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Smart polymers for 3D printing applications:
current status and future outlook

Nishikanta Singh, Priyank Sinha, Durgesh Kumar Sinha and Sanjib Banerjee = *

Stimuli-responsive smart polymers have attracted substantial attention for their ability to undergo revers-
ible physicochemical changes in response to external stimuli such as temperature, pH, light, magnetic
fields, and biochemical cues. When integrated with 3D printing techniques, such as stereolithography,
fused deposition modelling, direct ink writing, and selective laser sintering, these polymers enable the
fabrication of architecturally complex, functional, and adaptive systems. This review outlines the molecular
design strategies, printing compatibilities, and post-processing approaches essential for achieving
dynamic performance in 3D-printed structures. Emphasis is placed on applications in biomedical devices,
soft robotics, and sensing platforms. The synergy between smart polymer chemistry and AM technologies
presents a promising pathway toward programmable materials and next-generation responsive systems

rsc.li/polymers

1. Introduction

In reaction to slight changes in their surroundings, smart or
stimuli-responsive polymers show notable, reversible physical
or chemical changes. Based on the molecular arrangement
and state, these materials can respond to a range of stimuli,
including pH, temperature, light, magnetic or electric fields,
or biological molecules, causing visible changes like swelling,
collapsing, or transitions from solution to gel." Soluble linear
smart polymers transition from a single-phase to a two-phase
system near specific conditions, leading to reversible sol-gel
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with customized structural and functional properties.

behavior. In contrast, cross-linked smart networks reorganize
their polymer chains under these conditions, shifting between
collapsed and expanded states. Additionally, smart surfaces
can alter their hydrophilicity in response to external stimuli,
enabling adaptive and responsive interfaces. These responsive
transformations can be harnessed in the development of
advanced smart devices for various applications, such as mini-
mally invasive injectable systems,” pulsatile drug delivery plat-
forms,> and innovative scaffolds for cell culture and tissue
engineering.* Additionally, many polymers can be readily
modified either before or after polymerization to introduce
functionalities into the backbone/side chain end/end chain of
these polymers,>® such as biological receptors, into their struc-
ture through prepolymerization or post polymerization tech-
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niques.” Researchers have demonstrated extensive flexibility in
designing chemical structures, architectures, and modifi-
cations, enabling the development of countless applications
using these smart materials.®

The introduction of a single-laser curing system by Kodama
at the Nagoya Municipal Industrial Research Institute in the
1980s opened a new path for fabricating three-dimensional
objects.” Hull and coworkers later enhanced the technology
and brought it to the commercial market in 1984.'° In 1989,
S. Crump developed an extrusion-based technique for produ-
cing 3D polymer structures, which later became known as
fused deposition modeling (FDM)."* This technique launched
a new age of manufacturing and processing technologies and
laid the foundation for layer-by-layer production.'” An alterna-
tive to traditional manufacturing techniques, additive manu-
facturing (AM), often known as 3D printing (3DP), is a layer-by-
layer production technology that creates complex, nearly net-
shaped structures. AM ushered in a new era of production
thanks to its advantages like customization, speed, material
versatility, reduced or no assembly requirements, and minimal
geometric constraints. Over time, AM has progressed from
being primarily a prototyping tool to a scalable, practical man-
ufacturing method. This technology is broadly classified into
several key types, including fused deposition modelling, direct
ink writing, 3D inkjet printing, stereolithography, selective
laser sintering, binder jetting, and others.'® However, all these
methods are variations of controllable bottom-up techniques
designed to produce diverse structures and shapes, which have
been significantly advanced.' Because of practical constraints,
engineers and scientists often have to adjust product designs

l[g
3

Durgesh Kumar Sinha completed
his B.Sc. and M.Sc. degrees in
Chemistry at the Government
Digvijay Autonomous
Postgraduate College,
Rajnandgaon, Chhattisgarh. He
is presently pursuing his Ph.D. in
the Department of Chemistry at
IIT Bhilai, Chhattisgarh, under
the guidance of Dr. Sanjib
Banerjee. His research is cen-
tered on the development of
innovative polymerization strat-
egies for creating stimuli-respon-
sive hydrogel-based polymeric
materials.

