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While three-dimensional (3D) printing excels at fabricating static constructs, it fails to emulate the
dynamic behavior of native tissues or the temporal programmability desired for medical devices. Four-
dimensional (4D) printing is an advanced additive manufacturing technology capable of fabricating
constructs that can undergo pre-programmed changes in shape, property, or functionality when
exposed to specific stimuli. In this Perspective, we summarize the advances in materials chemistry, 3D
printing strategies, and post-printing methodologies that collectively facilitate the realization of temporal
dynamics within 4D-printed soft materials (hydrogels, shape-memory polymers, liquid crystalline
elastomers), ceramics, and metals. We also discuss and present insights about the diverse biomedical
applications of 4D printing, including tissue engineering and regenerative medicine, drug delivery,
in vitro models, and medical devices. Finally, we discuss the current challenges and emphasize the
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1 Introduction

Since its inception in the 1980s, advancements in three-
dimensional (3D) printing modalities have enabled the rapid
and large-scale fabrication of complex, high-resolution archi-
tectured matter with desired spatial compositional complexity
and tunable properties and functionalities from an expanding
arsenal of diverse materials, spanning from soft matter'™ to
ceramics™ and metals.”” While there are more than fifty
different 3D printing technologies according to the American
Society for Testing and Materials (ISO/ASTM 52900:2015),%
extrusion®'* and light-based"*'* printers are the most popular
and can process a multitude of raw materials, including photo-
curable resin/solutions, thixotropic gels, powders, and fila-
ments. Extrusion-based 3D printing systems employ either
pneumatic or mechanical dispensing mechanisms, such as
pistons or screws, for the precise deposition of materials onto
a planar substrate or within a self-healing suspension
medium.">*® Several light-based techniques are available for
the 3D printing of photocurable resin/solutions, including
stereolithography (SLA), digital light processing (DLP), and
volumetric additive manufacturing (VAM), each distinguished
by its mode of operation. SLA utilizes a scanning laser beam for
point-by-point crosslinking. Conversely, DLP techniques
employ photomasks to project 2D patterns for layer-by-layer
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curing. VAM, a layerless method, achieves individual voxel
crosslinking by irradiating dynamically evolving light patterns
onto a rotating resin vial, facilitating the creation of 3D
structures. In recent years, a slew of scientific breakthroughs
exemplified by technologies such as CLIP (Continuous Inter-
face Liquid Production)'” and iCLIP (injection Continuous
Interface Liquid Production),'® HARP (High-Area Rapid
Printing)'® has transformed 3D printing beyond its traditional
role in small-scale prototyping, propelling it into the realm of
commercial manufacturing,>® whereas technologies such as
CAL (computed axial lithography),*"*> xolography 3D
printing,>*>** MM3D (Multimaterial Multinozzle) printing,”®
RM-3DP (Rotational Multimaterial 3D Printing)*® have intro-
duced unprecedented capabilities and expanded the horizons
of 3D printing.

In the biomedical domain, 3D printing has established itself
as a versatile technology with diverse applications including, but
not limited to, regenerative medicine,> >° microneedle-based
drug/vaccine patches,*** flexible bioelectronics,**® biohybrid
actuators,®”° customized implants and prosthetics,’*** and
specialized surgical tools.**™*¢ 3D bioprinting has received wide-
spread attention owing to its robust capabilities in recapitulating
biomimetic tissue constructs for regenerative medicine,”’ " as
well as for developing organotypic models for toxicology, disease
modeling, and drug discovery.”>>® Nonetheless, questions persist
regarding the requisite threshold of complexity necessary to
faithfully emulate the functional characteristics of native tissues
within engineered constructs.”® This lingering question arises
from the inherent dynamism observed in human tissues, which
undergo continuous remodeling and orchestrated morphological
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adaptations in response to physiological cues. In contrast, engi-
neered tissues produced via 3D printing techniques predominantly
exhibit a static nature. They often present lower cellular densities
and limited cell-cell interactions, collectively impeding their capa-
city to mature into fully functional tissue analogs. Consequently,
this has motivated investigation into the design of scaffolds
endowed with stimuli-responsive attributes aimed at augmenting
the physiological relevance and biological functionality of these
engineered tissue constructs.”””® The stimuli-triggered temporal
evolution, encompassing time scales ranging from seconds to
days, in the structural and functional attributes of 3D-printed
constructs has been coined ‘4D printing’ (A broader definition will
be presented in the next section). This terminology arises from the
incorporation of an additional temporal dimension, complement-
ing the three spatial dimensions, within the fabrication process.

