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Abstract: 4D printing, the fabrication of dynamic 3D objects,
has emerged as a frontier in additive manufacturing, bene-
fiting from rapid advancements in 3D printing technologies
and the development of new stimuli-responsive materials.
Among the diverse materials explored for 4D printing, the
hydrogel, renowned for its exceptional flexibility, biocom-
patibility, and tunable mechanical properties, is a class of
soft materials well-suited for 4D printing. In addition to
selecting and developing appropriate stimuli-responsive
materials, it is important to devise suitable printing stra-
tegies to enable the fabrication of hydrogel-based struc-
tures that can perform complex shape-changing under
external stimuli in various applications, such as soft
robotics and biomedical areas. In view of this, various
printing strategies, including structural design, printing
scheme, and stimuli control are systematically summar-
ized. This review aims to provide an up-to-date evolution
of 4D-printed hydrogels and insights into the utilization of
these printing strategies and printing techniques, such as
direct ink writing, stereolithography, and two-photon
polymerization, in the 4D printing of hydrogel structures
for specific functions and applications.
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Abbreviations

[P4,4,4,6]1[SPA]

2PP

BIS

CcMC

DIW

DLP
DMAAmM
F127-DMA
FDM

FFF

LAP

LCST
LSPR
MA-BSA
MAPTAC

MEO,MA

MPL

MWCNT

NP
P(DMAAm-co-SA)

P(MAA-co-
OEGMA)

PAA
PAA-co-PAAmM
PCEA

PDA

PDMA
PDMAEMA

PEGDA
PEO-PPO-PEO

tributylhexyl phosphonium 3-sulfo-
propyl acrylate

two-photon polymerization
N,N-methylenebis-acrylamide
carboxymethyl cellulose

direct ink writing

digital light processing
N,N-dimethyl acrylamide
F127-N,N-dimethylacrylamide

fused deposition modeling

fused filament fabrication

lithium phenyl-2,4,6-
trimethylbenzoylphosphinate
lower critical solution temperature
localized surface plasmon resonance
methacrylated bovine serum albumin
methacrylamidopropyltrimethyl-
ammonium chloride
2-(2-methoxyethoxy) ethyl
methacrylate

multiphoton polymerization
multi-walled carbon nanotubes
nanoparticle

poly(N,N-dimethyl acrylamide-co-
sodium alginate)

poly(methacrylic acid-co-oligo(ethy-
lene glycol) methacrylate)
poly(acrylic acid)

poly(acrylic acid-co-acrylamide)
poly(2-carboxyethylacrylate)
polydopamine
poly(N,N-dimethylacrylamide)
poly(2-dimethylaminoethyl
methacrylate)

polyethylene glycol diacrylate
poly(ethylene oxide) (PEO)-poly (pro-
pylene oxide)(PPO)-PEO
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PHEMA poly(2-hydroxyethyl methacrylate)
PIs photoinitiators

PNIPAm poly(N-isopropylacryamide)

PVA polyvinyl alcohol

SA sodium alginate

SLA stereolithography

1 Introduction

4D printing, the combination of 3D printing and the dimen-
sion of time, has emerged as a prominent research frontier
in recent years because of advancements in additive man-
ufacturing. This innovative technology empowers printed
objects to undergo shape, property, or functionality changes
when subjected to diverse external stimuli, such as tempera-
ture, pH, and light [1]. The applications of 4D printing span a
wide array of domains, including but not limited to sensors
[2,3], actuators [4,5] robots [6], circuits [7], adaptive wearable
devices [8], and biomedical engineering [9-12]. Similar to 3D
printing, 4D printing constructs objects the structure layer by
layer, underpinned by the capability of designing complex 3D
structures through computer-aided techniques [13]. A wide
range of materials, including metals, ceramics, and polymers,
have found application in various 3D printing techniques,
such as fused deposition modeling (FDM), direct ink writing
(DIW), selective laser sintering, stereolithography (SLA),
and inkjet printing [14,15]. In contrast, 4D printing is still
in its early stages of development and heavily relies on
stimuli-responsive materials and printing techniques to pro-
duce dynamic 3D objects [16]. The careful selection of sui-
table stimulus-responsive materials and printing methods is
essential for successfully fabricating 4D-printed objects.
Stimuli-responsive materials, such as shape memory
polymers [17,18], liquid crystal elastomers [19,20], and hydro-
gels [21,22], are commonly used material candidates for 4D
printing. Among these materials, hydrogels, physically or
chemically crosslinked 3D polymer networks, can reversibly
hydrate and dehydrate but not dissolve in water. This unique
property enables them to absorb or expel substantial volumes
of water without damaging the network structure, which

Table 1: Comparison of techniques for 4D printing of hydrogels
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paves the way for their applications in soft actuators and
soft robotics [23-26]. The aqueous environment imparts
hydrogels with adjustable physiochemical properties and
exceptional biocompatibility, closely resembling the charac-
teristics of the extracellular matrix [27], applying them in
many biomedical areas such as drug release [28,29] or drug
delivery [30,31], biosensing [32], and cell culture [33-36].
Hydrogels have permeated various other fields ranging
from environmental protection [37,38], and wearable elec-
tronics [39,40], to energy storage [41]. Additionally, stimuli-
responsive hydrogels can respond to stimuli such as light
[42,43], pH [44,45], temperature [46,47], electricity [48,49],
and magnetism [50,51] in the manner of volume or shape
change, which is similar to the process of regulating the
behaviors of the 4D-printed objects. Thus, the stimuli-respon-
sive hydrogel is a suitable material for 4D printing.

In the 4D printing of hydrogel structures, two predomi-
nant classes of printing techniques, extrusion-based printing,
for example, DIW, and light-based printing, such as SLA and
two-photon polymerization (2PP), have gained prominence.
Table 1 compares the major features of DIW, SLA, and 2PP.
Extrusion-based methods, such as FDM and DIW, rely on
nozzles to extrude thermoplastic filaments or viscous precur-
sors for constructing 3D structures [52,53]. These printing
technologies are efficient for printing large 3D objects, but
their printing resolutions are limited by the diameter of
nozzles and filaments. In contrast, light-based printing tech-
nologies have advantages in fabricating high-resolution 3D
structures and have minimal requirements on the rheology
of hydrogel precursors. SLA and 2PP utilize photopolymeriza-
tion to convert the monomers into crosslinked polymer net-
works [54-56]. This process employs spot-promoting beams
from UV lasers to print 3D objects dot by dot. Exceptionally,
digital light processing (DLP) is regarded as a type of SLA, but
it replaces lasers with a projector to illuminate a specific area
of a plane and print 3D objects layer by layer [57,58]. Although
SLA has a lower printing efficiency compared to DIW, they
distinguish themself by achieving superior printing resolutions.
Additionally, 2PP enables the fabrication of sub-micro-meter
features [59,60], and it is also advantageous for the printing
of biomaterials because it utilizes near-infrared (NIR) light.

Printing techniques Raw material requirement

Printing resolution

Advantage Disadvantage

DIW Appropriate viscoelasticity 1-100 pm
SLA UV transparent >5pum
2PP NIR-light transparent >100 nm

Low cost, wide range of
materials

Fast printing speed
High resolution

Low speed, low resolution

Poor multi-material printing
ability
High cost




DE GRUYTER

Applied Pressure

Nozzle

—

Laser
Hydrogel

&:anning mirror
precursors

Figure 1: Schematic of fabricating 4D-printed hydrogels by DIW or SLA.

Unlike the static 3D-printed hydrogel, the 4D-printed
stimuli-responsive hydrogel structures can undergo signif-
icant shape changes in response to external stimuli. To
achieve complex, dynamic shape changes in 4D-printed
hydrogels, additional printing strategies, such as multi-
material and multi-step printing, heterogeneous structure
design, varying printing parameters, or others, are essen-
tial. Figure 1 depicts hydrogel precursors used as hydrogel
inks or photoresists for DIW or light-based printing including
SLA and 2PP, and printing 3D hydrogel structures capable of
dynamic shape changes like blooming flowers. Although the
4D printing of hydrogel structures is also based on the 3D
printing technologies of DIW or SLA and many publications
elucidate the principles of these technologies, this review will
not focus on these technologies in detail. The 4D printing of
hydrogel structures builds upon 3D printing technologies
such as DIW, SLA, or 2PP, but the distinct principles, printing
schemes, size or resolution capabilities, functions, and appli-
cations of these 4D printing methods necessitate their sepa-
rate investigation. This review aims to categorize 4D-printed
hydrogels into DIW-printed, SLA-printed, and 2PP-printed
types, and comprehensively analyze the employed materials,
designed structures, 4D printing techniques, and applications
across relevant studies [61-63]. The ultimate goal is to pro-
vide insights into the selection and utilization of 4D printing
strategies, tailored to specific functions and applications of
the 4D-printed hydrogel structures.