Durgesh Kumar Sinha

4480 | Polym. Chem., 2025, 16, 4479-4523

Polymer Chemistry

to meet requirements at various stages using traditional
design approaches. This focus on conventional manufacturing
limits the ability to fully optimize efficiency. Combined addi-
tive manufacturing technologies have advanced industries like
aerospace,'>'® healthcare,'”'® sensing,’*"*" robotics,’"** and
consumer products,’>* offering greater design flexibility and
enabling products to be tailored more precisely to individual
needs (Fig. 1).

The evolution of three-dimensional (3D) printing has fun-
damentally reshaped modern manufacturing by offering un-
precedented freedom in design, customization, and material
utilization.?® Unlike traditional subtractive methods, 3D print-
ing builds objects layer by layer, enabling the fabrication of
intricate geometries with minimal material waste. This addi-
tive approach has proven especially valuable in applications
where tailored solutions and rapid prototyping are crucial.*® In
recent years, 3D printing has moved beyond its role in concep-
tual modelling to become a practical tool for producing func-
tional components across industries,”” including aerospace,*®
biomedical engineering, and wearable electronics.”®> When
combined with smart polymers-materials that can respond
dynamically to external stimuli-3D printing offers the capa-
bility to produce intelligent systems that are both structurally
complex and functionally adaptive.’® The compatibility of
smart polymers with a variety of 3D printing techniques
further amplifies their potential, enabling the development of
next-generation devices capable of dynamically responding to
environmental stimuli instantaneously.*'

The goal of this review is to present a thorough analysis of
smart polymers’ present state and potential future developments
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Fig. 1 Brief overview of 3D printing applications of smart polymers.

in relation to 3D printing technology. It begins with a founda-
tional introduction to stimuli-responsive polymers, discussing
their classifications based on the type of external stimuli they
respond to-such as temperature, pH,* light,** redox poten-
tial,>> and magnetic fields,*® explaining the mechanisms that
govern their behavior. The subsequent sections delve into the
major 3D printing methodologies that are compatible with these
materials,>”*® including stereolithography,®® selective laser sin-
tering,”* inkjet printing,"" and extrusion-based** techniques.
Material design strategies, including polymer functionalization
and composite development, are also explored in detail.*®
Finally, the review presents a broad spectrum of applications
where 3D-printed smart polymers are making an impact, mainly
in biomedical engineering, sensing, and soft robotics.**

2. Fundamentals of smart polymers

Stimuli-responsive polymers, often referred to as smart poly-
mers, are advanced materials capable of undergoing controlled
and reversible alterations in their chemical or physical pro-
perties when exposed to specific external triggers. These poly-
mers emulate biological adaptability, allowing them to alter
their conformation, solubility, permeability, or other func-
tional characteristics in a controlled manner.*™"” Smart poly-
mers are broadly classified based on the nature of the external
stimulus they respond to. This classification highlights the
diversity of stimuli that can be harnessed to manipulate
polymer behaviour and allows for the rational design of
systems tailored to specific applications.