4D printing facilitates controlled morphological transforma-
tions in 3D-printed structures, simplifying complex print paths
and expediting fabrication. By leveraging 4D printing techni-
ques, it is possible to self-fold 2D planar sheets into anatomi-
cally relevant geometries with programmable local curvature
for tissue engineering applications in a simple and facile
manner, bypassing the need for support structures. Dynamic
surface topographical conditioning induced by external stimuli
can decide cell fate through mechanotransduction. In hydro-
gels with embedded cell populations, stimuli-induced changes
in the extracellular matrix (ECM) can serve as user-defined cues
to guide or direct developmental processes. Microscale struc-
tures with shape-changing capabilities hold promise for drug
encapsulation and targeted release in response to specific
environmental changes. Hydrogel-based drug delivery devices
can be designed for controlled degradation under precise
conditions, including enzymatic triggers or alterations in tem-
perature and pH, ensuring localized drug release. Furthermore,
4D-printed self-powered biohybrid actuators that can sense and
respond to environmental stimuli have garnered significant
interest, with applications ranging from artificial muscles to
micro-scale robotics.

Given the myriad applications and enormous impact of 4D
printing, as evidenced by an exponential increase in publications
over the past few years,”” it is imperative to critically assess the
current state of 4D printing as it pertains to diverse classes of
biomedical materials. In this Perspective, we present a broad
definition of 4D printing in the biomedical context, evaluate the
current 4D actuation strategies, delve into recent advancements,
and offer perspectives into the potential transformative impact
of 4D printing across diverse biomedical applications.

2 Defining 4D printing and 4D
bioprinting

4D printing encompasses the predictive design and fabrication
of constructs ranging in size from the nanoscale to the macro-
scale via 3D printing techniques, which exhibit the capacity for
programmable morphological transformation, modification in
physicochemical characteristics, or a shift in functionality
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within a predefined temporal framework when triggered via
exogenous or endogenous stimuli. In the biomedical domain,
4D bioprinting involves the incorporation of single or multiple
living cellular components, such as embryoid bodies, spher-
oids, and organoids, into a bioink matrix and subsequently
printed into tissue-mimetic architectures capable of sustaining
the long-term viability of encapsulated cells with avenues to
induce morphogenic transformations or modulate cellular
processes, including proliferation, migration, organization,
and differentiation, through the application of biocompatible
physiochemical or mechanical cues.

3 4D design principles and actuation
mechanisms
3.1 Soft matter

3.1.1 Hydrogels. The alterations in the swelling and des-
welling behavior of smart hydrogels due to associated changes
in solubility, diffusivity, chain conformation, or volume phase
transition in response to minute deviations in their physio-
chemical or biochemical environments, have been extensively
leveraged to design polymer networks for biosensing, actua-
tion, as well as targeted, controlled drug delivery.’>*® Immobi-
lization of functional moieties or additives can endow
inherently non-responsive hydrogels with stimuli-responsive
characteristics. However, to generate internal stresses required
for bending, twisting, or folding deformations, it becomes
imperative to introduce non-uniformity into the hydrogel struc-
ture, as isotropic swelling merely results in volumetric expan-
sion. As such, smart hydrogels frequently serve as the active
component (the component that undergoes a change in
response to desired stimuli) in 4D printing. Nevertheless, the
integration of anisotropy into the design can be achieved
through various alternative approaches, as elucidated below.