2 Stimulus-responsive hydrogel
materials for 4D printing

Stimulus-responsive materials are the foundational com-
ponents for fabricating 4D-printed hydrogels because of
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their unique ability to undergo controlled swelling or des-
welling in response to environmental variations. In recent
research, a diverse array of stimulus-responsive materials
has been harnessed to fabricate 4D-printed hydrogels using
techniques such as DIW, UV-lithography, and 2PP. As
depicted in Figure 2, these materials can be classified into
various categories, each designed to respond uniquely to
specific stimuli, including temperature, pH, humidity, ions,
light, magnetic field, and others. Table 2 also provides an
overview of the stimulus-responsive materials featured in
recent publications, offering a comprehensive insight into
their applications in 4D printing technology.

2.1 Temperature-responsive hydrogels

Among the various types of stimulus-responsive hydrogels,
temperature-responsive  hydrogels gained significant
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Figure 2: Overview of stimulus-responsive hydrogel materials for fabri-
cating 4D-printed hydrogels by DIW, SLA, or 2PP.
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Table 2: Stimulus-responsive materials for 4D printing of hydrogels by DIW, SLA, or 2PP
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Stimuli-responsive materials

Types of responsiveness

Printing technologies

PNIPAm [64-69]

MEO,MA [74]
P(DMAAm-co-SA) [75]
[P4,4,4,6][SPA] [76]

PCEA [78]

SA [80], Alginate[81]

PAA [82]

CMC [87]

P(MAA-co-OEGMA) [88]
PEGDA [89]

MWCNTSs [90]

PDA and Fe®" [91]

Au NPs [26]

Fe304 NPs [99,100]

NdFeB [6]

Iron oxide NPs [102]
PNIPAmM, PDMAEMA, MA-BSA [104]
PEO-PPO-PEO and PAA [106]
PNIPAmM/PAA-co-PAAm [105]
PDMA [107]

PNIPAm, Fe30,4 [108]
PNIPAm, iron oxide [109]
PHEMA, Fe50, [110]
PNIPAm, nanothylakoid [111]
PNIPAm, PCEA [112]
P(NIPAm-co-AA) [113]

Temperature DIW [64-69], 2PP [70]
Temperature SLA [74]
Temperature SLA [75]
Temperature 2PP [76]

pH 2PP [78]
Ton DIW [80,81]
Ion SLA [82]
Humidity DIW [87]
Humidity DIW [88]
Humidity 2PP [89]
Light DIW [90]
Light SLA [91]
Light 2PP [26]
Light, magnetic DIW [99,100], 2PP [23]
Magnetic DIW [6]
Magnetic 2PP [102]
Temperature and pH DIW [104]
Temperature and pH SLA [106]
Temperature and pH 2PP [105]
Temperature and pressure DIW [107]
Temperature and magnetic field DIW [108]
Temperature and magnetic field SLA [109]
pH, and magnetic field SLA [110]
Temperature, light, and O, DIW [111]
Osmotic pressure, temperature, and pH DIW [112]
Temperature and pH 2PP [113]

attention in the 4D printing of hydrogels. A notable example
is the poly(N-isopropylacryamide) (PNIPAm) hydrogel, a
widely employed temperature-sensitive polymer, that is fre-
quently printed by these printing technologies [56,64-70].
This hydrogel exhibits an apparent transition in hydrophi-
licity as the temperature approaches its lower critical solu-
tion temperature (LCST), typically around 32°C [71-73]. This
temperature change triggers the expulsion of water and
results in volume shrinkage or expansion of the PNIPAm
hydrogel. The response becomes especially intricate when
the hydrogel structure is non-homogeneous, leading to com-
plex shape transformations in response to temperature fluc-
tuations around its LCST.

In addition to the PNIPAm hydrogel, several other tem-
perature-responsive hydrogels have also emerged in the
area of 4D printing, including 2-(2-methoxyethoxy) ethyl
methacrylate (MEO,MA) [74], poly(N,N-dimethyl acryla-
mide-co-sodium alginate (P(DMAAm-co-SA)) [75], and tribu-
tylhexyl phosphonium 3-sulfopropyl acrylate ([P4,4,4,6]
[SPA]) [76]. These materials, each with unique characteris-
tics and LCST values, offer versatile options for achieving
controllable and dynamic responses in 4D-printed hydrogel
structures.

2.2 pH-responsive hydrogels

The pH-responsive polymers have emerged as another
pivotal category. These materials rely on polymers endowed
with functional groups capable of protonation or deprotona-
tion, enabling them to respond to fluctuations in H" or OH™
concentration. The acidic or basic chemical groups of the
hydrogels can ionize when the pH varies above their pKa or
below their pKb. This ionization leads to the increase of
internal ionic repulsions and their phase would also transit
from a compact to an expanded state via absorbing water
[77]. Generally, the functional groups in pH-responsive
hydrogels include carboxyl (-COOH) or amino (-NH,)
groups, which undergo protonation or deprotonation in
an acidic or alkaline environment. One prime example of
a pH-responsive polymer is poly(2-carboxyethylacrylate)
(PCEA) [78]. When pH increases above the pKa of PCEA,
the carboxyl groups will change from the pronated to
depronated state and ionize, resulting in the swelling of
PCEA hydrogels. Another example is the polyampholyte
hydrogel which can show shape-changing behavior in
both acid and basic environments [79]. These pH-respon-
sive properties of hydrogels can be harnessed for
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controlled and dynamic responses in 4D-printed structures
by adjusting the pH of the medium. The unique properties of
pH-responsive hydrogels offer great potential for diverse
applications in drug delivery systems, where precise control
over pH-triggered responses is critical.

2.3 Ion-responsive hydrogels

Ion-responsive hydrogels leverage ionizable groups within
their composition to achieve dynamic responses. The electri-
cally charged hydrogels exhibit volume changes in response
to variations in salt concentration. Electrostatic repulsion
between polymer chains is weakened because of the
absorption of ions from the high-concentration salt solu-
tion, resulting in the shrinkage of hydrogels. One of the
ion-responsive hydrogels is the hydrogel featured with
carboxyl groups such as sodium alginate (SA) [80], algi-
nate [81], and poly(acrylic acid) (PAA) [82]. Their carboxyl
groups can chelate with ions like Ca®* and the ion con-
centration can further adjust the crosslinking and proper-
ties of the hydrogels. Another ion-responsive hydrogel is
the one with amino groups such as chitosan hydrogels
[83]. For example, Fe** complexed chitosan hydrogels dis-
play distinct deswelling and swelling behaviors in NaCl
solutions with varying concentrations [84]. This property
of ion-responsive hydrogels renders them well-suited for
4D printing and different applications.

2.4 Humidity-responsive hydrogels

Humidity-responsive hydrogels constitute a unique cate-
gory among stimulus-responsive hydrogels for 4D printing.
In contrast to other stimulus-responsive hydrogels, the
humidity-hydrogels demonstrate a distinctive sensitivity
to environmental humidity levels. Their behavior hinges
on the absorption or desorption of water, facilitating the
transition between the dry and saturated state. When the
humidity of the environment increases, the hydrogel struc-
ture absorbs water from the environment and swells via
their chemical groups capable of binding water molecules.
On the contrary, with the decreasing humidity, the water
would evaporate from the hydrogels to the dry environ-
ment. The crosslinking densities and types of chemical
groups in the hydrogel structures can affect their ability
to absorb water. The higher crosslinked hydrogel structure
shows less expansion [85]. Also, for example, Zeng [86]
reported that the —COOH is superior in binding water
molecules to —NH, in a neutral environment. Various
hydrogels, including carboxymethyl cellulose (CMC) [87],
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poly(methacrylic acid-co-oligo(ethylene glycol) (P(MAA-co-
OEGMA)) [88], and polyethylene glycol diacrylate (PEGDA)
[89], have been fabricated into dynamic structures. This
distinctive feature renders them well-suited for applica-
tions where environmental moisture is pivotal in inducing
controlled responses.

2.5 Light-responsive hydrogels

The 4D-printed hydrogels can also be engineered to react
to some non-contact stimuli, with light being one of the
prominent examples. Unlike hydrogels that respond to sti-
muli such as temperature or ions, light-responsive hydrogels
achieve their functionality by incorporating photothermal
materials into hydrogels. Photothermal materials, such as
carbon-based materials, conjugated polymers, nanostruc-
tured metals, semiconductors, and 2D nanomaterials, can
be employed for the 4D printing of light-responsive hydro-
gels. Carbon-based materials and conjugated polymers can
absorb the visible and NIR light via delocalized n electrons
and release heat during their nonradiative relaxation to
ground states; for instance, multi-walled carbon nanotubes
(MWCNTSs) [90] and polydopamine (PDA) [91]. Metal nano-
structures, for example, gold nanoparticles (Au NPs) or
silver NPs [92,93], can produce the localized surface plasmon
resonance (LSPR) effect generated by the collective oscilla-
tions of high-density free electrons at the metal-dielectric
interface, which leads to plasmonic heating when incident
photons match the LSPR band [94,95]. Some semiconductor
materials, such as Fe;0, NPs [21], and 2D materials, like
graphene [96], can utilize LSPR or nonradiative recombina-
tion of electron-hole pairs to achieve light-to-heat conver-
sion. When the photothermal materials are exposed to light,
they would convert the energy of light into heat which
further causes the phase transition of the hydrogel matrix
and shape change of hydrogels, for example, the bending of
Au NPs/PNIPAm micro-hydrogels [26]. The 4D-printed hydro-
gels incorporated with these photothermal materials become
light-responsive. When exposed to light, they change their
hydrogel networks and shapes or functionalities due to the
heat these photothermal materials convert from light. By
harnessing these materials, 4D-printed hydrogels with
light-responsive capabilities can unlock applications such
as light-responsive biomedical devices and soft robotics.