2.1. Single stimuli-responsive polymers

2.1.1. Thermo-responsive polymers. Thermo-responsive
polymers constitute an important class of smart materials,

This journal is © The Royal Society of Chemistry 2025
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characterized by their capacity to exhibit notable physico-
chemical transformations when subjected to temperature
changes. A key feature extensively investigated within this
group is the reversible phase transition associated with the
lower critical solution temperature (LCST). When such poly-
mers are dissolved in aqueous environments and heated
beyond their LCST, they shift from a hydrated, extended chain
conformation to a collapsed, globular structure.***® This trans-
formation results in a macroscopic phase separation, typically
observed as a sudden cloudiness in solution, attributed to
changes in the polymer’s solubility. This process is fully revers-
ible; upon cooling below the LCST, the polymer reverts to its
original hydrated state.*” The temperature at which this tran-
sition occurs is highly tunable and depends on multiple
factors, such as the polymer’s chain length, stereoregularity,
end-group composition, and the nature and proportion of
comonomers incorporated during synthesis.’® The presence of
polar solvents like water and alcohols enhances this thermal
response due to their capacity to engage in hydrogen bonding
with the polymer chains.***" PNIPAM-based copolymers and
composites enhanced with additives like glucose and sucrose
to improve responsiveness and porosity. As illustrated in
Fig. 2a, PNIPAM networks crosslinked with aggregation-
induced emission (AIE)-active azonaphthol exhibit a tempera-
ture-dependent fluorescence behavior. Below the LCST, the
polymer chains are hydrated and extended, resulting in weak
fluorescence. Upon heating above the LCST, the chains col-
lapse and aggregate due to hydrophobic interactions, leading
to strong fluorescence emission. In addition, 3D-printed
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Fig. 2 (a) Temperature-responsive behaviour of Azo-PNIPAM hydrogel.
Reproduced with permission from ref. 55. Copyright 2020, Royal Society
of Chemistry. (b) Schematic representation of the temperature-respon-
sive behavior of the 3D printed hydrogel, showing phase transitions
characterized by swelling at lower temperatures and shrinkage at higher
temperatures. The central images display the corresponding shape
changes of the printed structure at different temperatures. Reproduced
with permission from ref. 32. Copyright 2018, Nature.
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PNIPAM hydrogel structures demonstrate pronounced swelling
at 10 °C and shrinkage at 50 °C, as shown by the reversible
deformation of a chess piece model (Fig. 2b). This dual prop-
erty of thermo-responsive volume change and optical function-
ality highlights the potential of PNIPAM-based hydrogels for
applications in soft actuators, sensors, and stimuli-responsive
optical devices. Apart from PNIPAM, several other polymer
families exhibit similar behavior, including certain
PDMAEMA,>*> PTEGMA,> and PIPOZ.>* Polymers responsive to
temperature stimuli are suitable for several additive manufac-
turing techniques, especially direct ink writing (DIW). This
extrusion-based process supports the use of shear-thinning
inks like PNIPAM formulations. Additionally, techniques such
as projection micro-stereolithography and other light-assisted
methods have been successfully used to fabricate high-resolu-
tion structures incorporating these hydrogels. 3D-printed
thermo-responsive hydrogels have enabled the fabrication of
functional devices such as actuators, valves, and biomimetic
systems that deform in response to heat. The use of sugar
additives to induce porosity in the polymer matrix has led to
faster actuation speeds, improving their performance in soft
robotics and bioinspired devices. These materials are also
being explored in therapeutic delivery and tissue engineering,
where temperature-regulated material behaviour is advan-
tageous for controlled release and dynamic scaffold design.
2.1.2. pH-responsive polymers. pH-sensitive polymers are a
subclass of smart materials that exhibit reversible alterations
in properties such as volume, conformation, or solubility in
response to changes in environmental pH. These responses
are primarily driven by the protonation or deprotonation of
ionizable functional groups along the polymer backbone,
which modulate electrostatic interactions and influence the
polymer’s ability to absorb water. Typical examples include
polymers containing acidic groups (poly(acrylic acid), algi-
nate®®) or basic groups (Chitosan®”). Poly(acrylic acid) swells in
basic environments due to ionization of carboxyl groups,
whereas chitosan swells under acidic conditions as its amine
groups become protonated. On the other hand, polymers with
basic functionalities, tertiary amines present in poly(n,
N-dimethylaminoethyl methacrylate) become protonated in
acidic media,’® increasing hydrophilicity and chain expansion.
These polymers are often used independently or in blends to
fine-tune responsiveness and mechanical properties. pH-sensi-
tive polymers are compatible with extrusion-based methods,
such as DIW,” where their shear-thinning behavior makes
them suitable for smooth deposition. Furthermore, ionic
crosslinking, especially for materials like alginate, allows for
rapid gelation post-printing using calcium chloride or other
multivalent ions.®® This has enabled the creation of complex
3D structures with high fidelity and stability under physiologi-
cal conditions. Liu et al.®* developed pH-responsive polymeric
hydrogel microstructures using femtosecond direct laser
writing, enabling dynamic color and shape modulation at the
microscale. Their 4D printed woodpile structures exhibited
vivid structural colors in acidic environments (pH < 7), which
faded or shifted under basic conditions (pH > 7) due to swell-
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ing induced by ionized carboxylate groups. This swelling
altered the lattice periodicity, affecting light diffraction.
Notably, the color and shape changes were fully reversible
upon returning to acidic pH, highlighting the potential of
such microstructures for tunable photonic devices and sensors
(Fig. 3). These materials are widely employed in targeted drug
delivery, where they release therapeutic agents in response to
the pH of specific body regions—such as the acidic stomach or
neutral intestines. Additionally, they are being investigated for
biosensors that respond to biochemical changes and inject-
able scaffolds for wound healing or tissue regeneration, where
environmental pH shifts signal healing stages. The reversible
swelling-deswelling behavior also makes them excellent candi-
dates for actuators and adaptive membranes.