Shear-induced alignment during extrusion: Shear-induced
alignment of embedded rigid elements (micro/nano-scale
fibers/particles) resulting from shear forces at the nozzle tip
during the extrusion process (refer Fig. 1(a)-ii) has been exploited
for designing anisotropic constructs aimed at orchestrating
cellular organization,®" engineering textured composites,®>
enhancing electrical conductivity,”® as well as for stimuli-
responsive shape-morphing systems.®*"®® This approach draws
inspiration from the hygroscopic-driven motion in plants,
wherein differential shrinkage along distinct axes resulting from
the directional orientation of cellulose microfibrils within cell
walls of fibrous layers enables seed dispersal at opportune
moments.®*””" Biomimetically designed, anisotropic 3D-printed
constructs exhibit differences in mechanical properties and
swelling behavior between the print path (along the orientation
of stiff elements) and perpendicular to the print path. In printed
constructs where adjacent layers have different orientations with
respect to each other (refer Fig. 1(a)-i), anisotropic swelling
induces curvature due to interfacial constraints, which can be
theoretically modeled for programmable shape changes as well

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 4D printing of hydrogels. (a) Shear-induced alignment. (i) Anisotropic orientation of rigid elements within distinct layers. (ii) Alignment of
embedded rigid elements (e.g., fibers) due to shear forces at the nozzle tip. (iii) Numerical results displaying various geometries like helicoid, catenoid,
sombrero, and orchid formed by the shape-morphing of flat filament bilayers containing anisotropically oriented fibers. Reproduced with permission
from ref. 74. (b) Multi-material assembly. (i) Utilization of hydrogels with varying swelling capacities in different layers. (i) Configuration variations in
hydrogel layers resulting in diverse shape-morphing behaviors. Adapted with permission from ref. 78. (iii) Shape-morphing in water exhibited by a
composite beam comprising hydrophobic poly(propylene glycol) dimethacrylate (PPGDMA) and hydrophilic poly(propylene glycol) diacrylate (PEGDA)
hydrogels arranged in distinct layers. Reproduced with permission from ref. 99. (c) Crosslinking/network gradient (i) establishment of a gradient in
crosslinking or polymer network density throughout the hydrogel thickness. (ii) Development of a photocrosslinking density upon UV or visible light
exposure to a precursor solution as a consequence of attenuation of light with increasing depth, resulting in anisotropic water uptake and bending of the
hydrogel beam. Reproduced under the terms of CC-BY-NC-ND 4.0 International License from ref. 90. Actuation by cell forces (d), (e) (d) Self-folding of
plates facilitated by cell traction forces (CTF). Reproduced under the terms of CC-BY International License from ref. 104. (e) Schematic depicting
contraction of fibrous hydrogel assemblies by cells. Differential contraction in fibrous hydrogel composites comprising varying fiber densities, leading to

the formation of shape-shifting structures. Reproduced under the terms of CC-BY-NC International License from ref. 105.

as for the inverse design of complex, curved architectures®”**

(refer Fig. 1(a)-iii).

The degree of alighment and corresponding swelling anisotropy
can be effectively modulated primarily by adjusting the nozzle
diameter and print.***”> Smaller nozzle diameters, for instance,
lead to more pronounced alignment as shear forces inversely scale
with nozzle diameter. However, the adoption of smaller nozzle
diameters may be constrained by the rheological properties of the
ink. Differences between the print speed (velocity of the nozzle) and
the rate of extrusion (feed rate) can lead to die-swelling or thinning
of the viscoelastic inks,”® further influencing the extent of alignment.

Shear-induced alignment represents a recurring theme within
the domain of 4D printing, with analogous strategies for shape-
memory polymers (SMPs), liquid crystal elastomers/polymers,
and metals, which will be explored in subsequent sections.

Multi-material assembly: Multi-material assembly is the most
straightforward technique to generate complex, programmable
bending, buckling, folding, or twisting motions by harnessing
the difference in equilibrium water absorption capacities
of the constituent hydrogels.”” ®* The spatial arrangement of

This journal is © The Royal Society of Chemistry 2024

the constituent hydrogels dictates the directions of bending
stresses, which, in turn, governs the shape-morphing dynamics
(refer Fig. 1(b)). Since the constituent hydrogels typically pos-
sess different chemistries, it is important to ensure robust
interfacial bonding to prevent delamination.

The inception of multi-material design for inducing stimuli-
responsive shape changes can be traced to the mid-1700s, when
bimetallic strips were engineered to respond to temperature
fluctuations, capitalizing on the disparities in their thermal
expansion coefficients. The Timoshenko model, which was
originally conceived to elucidate the bending deformation of
bimetallic thermostats, has been re-purposed and extended to
describe the bending deformation exhibited by bilayer
hydrogel-based 4D systems. The modified Timoshenko equa-
tion, tailored to describe the curvature of moisture-swelling
bilayer models, can be expressed as follows:

_ e(1+m)?
R h(3(1 +m)26+A(1 :—tnn) (m2 +i)) .
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where A¢ signifies the strain mismatch arising due to differ-
ential swelling of the layers, z denotes the total thickness of the
bilayer, m = Z—;, n= %,
of the strips while E; and E, represent their respective elastic
moduli.