2.6 Magnetic-responsive hydrogels

Magnetic-responsive hydrogels offer another controllable
way for transformations and dynamic responses of 4D-
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printed hydrogel structures. Similar to light-responsive
hydrogels, the magnetic responsiveness of magnetic-respon-
sive hydrogels derives from the magnetic materials rather
than the hydrogel matrix. One common method for fabrica-
tion of the magnetic-responsive hydrogels is to blend the
magnetic materials with hydrogel precursors, followed by
curing to form crosslinked hydrogels [97]. The nanomater-
ials of transition metal alloys, and transition metal ferrites
[98] can be used as magnetic materials such as NdFeB [6],
Fes0, NPs [99,100], CoFe,04 NPs [101], or iron oxide NPs
[102,103]. In the presence of an external magnetic field, the
magnetic nanomaterials generate forces to drive hydrogels
to change their shapes. The shape-changing behavior can be
adjusted by the distribution of magnetic nanomaterials in
the hydrogels or the control of the external magnetic field
[99]. This magnetic responsiveness opens up prospects for
various applications, including drug delivery systems and
soft robotics.

2.7 Multi-responsive hydrogels

Some hydrogels can respond to multiple stimuli by using
multi-responsive materials or combining stimulus-respon-
sive materials. One approach to preparing dual-responsive
hydrogels involves the integration of two distinct stimulus-
responsive polymers to prepare dual-responsive hydrogels.
For instance, hydrogels responsive to both temperature
and pH changes can be printed by combining materials
such as PNIPAm with the methacrylated bovine serum
albumin (MA-BSA) or PNIPAm and poly(2-dimethylami-
noethyl methacrylate) (PDMAEMA) [104]. Similarly, combi-
nations like PNIPAm and poly(acrylic acid-co-acrylamide)
(PAA-co-PAAmM) [105], poly(ethylene oxide)-poly(propylene
oxide)(PPO)-poly(ethylene oxide) (PEO-PPO-PEO or F127),
and PAA [106] are used to print hydrogels responsive to
both temperature and pH variations.

Another dual-responsive hydrogel is derived from the
thermal-responsive poly(N, N-dimethylacrylamide) (PDMA)
[107], which also shows pressure sensitivity. In addition,
incorporating the photothermal or magnetic NPs into the
stimuli-responsive polymers is a typical method to fabricate
dual-responsive hydrogels that can respond to light or the
magnetic field. For instance, this method results in hydro-
gels that respond to both temperature and magnetic fields,
as exemplified by combinations like PNIPAm and iron oxide
NPs [108,109] or pH and magnetic-responsive hydrogels by
poly(2-hydroxyethyl methacrylate) (PHEMA) and Fe;0,4
[110].
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Some multi-responsive hydrogels can respond to more
than two stimuli. For instance, a hydrogel responsive to
temperature, light, and CO, is printed using the thermal-
responsive PNIPAm and the natural nanothylakoid extracted
from spinach [111]. Another example involves a hydrogel
fabricated using PNIPAm and PCEA, which exhibits respon-
siveness to temperature, pH, and osmotic changes [112]. Addi-
tionally, another hydrogel composed of P(NIPAm-co-AA)
demonstrates sensitivity to temperature, pH, and solvent
variations [113].

Table 2 provides an overview of the printing technol-
ogies employed in examples of 4D printing using stimulus-
responsive hydrogels. DIW has extensive applications across
stimulus-responsive hydrogel materials. Meanwhile, SLA
offers choices regarding compatible stimulus-responsive
hydrogel materials. Notably, many stimulus-responsive
hydrogel material systems have been developed for 2PP for
the generation of hydrogel-based micro- and nanostructures.

3 4D printing of hydrogels by DIW

DIW is a well-established printing technique with exten-
sive application in the field of 4D printing of hydrogels.
This printing technique operates by extruding fluid
hydrogel inks through the nozzles of DIW printers to
produce filaments, thus printing intricate 3D hydrogel
architectures. This technique offers several advantages:
DIW excels in efficiently producing macro-scale hydrogel
structures with sub-millimeter resolution; unlike SLA, DIW
demonstrates compatibility with non-transparent mate-
rials, including those containing high content of inorganic
particles. Additionally, the multi-nozzle DIW printers can
produce complex multi-material objects [114].

Similar to the process of 3D printing through DIW, the
initial step in 4D printing of hydrogel structures by DIW
entails the preparation of stimuli-responsive hydrogel inks.
The hydrogel inks would directly affect the printing results,
including printing resolution and printability. The print-
ability, the effectiveness of the printing of designed 3D
models, is intricately linked to the rheological properties
of the inks, while the printing resolution is influenced by
the nozzle diameter and ink filament, which, in turn, is
closely tied to the rheological characteristics of the inks.
Given that the nozzle size remains fixed for a particular
printer, the rheology of the ink fundamentally governs
both printability and resolution. Consequently, the rheolo-
gical properties wield a pivotal role in determining the
overall quality and feasibility of printing hydrogel objects
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by DIW. Thus, strategies for the modification of ink rheology
are presented in this section.

The printing of dynamic hydrogel structures through
DIW involves a range of strategies. Leveraging stimulus-
responsive materials is one such approach that imparts the
hydrogels with the ability to expand in response to specific
stimuli. Additionally, other 4D printing strategies encom-
pass the integration of multi-materials, intricate structure
design, and the fabrication of heterogeneous structures.
These strategies enable hydrogels to undergo intricate
shape changes, such as bending, rolling, and twisting.
The distinctive responsiveness and morphing capabilities
of the 4D-printed hydrogels contribute to their diverse
applications.

3.1 Rheological modification of
hydrogel inks

In the context of 4D printing using DIW, the rheological
properties of hydrogel inks play a fundamental role, resem-
bling the requirements of traditional extrusion molding
techniques. In DIW, the printability of a hydrogel ink is
intricately tied to the rheological properties of the ink,
impacting both its extrudability during printing and its
ability to maintain shape fidelity after printing. Before
extrusion, these inks exhibit high viscosity. During the
extrusion process, they undergo a significant viscoelastic
transition to enable the formation of filaments under shear
stress. Following this extrusion, they return to their initial
viscous state to prevent any distortion or collapse of the
printed 3D structures until the hydrogel structures cure
[115].

Before the printing process, it is imperative to prepare
hydrogel inks with the appropriate viscoelastic properties.
The formulation of these inks often involves hydrogel
precursors containing stimuli-responsive materials, typi-
cally derived from monomers or other small molecules.
Nevertheless, they typically lack the essential viscoelasti-
city to serve as hydrogel inks for DIW. As a result, to pre-
pare hydrogel inks suitable for DIW, these precursors
require further rheological adjustments to achieve the
necessary shear-thinning properties. Common strategies
for these rheological modifications include the addition
of thickeners and adjusting formulations of the inks.

Among these strategies, the use of rheological modi-
fiers is one of the most controllable and effective methods.
Specifically, adding synthesized or natural macromole-
cules can significantly enhance the viscous and shear-thin-
ning properties of the inks. For instance, research has
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shown that the synthesized triblock copolymer known as
PEO-PPO-PEO, or Pluronic F127, can be employed as a fugi-
tive carrier to confer shear-thinning properties to NIPAm
inks [67].

It is challenging to define the printability of inks for
DIW printing, as it is influenced by multiple factors [116].
However, rheology is one of the critical aspects. Some
quantitative rheological parameters can aid in assessing
the printability of hydrogel DIW-inks, such as the shear
storage moduli (G, shear loss moduli (G"), and phase
angles o (tang = G'/G"). Figure 3(a) shows the G’ and G" of
NIPAm inks with varying amounts of F127 under different
strains. At low strain (typically below 2%), the G’ of all the
NIPAm inks with F127 is significantly higher than the G".
However, as the strain exceeds approximately 2%, the G’
tends to be slightly lower than the G". The ratio of G’ to G”
or the tangent values of phase angles ¢ decrease from
remarkably higher than 1 to below 1 with the strain
increasing from 0.01 to 1,000, indicating that the inks
change from a solid-like state to a liquid state. These thix-
otropic inks can be easily extruded via DIW printers to
form filaments and subsequently recover to a gel-like state,
benefiting the shape fidelity of the 3D structures. Adding a
higher amount of F127 enhances the thixotropy of the
NIPAm inks. After printing, part of the rheological modi-
fiers can be removed via immersion in cold water because
of their ability for reversible gelation [117].