2.1.3. Photo-responsive polymers. Photo-responsive poly-
mers are smart polymeric systems that respond to light, typi-
cally ultraviolet (UV), visible, or near-infrared radiation, by
altering their structural, mechanical, or chemical properties.®*
Light triggers can induce changes such as swelling/deswelling,
crosslinking, degradation, or conformational shifts through
photo-induced chemical reactions or molecular rearrange-
ments.®® These transformations are precise, tunable, and can
be spatially localized, making them ideal for complex func-
tional materials. Commonly used photo-sensitive systems
include azobenzene-functionalized polymers,** which undergo
reversible trans-cis isomerization under UV and visible light.
Other examples include polymers with spiropyran®® and spir-
ooxazine,’® which can experience reversible photo-dissociation
or polarity changes. These light-sensitive moieties are often
integrated into polymer networks such as poly(ethylene glycol)
(PEG), gelatin methacrylate (GelMA), or poly(N-isopropyl-
acrylamide) to impart photo-responsiveness without compro-
mising biocompatibility. Photo-responsive polymers are par-
ticularly suited to light-assisted 3D printing methods such as
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Fig. 3 Schematic of pH-responsive color and shape changes in 4D
printed woodpile microstructures. Vivid structural colors appear at pH <
7, while swelling at pH > 7 due to electrostatic repulsion between
ionized carboxylate groups alters the lattice and fades the color. This
transition is fully reversible upon pH restoration. Reproduced with per-
mission from ref. 61. Copyright 2023, Wiley.
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digital light processing (DLP)*” and stereolithography.®® These
techniques allow for spatial and temporal control over
polymerization, enabling high-resolution fabrication of intri-
cate geometries. Yang et al.®® integrated carbon black, for its
superior photothermal conversion efficiency, into a shape-
memory polyurethane designed for Fused Deposition
Modeling (FDM) 3D printing (Fig. 4a and b). In their study, the
printed structure demonstrated the ability to recover its orig-
inal cubic form from a compressed state when exposed to a
light source of 87 mW cm™ or natural sunlight at 76 mW
cm ™2 (Fig. 4c). Building on this material, the researchers also
created a “sunflower” model to showcase a “bud-to-bloom”
transformation (Fig. 4d). This experiment captured the pro-
gressive deformation of the sunflower structure at 40-second
intervals under illumination at 87 mW cm™2. As the exposure
duration increased, the petals gradually unfolded, mimicking
the natural blooming process of a sunflower. Complete
opening of the petals was achieved after 280 seconds of illumi-
nation. Applications of photo-responsive hydrogels include
soft actuators, shape-shifting devices, and biomimetic systems
that change conformation when exposed to light. Polymer-
based microrobots can fold, bend, or rotate in response to
directional UV exposure, mimicking plant tropisms. In bio-
medical engineering, these materials are explored for con-
trolled drug delivery, where light can trigger site-specific
release, and cell culture platforms, where surface properties
can be dynamically modified with light to direct cell behavior.
Additionally, they are being considered for optically tunable
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Fig. 4 (a) Photoresponsive shape-memory behavior of carbon black—
PU composite. (b) Fabrication of 3D-printed structures via FDM, where
controlled layer-by-layer deposition occurs on a glass substrate. (c)
Light-triggered shape recovery of the 3D-printed device. (d) Displaying
the deformation of photosensitive printed sunflowers transitioning from
bud to bloom under light exposure. Scale bar represents 2 centimeters.
Reproduced with permission from ref. 69. Copyright 2017, Wiley.
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biosensors and reconfigurable optical elements in flexible
electronics.

