walking, grasping, swimming, and drug
delivery. By combining innovative materials with advanced
fabrication techniques, these developments are set to
enhance the versatility and functionality of microfluidic
technologies, paving the way for exciting new applications
and future advancements in the field.
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