Some natural materials, like alginate, are effective
rheological modifiers for monomer-based hydrogel inks.
As is shown in the graph of Figure 3(b), the viscosity of
the acrylamide precursor solution remains constantly low
under different shear rates (y), and the shear yield stress
(7,) is low. In contrast, by adding alginate, the hydrogel ink
exhibits high viscosity at low p, and the 7, increases sig-
nificantly. This demonstrates that the ionic crosslinking of
alginate can improve the printability of acrylamide-based
inks [69]. The pre-crosslinking strategy can be employed in
systems using monomers, such as NIPAm [64]. In another
study, a natural material, thermo-responsive agar, was
utilized as a thickener of inks composed of SA and acryla-
mide, leading the inks to be shear-thinning and prin-
table [118].

To confer stimuli-responsive properties to hydrogels,
some functional nanomaterials, for example, magnetic
NPs, are introduced to the hydrogel inks. However, a
common challenge in these systems is that these NPs are
prone to aggregate in water, which can adversely affect the
rheological properties of the inks used for DIW. The addi-
tion of certain polymeric materials can mitigate the aggre-
gation issue and adjust the viscoelasticity. For instance, to
prepare inks containing Fe;0, NPs, PAA is utilized as the
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storage modulus (G’) of alginate and inks containing 0, 10, and 20 wt% of ferrofluid modified with PAA under the shear strain from 0.01 to 1,000 at the

frequency of 1 Hz. Adapted with permission [99]. Copyright 2019, Elsevier.

stabilizer of these NPs, and then, the stabilized NPs are
added to the alginate and methylcellulose hydrogel precur-
sors. As shown in Figure 3(c), with the addition of these
materials, the inks containing 10 and 20% of Fe;04 NPs still
maintain suitable rheological properties conducive to DIW,
as indicated by a tanc value below 1. In another study
conducted by Podstawczyk and colleagues [119], laponite
nanoclay as a rheological modifier was incorporated in
PNIPAm-based hydrogel inks. The viscoelastic properties
of these inks can further be tailored by alginate and PEGDA
because of interactions between laponite and them.

3.2 4D-printed hydrogels by DIW

The printability of hydrogel inks is the fundamental of
fabricating static 3D hydrogels using DIW, but the realiza-
tion of 4D functions of hydrogels relies on stimulus-respon-
sive materials, structure design, multi-material or multi-step
printing, or other strategies. These 4D printing strategies

and possible applications of the 4D-printed hydrogels are
summarized in Table 3. These printing strategies enable
the fabrication of hydrogels that exhibit dynamic behaviors
such as bending, rolling, twisting, or other complex shape
changes. This section thus introduces and elucidates various
examples of using these strategies for 4D-printed hydrogels
and the applications of these DIW-printed hydrogels.

3.2.1 4D printing strategy based on stimulus-responsive
materials

In specific applications, the printing strategy based on the
stimulus-responsive material strategy can satisfy the needs
of simple expansion or contraction for applications such as
in some drug delivery systems. Table 3 lists some examples
that merely utilize the stimulus-responsive material strategy
to fabricate the 4D-printed hydrogels. For instance, a dumb-
bell-shaped hydrogel is printed through the combination of
PNIPAm and alginate [64]. PNIPAm hydrogels undergo
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volume changes in response to temperature variations,
while alginate contributes to ink rheology and enhances
the hydrogel’s mechanical properties through ion cross-
linking. This PNIPAm-alginate hydrogel dumbbell exhibits
substantial shrinkage when the temperature rises from 20
to 60°C yet remarkably retains its original dumbbell shape.
Similarly, another temperature-responsive hydrogel incor-
porating Carbomer 940 as a rheological modifier is designed
in a capsule shape to encapsulate a cylindrical model drug
[65]. This system enables precise control of drug release
rates dependent on temperature because of the tempera-
ture-responsive nature of the PNIPAm hydrogel. However,
the hydrogels printed by the stimulus-responsive-material
strategy are homogenous. Consequently, when subjected to
varying stimuli across their entire structures, the resultant
shape changes are isotropic, presenting as simple expansion
or shrinkage. This characteristic, while suitable for specific
applications like those mentioned, limits the broader applic-
ability of hydrogels printed using this strategy, rendering
them comparatively less common in real-world applications
[80,120-123].

3.2.2 Other 4D printing strategies

In the pursuit of fabricating hydrogels endowed with com-
plex shape-morphing capabilities, it becomes imperative to
explore alternative 4D printing strategies. Many of these
strategies are related to the printing process, including
using multi-materials, multi-step printing, shear-induced
anisotropy, and multi-layer structures, as systematically
listed in Table 3. These printing strategies allow the hetero-
geneous 4D-printed hydrogels with diverse and complex
properties. Additionally, the control over the external sti-
muli enables some of the 4D-printed homogenous hydro-
gels using stimulus-responsive-material strategy to change
their shapes in a complicated manner.

The multi-material strategy facilitates the printing of
heterogeneous 4D-printed hydrogels, particularly when
applied in DIW. This strategy generally adopts stimulus-
responsive materials and inert materials to print hydrogels
in multiple steps with macro-scale interfaces between
these materials. The differences in properties among these
materials result in non-uniform swelling or deswelling
when subjected to a varying stimulus. For instance, the
bilayered hydrogel hinges are printed by thermal-respon-
sive PNIPAm and nonactive PHEMA [68]. As the tempera-
ture increases from room temperature to 60°C, the PNIPAm
component of the bilayered hydrogel hinges undergoes
shrinkage, while the PHEMA component remains unaf-
fected. This differential response causes the hydrogel hinge
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to bend and fold, ultimately forming a cubic hydrogel box.
A similar example involves the bilayer-structured hydrogels
printed using PNIPAm hydrogel precursors and PEGDA
hydrogel precursors [108].

Additionally, different stimuli-responsive materials
allow the hybrid hydrogels to deform when being exposed
to one stimulus since other stimuli-responsive materials
remain unresponsive. As exemplified in (a) and (b), the
bilayered hydrogel pad and flower exhibiting tempera-
ture-responsive and pH-responsive behaviors are designed
to achieve reversible bending upon fluctuations in tem-
perature or pH [104]. Similarly, bilayer-structured hydro-
gels can be printed using material combinations such as
PNIPAm and nanothylakoid [111]. These hydrogels differ
from the simple blending of dissimilar materials.

Given the extrusion process in DIW, certain hydrogel
inks exhibit anisotropic behavior when subjected to shear
forces. For instance, in a CMC-based ink, cellulose fibers
have been observed alignments during extrusion, resulting
in printed CMC hydrogels characterized by both crystalline
and amorphous structures [87,124]. The amorphous struc-
tures, with less hydrogen bonding than the crystalline
structures, show heightened swelling and deswelling ten-
dencies, facilitating shape morphing upon hydration or
dehydration. A parallel instance unfolds with NIPAm-based
inks containing laponite. The induced anisotropy during
printing under shear conditions enables PNIPAm hydrogels
to expand asymmetrically or contract in response to tem-
perature fluctuations around the LCST, exemplified by the
self-rolling of PNIPAm hydrogel discs [66].

Innovative structural design [69] and additional printing
techniques [67,81] prove instrumental in unlocking more
complex shape changes in DIW-printed hydrogels. Cheng
and colleagues devised artificial hydrogel tentacles embedded
with channels, leading to unidirectional bending and rotation
in 3D when the hydrogels are hydrated [69]. Another inge-
nious approach, demonstrated by Arslan and collaborators,
involves varying the angle between the long axis of a bilayer
structure and the direction of intrinsic curvature while
growing the layers orthogonally. This strategy results in
bending, coiling, and twisting of the printed hydrogel
structures, with the extent of curvature transformation
correlating with the angle, spanning from 0 to 45° [67]. Lai
et al. [81] printed a three-layered hydrogel structure, and
each layer has unique strip interspacing and angles. The
layer with sparser stacking exhibits lower network den-
sity than the densely stacked ones, resulting in aniso-
tropic expansion or contraction, while the angle between
printed layers governs the deformation behavior. This
angle drives the hydrogels to assume curled, twisted, or
rolled configurations by varying it from 0° to 90°. Varying
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this angle can lead the hydrogel structures to curled,
twisted, or rolled configurations. They used these methods
to print hydrogel structures that can transform into helices,
cages, and flowers, as shown in Figure 4(c)-(g).