While the modified Timoshenko equation offers valuable
insights into the influence of hydrogel properties and geometry
on induced curvature, it is imperative to recognize that the
application of the Timoshenko equation comes with several
pertinent limitations that necessitate careful consideration.’”
(a) The Timoshenko equation operates under the assumption
of small, elastic deformations, whereas hydrogels exhibit a
viscoelastic nature, often leading to substantial deformations.
(b) The Timoshenko equation relies on static values for para-
meters such as strain mismatch, elastic moduli, and layer
thicknesses. However, these attributes in hydrogel bilayers are
intrinsically dynamic due to the influence of water swelling.
Consequently, the temporal variations in these properties pre-
sent a significant challenge when employing this equation. (c)
Notably, the Timoshenko equation is confined to the analysis of
narrow strip-like beams and does not account for the influence
of beam length on curvature. Nevertheless, in the case of plate-
like assemblies, the aspect ratio of bilayers, defined as the ratio
of length to thickness, represents a critical parameter with the
potential to induce distinct conformational changes.””%

Crosslinking/network gradient: For single-component, non-
responsive hydrogels, the deliberate induction of structural
anisotropy within the hydrogel matrix is a viable strategy to
encode shape deformations in 3D-printed constructs®® > (refer
Fig. 1(c)-(i)). This can be accomplished through strategic inter-
ventions either during the polymerization process or via sub-
sequent post-processing procedures. This method finds
notable applicability within light-based 3D printing techniques
such as DLP, where precise modulation of light intensity
(via grayscale patterns or photomasks) and exposure time at
individual pixel-level dictates monomer conversion and cross-
linking and enables fabrication of constructs characterized
by a spatial gradient in the degree of crosslinking,®¢%3
Photoabsorber-induced light attenuation is also an up-and-
coming technique to generate differential crosslinking along
the thickness of the printed construct.’®°> Regions endowed
with higher crosslinking density exhibit reduced swelling com-
pared to regions with lower crosslinking, giving rise to aniso-
tropic swelling that facilitates shape-morphing (refer Fig. 1(c)-ii).
Photoabsorber-induced light intensity gradient can also lead to
constructs that possess internal stresses arising from sequential
volume shrinkage during the photopolymerization process. Sub-
sequently, upon mechanical detachment from the substrate,
these constructs undergo shrinkage-induced bending deforma-
tion autonomously, without the need for external stimulus.’*

Post-printing procedures such as dehydration or selective
degradation of printed constructs are simple, effective techni-
ques for establishing network and crosslinking gradients,
respectively. During the dehydration process, printed con-
structs undergo sequential, non-uniform moisture loss, with

where a, and a, stand for the thickness
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the top region (exposed to air) experiencing a faster loss of
water content than the bottom regions (attached to the sub-
strate). Consequently, this temporal variation in water removal
results in contractile residual stresses and the concomitant
development of a denser polymer network within the upper
stratum.®® Upon subsequent rehydration of the dried hydro-
gels, this gradient in polymer network density drives aniso-
tropic swelling, thereby enabling shape-morphing.”>™” The
post-dehydration network gradient can be meticulously engi-
neered by depositing multiple polymer layers in specific
regions, yielding higher network densities in targeted areas,
and can be tailored to obtain complex, shape deformations.”®
Additionally, the application of selective degradation, such as
photodegradation induced by UV light exposure in distinct
regions, offers a facile avenue to introduce a crosslinking
gradient and can be instrumental for developing dynamically
tunable, shape-morphing scaffolds.’®%°

Integration of different mechanisms: Hydrogels with complex
temporal dynamics or superior shape-morphing attributes can
be designed through the rational integration of multiple shape-
morphing mechanisms within a single construct (multi-material
assembly + crosslinking gradient,”® multi-material assembly +
dehydration gradient,'®" multi-material assembly + degradation
gradient,'®> multi-material assembly + osmolarity gradient,'®
crosslinking gradient + dehydration gradient®>°®). For instance,
hydrogel constructs featuring a crosslinking gradient can elicit
more pronounced bending curvatures due to the synergistic
effects of both mechanisms.’® However, it is crucial to ensure
that these bending tendencies align harmoniously, preventing
counteractive effects that could diminish curvatures. Given the
myriad of potential combinations, there are instances where a
system may exhibit unexpected behavior, providing fertile
grounds for innovative exploration and discovery.