2.1.4. Magnetic-responsive polymers. Magnetic-responsive
polymers are composite materials that respond to external
magnetic fields by changing their shape, position, or internal
structure.”®”" This dynamic behaviour is achieved by incorpor-
ating magnetic nanoparticles (MNPs) into the polymer
network, allowing the material to undergo non-contact, remo-
tely controlled actuation. These polymers are typically fabri-
cated from biocompatible polymers such as sodium alginate,”
methylcellulose,”® and poly(acrylic acid),”* which are
embedded with iron oxide nanoparticles (Fe;0,), superpara-
magnetic iron oxide nanoparticles (SPIONs), or ferrite par-
ticles. Tang et al.”® illustrates the fabrication and actuation
process of integrated magneto-thermo-sensitive hydrogel, elas-
tomer structures using extrusion printing. In the first step,
Fig. 5a, extrusion printing enables the precise deposition of a
thermosensitive PNIPAM polymer matrix embedded with
Fe;O, magnetic nanoparticles and LAPONITE® rheological
modifier, alongside a silicone elastomer (Ecoflex) ink contain-
ing nanosilica to improve viscosity and a photo initiator for
enhanced interfacial adhesion. The viscoelastic properties of
these inks, including shear-thinning behaviour and yield
stress, ensure printability by allowing smooth extrusion while
maintaining structural integrity post-printing. In the second
step, Fig. 5b, the elastomer is thermally cured on a heated plat-
form (110 °C) followed by UV curing of the magnetic hydrogel
in a nitrogen atmosphere to promote covalent interlinking
between the hydrogel and elastomer networks. Finally, in
Fig. 5c, actuation is achieved under an alternating magnetic
field, which induces magnetothermal heating via Néel and
Brownian relaxation of Fe;O, nanoparticles. When the hydro-
gel temperature surpasses its LCST, it undergoes volume
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Fig. 5 3D printing and deformation behaviour of a composite system
composed of magnetic hydrogel and elastomer for magnetic hyperther-
mia applications. (a) Extrusion-based printing and (b) subsequent curing
of magnetic hydrogel inks (represented as black strips) along with elas-
tomeric layers (shown as blue sheets). (c) Shape change of the printed
composite structure under exposure to an alternating magnetic field,
where the magnetic hydrogel (depicted as pink strips) is locally heated
using a coil that generates the field. Reproduced with permission from

ref. 75. Copyright 2021, Elsevier.
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shrinkage, driving deformation of the entire bilayer structure.
This design enables the magnetic hydrogel to function as the
active layer and the elastomer as the passive layer, creating a
programmable and responsive soft actuator. Magnetic-respon-
sive hydrogels are highly promising for soft robotics, bio-actua-
tors, and remotely controlled biomedical devices. These
systems can perform functions such as bending, folding,
rolling, jumping, or crawling when exposed to magnetic
stimuli.