Precise control over stimuli offers an effective method
to govern the dynamic responses of certain 4D-printed
hydrogels, particularly those designed to be magnetic respon-
sive. Although the printing of magnetic and non-magnetic
multi-layer hydrogels can induce shape morphing, with the
extent primarily determined by compositional differences
[99], a more straightforward approach involves the spatial
control or regulation of the magnetic field intensity (H). The
4D-printed magnetic-responsive hydrogels exhibit a stronger
response in regions with high H. The disparity in H can propel
a global deformation of the hydrogel structure. For example,
the hydrogel strips respond to the gradient magnetic field

generated by a neodymium magnet, leading to controlled
actuation [100]. Likewise, the magnetic-responsive hydrogel
robots demonstrate horizontal rotation in the presence of a
rotating magnetic field or rolling under the impact of ortho-
gonal magnetic torque and force [6].

In another example of the printing of light-responsive
3D hydrogels, the hydrogel inks are based on a distinctive
formulation designed for curing and light-responsiveness.
The hydrogel networks are constructed using dimethacry-
late-modified F127-N,N-dimethylacrylamide (F127-DMA), a
thermal-responsive material, while the introduced multi-
MWCNTs serve as the photothermal component [90]. F127-
DMA offers favorable rheological properties and contains
cross-linkable groups, obviating the need for additional
rheological modifiers and crosslinkers. The addition of
MWCNTs results in intransparence of the hydrogel ink.
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Consequently, the crosslinking process employs free-radical
polymerization initiated by ammonium persulfate and
catalyzed by tetramethylethylenediamine, rather than
UV curing. The DIW-printed hydrogel composite strip
can bend because of the local exposure to NIR light [125].

3.3 Applications

The 4D-printed hydrogels fabricated via DIW primarily
exhibit macro-scale dimensions, occasionally featuring
intricate microstructures. Their wide-ranging applications
encompass diverse fields, prominently including soft robots,
actuators, and drug delivery, as presented in Table 3. The
prospects for applications are intimately intertwined with
the inherent structures of these hydrogels, the types of
external stimuli they respond to, and the way they go
through dynamic shape-changing. Many of these hydrogels
exhibit untapped potential, particularly those inspired by
biomimetic designs, such as flowers [87,88,111], tendrils, ten-
tacles [69], leptasteria-like, and shellfish-like structures [6],
and other bioinspired hydrogels. For example, thermal- or
pH-responsive hydrogels show promise in drug delivery,
leveraging their ability to swell or deswell for drug encap-
sulation and release in cylinders [104] or capsules [65].
Moreover, these DIW-printed hydrogels are promising in
developing wearable sensors, exemplified by the flexible
device based on DIW-printed DMA hydrogels capable of
monitoring human body temperature and sensing finger
pressure during bending [107]. Nevertheless, the current
research focus predominantly centers on harnessing the
shape-morphing attributes of DIW-printed hydrogels for
soft robotics applications [64,99,108].

4 4D printing of hydrogels by SLA

In the realm of 4D-printed hydrogel fabrication, SLA emerges
as another prominent and widely employed 3D printing tech-
nique. SLA harnesses the photopolymerization to create
polymer networks, boasting a notably elevated printing reso-
lution compared with DIW. Over the past few decades, SLA
technology has undergone remarkable development, evol-
ving into several branches, including laser-based SLA
referred to as SLA, DLP, and liquid crystal display SLA
(LCD-SLA) [127], although only several examples of 4D-
printed hydrogels involve DLP and LCD-SLA. In a general
SLA process, the UV light is irradiated on a building sur-
face through a transparent window, and the distance
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between them determines the layer thickness [128]. Once a
layer is fully printed, the build surface will move to print the
next layer until the whole object is printed. This section aims
to provide an overview of the fabrication process of 4D-
printed hydrogels by SLA and their applications, specifically
focusing on using printing strategies to engineer hydrogels
capable of dynamic shape morphing.

4.1 Composition of photoresists for 4D
printing of hydrogels by SLA

The photoresists for 4D printing hydrogels by SLA gener-
ally comprise monomers, photoinitiators (PIs), crosslin-
kers, and solvents. Unlike DIW, the rheological modifiers
are not necessary for the photoresists of SLA. The cross-
linkers and solvents are the necessary components of
photoresists that are similar to their counterparts for
DIW. The monomers for stimulus-responsive hydrogels
are the stimulus-responsive materials as listed in Table 4.
The PIs are another critical component of photoresists for
SLA. Due to the different SLA technologies utilizing dif-
ferent wavelengths of the lasers or light of SLA, the PIs
vary. Usually, the PIs for UV-laser SLA and other typical
SLA are triggered by UV to generate radicals. Because of
the well-established advancements in UV curing, SLA can
adopt various PIs such as Irgacure2959, diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide, and lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) [129]. More information
about PIs for SLA and 2PP can be found in the reported
articles [130,131]. Additionally, since the SLA may cause
overpolymerization and opacity, some light absorbers can
be added to the photoresists to improve the transparency
and printing accuracy in the Z-axis by controlling the curing
depth [132].

4.2 4D-printed hydrogels by SLA

Following the meticulous formulation of the photoresists,
the subsequent pivotal stage involves the direct 4D printing
of hydrogel structures employing the SLA technique.
Notably, these hydrogels can achieve volumetric transfor-
mations by utilizing stimulus-responsive materials dis-
cussed in Section 2. In recent studies, the fabrication of
4D-printed hydrogels via SLA based solely on stimulus-
responsive materials remains relatively scarce. The com-
plex changing shapes entail other 4D printing strategies,
including the utilization of multi-material methods, struc-
ture design, and the printing of bi-layered or multi-layered
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4D printing Materials Shapes Stimulus Potential application Ref.
strategies
Multi-materials PEGDA and Fe30y,, Bilayered robot Magnetic and pH Drug delivery [110]
PHEMA
PEGDA and iron oxide,  Bilayered microrobot Magnetic and temperature Drug delivery Medical [109]
PNIPAM devices
PEO-PPO-PEO Bilayer slab Temperature, pH Medical devices [106]
PNIPAm, PDA PAA, Fe*"  Artificial chromatophore Light Biophotonic device [91]
Multi-layer structure  PNIPAm, MAPTAC Micro-grippers Temperature Soft robots [56]
PNIPAm, PCEA grippers Temperature, pH, osmotic Soft robots [112]
pressure
P(DMAAm-co-SA) Flower, gripper Temperature Soft robots [75]
PEGDA, PAA Gripper, micromixer Ion Soft machines [82]
Structure design MEO,MA Strips, helices, grippers, Temperature Robotics [74]

turbines

structures. These 4D printing strategies to fabricate hydro-
gels with complex shape-changing capabilities are pre-
sented in Table 4 and comprehensively discussed in detail
in this section.

Using different materials with dissimilar properties
represents a straightforward approach to fabricating het-
erogeneous hydrogel using UV lithography, enabling these
hydrogels to achieve complex shape transformations. For
example, Li et al [110] combined a magnetic-responsive
Fe;0,/PEGDA composite layer, capable of responding to
magnetic fields, with a pH-responsive PHEMA layer to engi-
neer the functional microrobot. As is shown in Figure 4(a)
and (b), this microrobot, designed to carry drug payloads,
can be guided to specific positions through magnetic field
manipulation, facilitated by the Fe;0,/PEGDA composite
layer. It can release the drug when exposed to a pH envir-
onment below 3.0, triggered by the swelling of the outer
PHEMA layer in response to pH changes [110]. Similarly, Go
et al. [109] replaced the pH-responsive PHEMA layer with a
thermal-responsive PNIPAm layer to fabricate a thermally
and electromagnetically responsive microrobot which shares
a similar shape-morphing mechanism with the one in
Figure 4.

Another effective multi-material printing strategy for
the fabrication of 4D-printed hydrogels involves combining
thermal-responsive and pH-responsive materials. For instance,
the integration of a triblock PEO-PPO-PEO (F127) layer with
an acrylic acid layer enables the bilayered hydrogel slab to
exhibit bending and even curling responses to fluctuations
in temperature or pH conditions [106]. Alternatively, PAA
was crosslinked with PEGDA to produce the PAA-PEGDA
hydrogels, and the photothermal agent, PDA NPs, was simul-
taneously incorporated into the PNIPAm hydrogel. The com-
bination of these hydrogels turns to be photoactive [91]. In

another study, a bilayered hydrogel structure, resembling
flowers and grippers, fabricated through DLP technology
features a polyvinyl alcohol (PVA) layer combined with a
PVA-modified PNIPAm layer. This 4D-printed hydrogel exhi-
bits enhanced toughness and heightened responsiveness to
thermal changes compared to pure PNIPAm hydrogel [133].