Actuation by living cells: Advances in synthetic biology have
enabled the development of genetically engineered cells that can be
designed to react to specific biochemical or physical cues and
execute predefined functions such as fluoresce, synthesize mole-
cules, proliferate, or contract. The incorporation of engineered
living cells as responsive components within polymeric scaffolds
has given birth to the field of engineered living materials
(ELMs).'*1% ELMs offer a multifaceted platform with compelling
potential across applications encompassing biosensing,'™** drug
delivery,"*™"> regenerative medicine,"'® shape-morphing,"*>'"”
and biohybrid robotics.''®

Another area that has received limited attention is harnessing
cellular contractile forces to induce macroscale deformations in
printed hydrogels (refer Fig. 1(d)). Cells attach to the substrate/
ECM via specialized structures known as focal adhesions."*® As
these focal adhesions mature, they function as mechanical
bridges, linking the intracellular actin cytoskeleton to the
ECM."° This complex network facilitates the transmission of
contractile forces generated by the actomyosin machinery,
resulting in deformations of the substrate.'®® The differential
cell-mediated contractility within different ECM networks'®®
(refer Fig. 1(e)) or spatial cell patterning*' can be utilized to
drive programmable deformation in 3D-printed architectures.

This journal is © The Royal Society of Chemistry 2024
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3.1.2 Shape-memory polymers. Shape-memory polymers
(SMPs)'?>™'% constitute the predominant material class in 4D
printing. Initially, SMPs are 3D-printed to acquire a predetermined
permanent shape. Subsequently, these polymers are mechanically
deformed above their transition temperature (Zians), which corre-
sponds to either the melting temperature (T,,) for semicrystalline
polymers or the glass transition temperature (T,) for amorphous
polymers. Cooling below Ti.ns preserves this temporary configu-
ration, and recovery of the permanent shape can be triggered on
demand by reheating the SMP above Ti;.ns (refer Fig. 2(a) and (b)),
employing various heating methods, including direct or indirect
heating through electricity, magnetism, light, or moisture, driven
by the release of stored entropic energy.'***° For intraoperative
applications necessitating in vivo actuations or shape transforma-
tions, the T, of the SMP should be strategically engineered to lie in
close proximity to the physiological temperature to eliminate the
need for external heating mechanisms.

Cold drawing or cold programming, on the other hand,
allows for deformation into the temporary shape at lower

View Article Online
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temperatures without requiring external heating. In cold pro-
gramming, deformation beyond the yield point occurs below
Tg, followed by stress relaxation. Upon unloading, some spring-
back occurs, but the SMP does not fully revert to its original
shape. To regain the permanent shape, heating beyond T, is
necessary‘125,131,132

Diverging from conventional dual-shape memory polymers,
which involve a permanent shape and a single temporary
shape, the development of SMPs exhibiting multiple shape-
memory effects is attainable through the design of SMPs with
multiple distinct Tians Or presenting a single broad thermal
transition region."*

Programming during printing: Fused depositing modeling
(FDM) is one of the prevailing 3D printing techniques employed
for thermoplastics. During the printing process, the thermo-
plastic filament undergoes extrusion at temperatures surpass-
ing its T, concurrently experiencing stretching along the print
direction. This stretching event functions as the programming
step, and as the filament subsequently cools to room