2.1.5. Enzyme-responsive polymers. Enzyme-responsive
polymers are specifically engineered to degrade or change
shape in response to enzymatic activity, particularly pro-
teases.”® Upon exposure to the corresponding enzyme, these
bonds are cleaved, triggering a cascade of physicochemical
changes such as polymer degradation, solubility shift, or struc-
tural reorganization.”” Enzymes offer a localized and disease-
specific trigger since they are found naturally in a variety of
tissues and pathological states.”® Certain hydrolases,”® pro-
teases,®® or glycosidases”’ are overexpressed in cancerous
tissues or inflamed environments. This responsiveness
leverages the biological function of enzymes to trigger struc-
tural changes, making these materials highly attractive for bio-
medical applications where biocompatibility and biodegrad-
ability are essential.®’ Polymers composed of multiple
materials that can undergo autonomous transformations in
shape and dimensions present distinct benefits for appli-
cations such as targeted cargo delivery and controlled sub-
stance release. Narupai et al.®* shown in Fig. 6a, a cylindrical
hydrogel was designed using a bilayer base of Temp-Ink and
pH-Ink combined with an enzymatically degradable Enz-Ink,
forming the cylinder body. When placed in a container with a
narrow channel, the cylinder initially remained trapped due to
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Fig. 6 (a) A 3D-printed cylinder composed of Temp-Ink, pH-Ink, and
Enz-Ink is shown in two states—before and after enzymatic degradation
by proteinase K, where the enzyme-enabled breakdown allows the
cylinder to pass through a narrow gap beneath a barrier. (b) A similar
enzyme-responsive cylinder embedded with red fluorescent latex beads
is capable of rolling to a target location and releasing the encapsulated
beads upon exposure to proteinase K. Reproduced with permission from
ref. 82. Copyright 2021, Wiley.
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its large size. Upon exposure to proteinase K, enzymatic degra-
dation reduced the hydrogel’s dimensions, enabling the
residual disk to pass through the gap. This concept was
extended to demonstrate cargo delivery (Fig. 6b), where an
enclosed Enz-Ink cylinder loaded with F127 (triblock copoly-
mer) and fluorescent latex beads was placed in a multi-
chamber system featuring size-selective barriers. The construct
rolled into a designated chamber and, following enzymatic
treatment, degraded to release its encapsulated cargo. This
work highlights the versatility of multi-material hydrogels in
developing smart systems that respond to environmental cues
for targeted transport and release. These hydrogels are
especially well-suited for DIW 3D printing. Methacrylated
bovine serum albumin (MA-BSA)-based emulsions exhibit
shear-thinning behaviour and structural integrity post-print-
ing, which enables precise layer-by-layer deposition. The use of
UV photopolymerization after printing allows the transform-
ation of the gel into a solid, yet enzymatically degradable,
hydrogel network. This technique facilitates the creation of
complex, multi-layered geometries responsive to enzymatic
degradation. Enzyme-responsive hydrogels hold great potential
for smart drug delivery by enabling targeted release through
controlled degradation in specific biological environments.
They can serve as biodegradable scaffolds that respond to bio-
logical cues, supporting tissue regeneration and healing pro-
cesses. These hydrogels are also useful for cargo transport
systems where encapsulated payloads, such as fluorescent
beads, are released only upon enzymatic action. In soft robotics
and actuators, enzyme-responsive components can dynamically
adapt their shape or function in enzyme-rich environments,
offering precise and bioinspired responsiveness.

2.2. Dual-responsive polymer

2.2.1. Thermal and pH-responsive polymer. Polymers
responsive to both temperature and pH represent an advanced
class of dual-stimuli smart materials. These polymers can
change volume, structure, and mechanical properties when
exposed to physiological temperature variations or shifts in
environmental pH.*® Temperature responsiveness typically
stems from LCST behaviour, while pH sensitivity arises from
ionizable groups in the polymer matrix that swell or shrink
depending on protonation states. Odent et al.** demonstrated
the fabrication of hydrogel actuators via stereolithography 3D
printing, as shown in Fig. 7a, where photopolymerization of
NIPAM and CEA (2-carboxyethylacrylate) with controlled cross-
linking and composition produced multilayered structures
with anisotropic swelling properties. This design enabled pro-
grammable actuation in response to environmental stimuli.
Fig. 7b demonstrated a dual-responsive actuator combining
thermo-sensitive PNIPAM and pH-responsive poly(2-carboxy-
ethylacrylate) layers, which exhibited reversible bidirectional
bending driven by differential swelling under temperature and
pH changes, showcasing their potential in soft robotics and
smart material applications. NIPAM provides thermo-respon-
siveness with its LCST around 32 °C, while CEA introduces car-
boxyl groups that ionize under alkaline conditions, making