However, 4D-printed hydrogels involving two compo-
nents and two distinct materials pose challenges, including
weak interfacial adhesion [74] and the time-consuming and
complex fabrication process due to switching materials after
printing one part. To address this, some researchers have
explored the fabrication of 4D-printed hydrogel structures
using a single photoresist, varying the composition within
the hydrogel to print heterogeneous structures. For example,
the bilayered P(DMAAm-co-SA) hydrogels were printed with
two layers with different molar ratios of DMMAm to SA at 7:3
and 9:1. The layer with a higher DMMAm content shows a
more considerable swelling degree, driving the bilayered P
(DMAAm-co-SA) hydrogels to bend [75]. Meanwhile, The
incorporation of stearyl acrylate not only enhanced mechan-
ical performance but also allowed the tuning of the swelling
properties and the LCST of the copolymerized P(DMAAm-co-
SA) hydrogels because of its rigidity and the formation of the
interpenetrating networks. Likewise, Valentin et al [82]
introduced ionic-crosslinked PAA into covalently-crosslinked
PEGDA, producing an interpenetrating polymer network that
can reversibly respond to ionic stimuli, as demonstrated in
Figure 4(c) and (d). It is found there is a decrease in the
swelling degree of PEGDA-PAA hydrogel with an increasing
concentration of Fe**. They combined a PEGDA layer and a
PEGDA-PAA layer to print a 4D gripper that responds to FeCls
solution.

Another method for reducing the discrepancy between
layers while maintaining the deformability of hydrogels is
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the fabrication of gradient-like structures. Achieving var-
iations in crosslinking density among hydrogel layers is a
practical 4D printing strategy readily attainable via SLA.
Han et al. [56] utilized projection micro-SLA to print PNIPAm-
based micro-gripper with bilayered claws through grayscale
printing. They employed methacrylamidopropyltrimethyl-
ammonium chloride (MAPTAC) to copolymerize with NIPAm
during SLA, effectively adjusting the LCST of PNIPAm hydro-
gels. The cationic groups in MAPTAC can enhance the hydro-
philic properties of the hydrogel network, increasing the
LCST of the printed PNIPAm hydrogel modified with
MAPTAC to 65°C, a significantly higher value compared
to that of the pure PNIPAm hydrogel. Through grayscale
printing, the inner layers of each claw are exposed to
higher light density, exhibiting more significant shrinkage
above the LCST compared to the outer layer, allowing all
claws to bend inward when the temperature increases
above the LCST.

SLA enables the fabrication of 4D-printed hydrogels
with varying surface area-to-volume ratios and crosslinking
densities. For instance, Odent et al [112] employed these
printing strategies, adopting NIPAm and a pH-responsive
monomer, 2-carboxyethylacrylate (CEA) to print multi-
responsive hydrogel micro-grippers. Notably, Daphene
Marques Solis and his colleague found that the printing
temperature would affect the properties of PNIPAm hydro-
gels [57]. Their study demonstrated that higher printing tem-
perature results in a decrease in the swelling capacity and
an increase in LCST value.

Furthermore, strategic structural design can mitigate
problems such as weak bonding force [74] and high resi-
dual stress after deformation caused by bilayer or multi-
layer structures. For example, Ji et al. [74] introduced
groove structures into the hydrogel strips, incorporating
helices as secondary microstructures to induce asymme-
trical swelling, facilitating these hydrogels to bend and
twist. Using this structure design, they achieved the one-
step 4D printing of a thermal-responsive gripper using
MEO,MA via DLP. Figure 5(e) shows that this thermal-
responsive hydrogel gripper can grasp and release a
ball through water temperature adjustments near its
LCST.

4.3 Applications

Because of the inherent biocompatible property, 4D-printed
hydrogels fabricated by UV lithography are currently
mainly applied in the biomedical area, such as drug
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delivery, tissue engineering, and microrobots, as pre-
sented in Table 4. As shown in Figure 5(a) and (b), the
microrobot has the potential to be used for targeted drug
delivery by the control of magnetic fields [110]. However,
the release process will only succeed in an environment
with a pH below 3.0. Nevertheless, it provides a scheme
for therapy for the targeted drug treatment of cancer.
Comparably, the magnetic-responsive and thermal-respon-
sive microrobots for drug delivery entail the temperature
below LCST of PNIPAm at targeted areas [109]. 4D-printed
hydrogel grippers cured by UV light are the main structure
of soft robots in recent studies, and they can grab and
release items via various stimulations, such as Fe® [82],
temperature [56,74,75], or pH [112]. Furthermore, the DLP-
printed conductive micro-hydrogels show reversible resis-
tance change when stretched and are likely to be applied as
pressure sensors [134]. Thermal and pH-responsive hydrogel
scaffolds are suitable for tissue engineering [106]. The
thermal-responsive hydro-turbine might be able to be
used in microfluidic devices [74]. Finally, 4D-printed hydro-
gels cured by UV can be utilized as carriers of biomimetic
materials like PDA to fabricate bio-photonic devices [91]. The
combination of hydrogels and natural materials from plants
or animals, like proteins, would be well suitable for cell or
tissue engineering studies.

5 4D printing of hydrogels by 2PP

Photon-based polymerization leverages laser-generated
photons to excite PIs, producing free radicals and initiating
photopolymerization. Conventional one-photon polymeri-
zation employs UV light to excite PIs, whereas 2PP works
by simultaneously absorbing two photons, halving the
energy required for excitation. Also, the nonlinear two-
photon absorption permits precise and localized photopo-
lymerization of a photoresist at the laser’s focal point. In
comparison to UV-induced printing technologies such as
SLA, 2PP is capable of fabricating intricate, sub-micrometer
structures using NIR light lasers. When the photoresist is
exposed to the NIR laser, the two-photon absorption of PIs
triggers polymerization at the focal point of the laser beam.
The movement of the laser and the build platform is coor-
dinated to solidify each voxel in a layer before transi-
tioning to the next, and the as-designed 3D structure is
printed layer by layer until finished [135]. This section
provides an overview of the printing strategies of the utili-
zation of 2PP in fabricating micro-scaled 4D-printed hydro-
gels and outlines the applications of these hydrogels.
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5.1 Photoresists for 4D printing of hydrogels
by 2PP

The components of photoresists for the 4D printing hydrogels
by 2PP resemble those for SLA except the PIs. As the com-
mercialized 2PP equipment utilizes 780-nm lasers to excite
the P, it requires the PIs for 2PP to have high light absorption
at 390 nm. However, current PIs are mainly designed for UV
curing, and their light absorption at 390 nm is significantly
lower than that at 365 nm. There are only several PIs avail-
able for hydrogel printing by 2PP, for example, LAP.

5.2 4D-printed hydrogels by 2PP

In recent studies, some examples involve the fabrication of
4D-printed hydrogels via 2PP based solely on stimulus-

responsive materials. Other 4D printing strategies, including
the utilization of multi-material methods, structure design,
and the printing of bi-layered or multi-layered structures
contribute to the complex changing shapes of these 2PP-
printed hydrogels. These 4D printing strategies to fabricate
hydrogels with complex shape-changing capabilities are
presented in Table 5 and will be comprehensively discussed
in detail in this section.

5.2.1 4D printing strategy based on stimulus-responsive
materials

In the earlier stage of fabricating 4D-printed hydrogels by
2PP or multiphoton polymerization, some micro-hydrogels
are printed by stimulus-responsive material strategy. 2PP
can print some stimulus-responsive materials mentioned
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Table 5: Recent research of 4D-printed hydrogels fabricated by 2PP

Ref.

Stimulus Potential applications

Structures

Materials

4D printing strategies

Shape-morphing

category

| IR B R R

Temperature

cell
pH

Micro-grids

Proteolytic-crosslinked PVA  Scaffold

([P4,4,4,6] [SPA]

Stimulus-responsive material

Expansion or

Morphogenesis
Biosensors

contraction

Pyramid and dome

PEGDA, CEA

Hydrogel muscle

Temperature, pH

Pads fixed by micropillars
Humidity

PNIPAmM/PAA-co-PAAM

PEGDA

Multi-steps and multi-

materials

Complex shape
changing

Sensors, actuators, or Soft robots

pH, Temperature, solvent Smart intravascular stents, Artificial

Flowers, joint-like cantilever

Micro-stents, micro-cages, and

micro-umbrella

P(NIPAmM-co-AAc)

Heterogenous structures

cardiac valves

[26]
[70]

Adaptive micro-devices

Light

Micropillars and micro helices

Microbeams

PNIPAmM, Au NPs
PNIPAmM

Temperature, NIR light

NIR light

[23]

Microactuators

microgripper

P(NIPAmM-co-Aam),

FesO4 NPs

Stimulus control

[102]

microrobots

Magnetic

Microrollers and microscrews

P(NIPAmM-co-AAc), iron

oxide NPs

DE GRUYTER

in Section 2.1 to fabricate 4D micro-hydrogels. As is pre-
sented in Table 5, there are two examples of the hydrogel
materials used for 4D-printed hydrogels fabricated by 2PP
in previous studies.

One of the most typical stimulus-responsive materials
for 2PP printing is PNIPAm, which can be easily prepared
by dissolving the NIPAm monomer, crosslinker, PI, and
diluents [70]. The properties of the PNIPAm hydrogel, for
example, the mechanical properties, can be tuned by
varying the content of the crosslinker, which convention-
ally is the N,N-methylenebis-acrylamide (BIS). Typically,
the higher the proportion of BIS, the stiffer or harder the
PNIPAm hydrogels are, but their responsivity and swelling
capability would decrease. On the contrary, by reducing
the amount of BIS, the PNIPAm hydrogel would become
mechanically soft, but the photoresist would not be prin-
table. In another study, Nishiguchi et al [26] synthesized
some multi-armed PNIPAm-based crosslinkers by RAFT
polymerization. These macromolecule crosslinkers, espe-
cially the tri-allyl-functional macro-crosslinker, can increase
the photoresists’ viscosity to enhance the printing precision
and reduce the number of crosslinking points, improving
the responsiveness of the hydrogels. On top of PNIPAm,
Tudor et al. [76] reported another thermo-responsive mate-
rial [P4,4,4,6] [SPA] that is 2PP-printable, producing 4D-
printed hydrogels, and the polymerizable ionic monomer
could form poly(ionic liquid)s (PIL) hydrogel networks.
This thermal responsive material has an LCST-like behavior
with a broad temperature range of phase transition, span-
ning from 20 to 70°C. It can dissolve other components of
photoresists, including the crosslinkers and PIs, to replace
the solvents which may evaporate and cause bubbles due to
the heat released during the polymerization reactions. Thus,
the resolution of printing can be improved to a sub-micro-
meter by this solvent-free photoresist. Furthermore, a cell-
responsive hydrogel microstructure was constructed by
MPL from norbornene-modified PVA and peptide crosslin-
kers [136]. Likewise, Scarpa et al. [78] utilized CEA and
PEGDA to print the pH-responsive micro-hydrogel pyramids
and domes. It is found that higher content of CEA or car-
boxyl acid groups governing the absorbing or desorbing
water contributes to higher responsiveness and responsivity
to the pH changes. Because of the molecular and structural
design, the pyramid-like PEGDA micro-hydrogels reported
by Elisa Scarpa are more mechanically robust and sensitive
to pH variations than the hydrogel domes.

5.2.2 Other 4D printing strategies

2PP-printed stimulus-responsive materials can swell or
deswell when exposed to stimuli. However, complex shape
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changing entails 4D printing strategies, including multi-
material, multiple materials or printing steps, heteroge-
neous structures, and localized stimulation, as listed in
Table 5.

In the earlier stage of 4D printing hydrogels by 2PP, the
research mainly focuses on fabricating structured stimuli-
responsive hydrogels which are generally printed by mul-
tiple materials or several steps. In 2011, Zarzar et al. [105]
used acrylic acid and acrylamide to print poly(acrylic acid-
co-acrylamide) (poly(AAc-co-AAm)) hydrogel pads fixed by
non-responsive tips on micropillars and these hydrogel
pads demonstrated thermal-responsiveness and pH-respon-
siveness. The pH-responsive parts of the hydrogel pads show
volume phase transitions occurring near the pKa of acrylic
acid, around a pH of 4.25. When the temperature or pH
changes, the PNIPAm or P(AAc-co-AAm) pads would expand
or contract, driving the tips to bend inward or outward. Lv
et al. [89] fabricated humidity-responsive PEGDA-based
microstructures, mimicking stomata’s closing and opening
behaviors, demonstrating that the homogeneous structure
of one material can only expand or contract. They also
reported the microstructures of binary codes combining
the active PEGDA and the inert poly(butyl methacrylate) to
fabricate hydrogel micropillars in two steps. This 4D
printing strategy for 2PP fabrication utilizes the difference
in properties between the stimulus-responsive hydrogel and
inert hydrogel to complete complex motion, but the printing
process needs two steps.

Another strategy is fabricating heterogeneous struc-
tures with one material in one step. Jin et al. [113] adopted
the strategy of heterogenous crosslinking density produced
by the difference in exposure dose between inner and
outer layers to print multiple stimuli-responsive hydrogel
microstructures. Via this strategy, they utilize acrylic acid
to copolymerize with NIPAm during the printing process
by 2PP, and the printed AAc-co-NIPAm hydrogels could
undergo a sudden and noticeable volume change at the
pH of about 8.5. As a result, the printed hydrogel micro-
machines show different degrees of expansion or contrac-
tion when pH, type of solvents, or temperature varies,
leading to complex shape morphing. Figure 5(a)-(c) pre-
sents the structures and shape changes of the micro-stent,
micro-cage, and micro-umbrella, which can uniaxially con-
tract, biaxially contract, and fold, respectively.

Programmed crosslinking density within the micro-
structures is another strategy for one-material and one-
step 4D printing hydrogels by 2PP. For example, Hippler
et al. [70] used gray-tone lithography to print the thermal-
responsive PNIPAm hydrogels by a single type of photore-
sist in one step. They also found that hydrogels printed at
the laser power of 37.5 mW have one order magnitude of
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the thermal expansion coefficient higher than those printed
at 30 mW, which leads to the hetero-microstructured hydro-
gels that can be actuated by locally focused light. Bilayered
hydrogels or bi-material structures have some drawbacks,
including simple shape changes and weak interaction force
between the interfaces of layers. In this scenario, another
2PP printing strategy named programmed printing density
was adopted to print micro-hydrogels with gradient cross-
linking densities [26]. In the study conducted by Akihiro
Nishiguchi and his colleagues, they first synthesized the
multi-armed macro-crosslinkers which improve the print-
ability so that the difference in crosslinking density can be
enlarged attributed to the exposure dose of the laser. By
varying the hatching or slicing distance at different parts
of the microstructures, they printed some micropillars and
micro-helices that can reversibly bend and swim forward,
respectively.

In addition to the printing material and printing stra-
tegies, the stimulation regulation can enable the micro-
structured hydrogels to change their shapes. For instance,
Zheng et al. [23] printed some PNIPAm hydrogel microcan-
tilevers incorporated with Fe;0, NPs, allowing the ther-
mally responsive microcantilever matrix to be remotely
actuated by NIR light. By giving localized laser, the tips
of the microcantilevers move close to each other like a
gripper. Similarly, Lee et al [102] incorporated superpar-
amagnetic iron oxide NPs into PNIPAm-based hydrogel
micro-rollers and micro-screws. By regulating the mag-
netic field, these microstructures move along a designated
trajectory.

5.3 Applications

Microstructured hydrogels fabricated by 2PP have a great
advantage in microscale applications, including micro-
machines, micro-sensors, and biomedical areas, as shown
in Table 5.

For biological applications, microstructured hydrogels
are typically applied to cell or tissue engineering. For
example, the pH-responsive hydrogel micro-enclosures based
on BSA fabricated by MPL to trap cells like Escherichia coli
[137]. The protein-based microchambers serve as habit-cul-
turing cells which can be released when pH is above the
isoelectric point of BSA. Similarly, another cell-responsive
hydrogel microstructure constructed by MPL from norbor-
nene-modified PVA and peptide crosslinkers can attract cells
and subsequently be proteolyzed by protease for the study of
cell invasion [136]. Besides, the combination of multi-stimuli-
responsive hydrogel pads and inert micropillars can mimic
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the behavior of muscles. When one of the stimuli varies, the
hydrogel pads swell or deswell, forcing the micropillars to
bend reversibly [105].

In addition, 2PP-fabricated micro-hydrogels are com-
monly used as microrobots or micromachines. The multiply
stimuli-responsive hydrogel micromachines, including
micro-stents, micro-cages, and micro-umbrellas, can expand
or contract when pH, type of solvents, or temperature
varies, and have great potential to be applied in biomedical
applications like smart intravascular stents and artificial
cardiac values [113]. The hydrogel micro-roller (Figure 6(d))
is based on PNIPAm and iron oxide NPs, and this microstruc-
tured hydrogel roller can expand or shrink when the tem-
perature varies between 24 and 37°C [102]. By adjusting the
frequency of the rotating magnetic field, the 2PP-fabricated
microscrew could locomote and steer in the microchannel,
which has the potential to be a key enabler for various
remote lab-on-a-chip manipulations. A joint-like hydrogel
micro-cantilever based on PEGDA can reversely bend when
the humidity increases and decreases, simulating joint move-
ment. This sort of 2PP-fabricated hydrogel structure might
likely be used to construct humidity-responsive soft robots
[89]. Another common application of 2PP-printed micro-
hydrogels is the sensor. The pyramid-like PEGDA micro-
hydrogels are mechanically robust and highly sensitive to
PH variation, so they are highly suitable for the application
of pH-responsive microdevices, especially micro-biosensors
[78]. Besides, the PEGDA micro-hydrogels are humidity-
responsive, meaning that they can sense the concentra-
tion variations of water vapor in the atmosphere at the
microscale [89]. 2PP-printed micro-hydrogels also have
other potential applications, like actuators and micro-
fluidic devices. For example, the light-driven hydrogel
microcantilevers based on PNIPAm hydrogels and Fe;04
NPs allow the thermal-responsive microcantilever matrix
to be remotely actuated by NIR light, showing great poten-
tial to biomedical micro-electromechanical systems [23].
Besides, the hydrogel micropillars and micro-helices [26],
could be driven by light to bend and swim. It is feasible to
use these dynamic micro-structured hydrogels in adap-
tive micro-devices [138].