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 (a) Schematic representation of the chemical components and
rapid bottom-up fabrication of gradient-like structures through photo-
polymerization of NIPAM and CEA using TPO as the photoinitiator and
MBA as the crosslinker. (b) Demonstration of dual-responsive actuation
to temperature and pH in 3D-printed gradient-like hydrogels with com-
positionally varied layers across the structure. Reproduced with per-
mission from ref. 84. Copyright 2019, Royal Society of Chemistry.

the hydrogel pH responsive. The resulting PNIPAM-PCEA
copolymer network exhibits sharp and reversible changes
under both stimuli. The hydrogel system was successfully
printed using extrusion-based 3D printing. The ink formu-
lation exhibited excellent shear-thinning behaviour and self-
supporting characteristics, allowing it to form stable, multi-
layered constructs. Post-printing, chemical crosslinking was
used to stabilize the architecture and lock in dual-responsive
behaviour. The dual-responsive printed hydrogels demon-
strated reversible bending and swelling behaviour, making
them suitable for 4D printing applications. Specifically, the
hydrogel was utilized to fabricate bilayer actuators that bent
and curled reversibly in response to temperature and pH
shifts. Soft robotic fingers and gripping devices that responded
dynamically in a controlled environment. Programmable
shape-transforming structures mimicking natural movements
like blooming or wrapping.

2.2.2. Light and thermo-responsive polymer. Polymers that
respond to both temperature and light represent a multifunc-
tional class of smart materials with dynamic responsiveness.
These systems undergo reversible physical changes, such as
swelling, contraction, or optical transparency shifts, when
exposed to either heat or specific wavelengths of light.*® Dual
responsiveness enhances their versatility for controlled actua-
tion and stimulus-triggered behaviour in real-time environ-
ments. In the referenced study, the hydrogel system was con-
structed from PNIPAM, a thermo-responsive polymer, com-
bined with a photochromic monomer such as spiropyran
methacrylate.®® PNIPAM imparts LCST behaviour, while SPMA
introduces photo-switching functionality, shifting between
spiropyran (hydrophobic) and merocyanine (hydrophilic)
forms under light. This dual mechanism enables the hydrogel
to adjust both its hydrophilicity and optical properties under
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independent or combined stimuli. Although not directly
printed in this study, the material characteristics, such as
reversible volume change, mechanical robustness, and rheolo-
gical tunability-make the hydrogel highly suitable for extru-
sion-based 3D printing and light-assisted printing methods
like DLP. These printing platforms can leverage the light-
responsiveness for spatial control of swelling patterns or acti-
vation, making the hydrogels ideal candidates for 4D printing
architectures.?” Park et al.®® illustrates the design and actua-
tion behaviour of a mechanically reinforced PNIPAM/BC_AuNP
hydrogel system. The composite hydrogel was prepared by
radical polymerization of NIPAM in the presence of bacterial
cellulose (BC) and gold nanoparticles (AuNPs), resulting in a
network with enhanced mechanical strength and dual respon-
siveness to temperature and visible light. The AuNPs enable
efficient photothermal conversion, leading to localized heating
upon 532 nm light irradiation Fig. 8a. This localized heating
causes PNIPAM chains in the irradiated region to shrink, indu-
cing site-specific bending of the hydrogel actuator Fig. 8b.
Utilizing this property, PNIPAM/BC_AuNP-PAM bilayer struc-
tures were molded into various shapes, including a rabbit ear
and hand-shaped actuator Fig. 8c and d. These constructs
exhibited programmable, remote-controllable deformations
such as partial ear folding and sequential finger bending,
mimicking complex motions like counting. Dual-responsive
hydrogels show strong potential for applications in soft
robotics, where they bend, twist, or curl in response to light
and temperature inputs, enabling programmable actuation.
They are promising for optical swi