6 Challenges for 4D printing of
hydrogel structures
Although extensive research studies have contributed to

significant advancements in the 4D printing of hydrogels,
there is still considerable potential for improvement. The
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specific challenges in this field differ among the printing
techniques, involving the utilization of new hydrogel pre-
cursors for 4D printing and the improvement of stimuli-
responsiveness and mechanical properties of the 4D-printed
hydrogels.

In the field of 4D printing of hydrogel structures using
DIW, it is challenging to prepare DIW-printable hydrogel
inks since the hydrogel precursors inherently do not have
favourable rheological behaviors and desirable print-
ability. Slight pre-crosslinking has been demonstrated to
be an effective approach to enhance the printability of
some hydrogel inks for 4D printing by DIW [139,140]. For
example, part of cellulose chains pre-crosslinked with epi-
chlorohydrin to form the percolating network, can adjust
the rheological properties of the cellulose hydrogel ink.
Tailoring hydrogel composition by using rheology-modi-
fying additives, [141] and multi-material inks [142] can
also improve inks’ printability. Moreover, a nanocarrier
was proved to be a universal additive for improving the
rheological properties of various biomaterials, and this
rheology modifier designed for DIW utilized reversible
interactions between the polymers and NPs to establish
transient physical networks with shear-thinning and self-
healing properties [141]. In addition, the printing resolu-
tion of DIW is a disadvantage as compared with SLA and
2PP, limiting some biomedical applications of DIW-printed
hydrogel-based structures [143]. The strategy of precisely
controlling printing parameters, such as extrusion rate and
layer thickness, could contribute to improved resolutions.
In addition, incorporating NPs or nanofillers into the hydrogel
inks is also capable of printing hydrogels with enhanced
mechanical properties [144].

Compared to DIW, SLA and 2PP offer superior printing
resolutions, and the printability of photocurable hydrogel
precursors is less dependent on their rheological proper-
ties. Unlike the 2PP utilizing NIR light laser at 780 nm, SLA
typically uses UV or visible light laser, such as wavelength
around 365 or 405 nm, which have inferior light penetration
capabilities, especially in semi-transparent and opaque
photoresists. Insufficient light penetration, especially in
the inner regions of large-sized objects, can result in incom-
plete crosslinking, subsequently diminishing the mechanical
properties. To address this, reducing the size of inorganic
particles incorporated into the photoresist can improve UV
transparency while preventing self-aggregation. For instance,
utilizing 10 nm maghemite particles treated with oleic acid
in SU-8 photoresists has been shown to enhance transpar-
ency in the UV region [145]. Additionally, the SLA and TPP
can print the heterogenous structures by regulating the
laser dose distribution, but the laser dose difference can
cause insufficient polymerization or over-polymerization,
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Figure 6: Images for 4D 2PP-printed micro-hydrogels. (a) hydrogel micro-stent, (b) micro-cage which can reversibly contract or expand in uniaxial and
biaxial manners, respectively, and (c) reversibly foldable hydrogel micro-umbrella; Reproduced with permission [113]. Copyright, 2019, Elsevier, under
the terms of the Creative Commons CC-BY license. (d) Schematic and optical images of the hydrogel micro-roller based on PNIPAm and iron oxide NPs,
expansion or shrinkage between 24 and 37°C, and locomotion controlled by a magnetic field. Reproduced with permission [102]. Copyright, 2020.
Published by American Chemical Society under the terms of Creative Commons public.
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resulting in collapsed or burnt hydrogel structures [146,147].
The utilization of the 4D printing strategy for the fabrication
of heterogenous hydrogel structures needs to be further
optimized. For example, instead of printing bi-layered
hydrogel structures, the strategies of gradient printing
by 2PP can be used to tailor the spatial crosslinking gra-
dients in photoresists [148]. This issue could also be
addressed by the development of photoresists with wide
laser dose ranges of polymerization and the establish-
ment of thresholding models for predicting the threshold
of over-polymerization [147]. 2PP-based printing technology,
capable of achieving sub-micron printing precision, has
enabled the fabrication of intricate and micro-nanostruc-
tures but the constrained work area limits the object size
[149]. It is also challenging to print large micro-nanostruc-
tures via 2PP because defects would be likely to be produced
during the long printing time. The uniform and stable
photoresists can mitigate this issue, particularly necessi-
tating the PIs to evenly dissolve in the photoresists without
aggregation and precipitation. In addition, the hybrid uti-
lization of different printing technologies can combine the
advantages of different technologies and may solve this
problem [150].

In the application of the 4D-printed hydrogels, DIW
has been widely utilized for fabricating hydrogel-based
structures for applications such as hydrogel-based flexible
devices, [151] and soft robotics [152]. In the field of biome-
dical applications such as drug delivery, DIW, and SLA are
feasible techniques for 4D-printed hydrogel structures.
Common materials employed in previous studies include
PNIPAm and PEGDA. However, beyond their drug encapsu-
lation and release functionalities, material toxicity remains
an important issue, particularly upon degradation. To miti-
gate this, the development of biomaterials for 4D printing
[153] and the use of biocompatible initiators [154] with
enhanced initiating efficiency can minimize adverse effects.
Despite advances in stimulus-responsive polymers for drug
delivery systems, achieving precise control over stimuli such
as temperature, pH, and ion responsiveness remains a chal-
lenge. Light and magnetic-responsive hydrogels may be
alternatives, but they generally rely on inorganic materials,
presenting compatibility issues with polymer hydrogel net-
works and stability challenges in aqueous environments. In
this context, the incorporation of polymer-based photo-
thermal materials, for example, conjugated polymers
emerges as an appealing choice for fabricating light-
responsive hydrogels [155]. For the flexible device applica-
tion, DIW stands out as the preferred printing technique
because of its capability to print large hydrogel structures
and its suitability for various materials. The development
of conductive or electric-responsive hydrogels that can

DE GRUYTER

sense and convert environmental stimuli into electrical
signals would further promote their applications in hydrogel-
based flexible electronics [156,157]. Lastly, in the areas of soft
robotics and actuators, extensive research work has been
conducted on macro-hydrogels printed by DIW, but the
exploration for 4D-printed hydrogels combining rapid
responsiveness and mechanical robustness remains lim-
ited. The incorporation of nanomaterials may be a solu-
tion to enhance mechanical properties while retaining
responsiveness. 2PP-printed hydrogels have shown pro-
mise for micro-actuators or microrobots with arbitrary
and complex architectures, although their practical appli-
cation is still a work in progress.

7 Conclusion and perspectives

This paper reviews the current additive manufacturing
techniques for the 4D printing of hydrogel structures,
including SLA, DIW, and 2PP. It summarizes the materials
and strategies employed in fabricating dynamic 3D hydro-
gels, and their applications. More importantly, insights into
the selection and utilization of 4D printing strategies tai-
lored to specific functions and applications of the 4D-
printed hydrogel structures were discussed in detail. Using
stimuli-responsive materials, multi-material printing, fabri-
cating heterogeneous structures with a single material, and
controlling the stimulus are useful strategies for the 4D
printing of hydrogels with complex shape changes. DIW
has been an essential technique for the 4D printing of hydro-
gels on the centimeter scale or above, particularly light- or
magnetic-responsive hydrogels, and multi-material fabrica-
tion. These hydrogels printed by DIW via extra printing
strategies show complex shape-changing behavior and are
promising for applications such as soft robots. SLA has been
the desirable technology for the 4D printing of macro-
hydrogels from non-extrudable hydrogel precursors, and
the 4D-printed hydrogels fabricated by SLA have been
demonstrated to be promising for drug delivery. 2PP has
been significant in the 4D printing of microscale hydrogels,
and these hydrogel-based structures printed by 2PP are
likely to be applied as micro-robots.

For the future development of 4D-printed hydrogel-
based structures, there are still some challenges and oppor-
tunities that are worth further exploration. The fundamental
challenge is to trade off a balance between rapid respon-
siveness and mechanical robustness, and incorporating
nanomaterials into hydrogels to enhance the mechanical
properties of the resulting composites while preserving
their responsiveness holds great promise. In addition,
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enhancing the printing resolution of DIW remains a key
challenge, with potential improvements achievable through
optimizing printing parameters and hydrogel ink formula-
tions. Regarding 4D-printed hydrogel structures using SLA
and 2PP, many of their applications remain in the research
stage with a great deal of effort required for further
development.
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