Programming during
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Fig. 2 4D printing of SMPs and LCEs. Shape-memory effect (a), (b) (a) A pre-programmed (pre-stretched to 200%) SMP tied into a loose knot tightens
above its transition temperature (40 °C), showcasing its potential as a self-tightening suture. Reproduced with permission from ref. 139. (b) Shape-
memory effect exhibited by a 3D-printed Eiffel tower. Reproduced under the terms of CC-BY 4.0 International License from ref. 140. Programming
during printing (c), (d) (c) Print path designs for a cross shape and a 3D view of anisotropic lamination. (top). Shape-morphing of the cross-shape
specimen with an increase in the heating time (bottom). Reproduced under the terms of CC-BY-NC-ND International License from ref. 138. (d) A.
Depiction of a monolayer self-rolling element achieved through a parallel arrangement of expanding and shrinking strips. B. Formation of a monolayer
self-twisting element via an arrangement of expanding and shrinking strips at a 45° angle with respect to the longitudinal direction. Reproduced under
the terms of CC-BY 3.0 International License from ref. 137. (e) Order-to-disorder transition. Representation of chain conformation in a main-chain LCE
unit in the mesophase transitioning to a spherical polymer configuration in the isotropic phase upon heating (top). On heating, the LCE undergoes an
order-to-disorder transition and contracts, resulting in the lifting of the weight (bottom). Adapted with permission from ref. 141 and 142. Trough thickness
gradients/anisotropy (f), (g) (f) Schematics of the director configuration of twisted nematic elastomer (TNE) ribbons (top). Formation of helicoids by
narrow TNE films upon heating. Adapted from ref. 143. (g) (i) Schematic of a bilayer rectangular LCE film with the top and bottom layers printed at 90° to
each other or +45° with respect to the long axis of the film. (ii) Transformation of the flat films into helices or helical ribbons upon heating, based on their
printed orientations. Reproduced with permission from ref. 144.

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. B, 2024, 12, 2985-3005 | 2989


https://doi.org/10.1039/d4tb00006d

Published on 27 February 2024. Downloaded on 1/20/2026 9:54:16 AM.

Perspective

temperature, it retains the tensile strain. During the printing of
successive layers, reheating of underlying layers occurs upon
contact with the molten extrudate, thereby resulting in the
release of a portion of the stored pre-strain. As a consequence
of the layer-by-layer printing process, a gradient in pre-strain
becomes apparent across the thickness of the printed speci-
men, with the uppermost layer retaining the highest pre-strain.
This ensuing anisotropy confers shape-morphing capabilities
when subjecting the printed SMP to thermal activation.'®*™'3¢

Expanding on this concept, the shrinkage associated with
the release of pre-strain upon heating beyond T, can be
modulated through adjustments in the printing parameters,
such as the nozzle temperature and the layer thickness, as well
as the activation temperature. Printed filaments also exhibit
different combinations of directional strains depending on the
print conditions. Complex shape-morphing behavior can be
attained by aligning subsequent layers along different orienta-
tions and harnessing the differences in directional strains
among various filaments'?”"'*® (refer Fig. 2(c) and (d)).

3.1.3 Photocurable resins. Photocurable resins for 4D
printing are typically based on the free radical polymerization
of acrylate (or methacrylate) monomers or the cationic poly-
merization of epoxides, or a combination thereof, and are well-
suited for light-based printing techniques such as SLA, DLP,
and VAM.'*® Grayscale patterning techniques, previously
discussed as a means for introducing crosslinking gradients,
can be effectively applied to design shape-changing architec-
tures with such photocurable resins.®”*® Additionally, photo-
curable resins can serve as the basis for designing shape-
memory polymers either by harnessing reversible networks,**®
or through incorporation of additives."*”

3.1.4 Liquid crystal elastomers (LCEs). Disorganization of
the mesogen and polymer chain orientation: Various synthetic
processing techniques, namely, mechanical alignment, surface-
reinforced alignment, field-assisted alignment, and rheological
alignment, have been developed to confer collective alighment
to liquid crystalline (LC) segments in LCEs."*® When subjected
to elevated temperatures, the mesogens (rod-like liquid crystal-
line molecular segments) constituting the LCE undergoes a
thermotropic order-to-disorder transition.*#*4%:*5° This transi-
tion results in substantial macroscopic contraction (ranging
from 40% to 400%) along the nematic direction, driven by the
transformation of polymer chains from a prolate (or oblate)
configuration to a random spherical configuration (refer
Fig. 2(e)). Similar to the case of hydrogels and SMPs, additives
can be employed for the indirect heating of LCEs via light,
electricity, or magnetism to achieve thermotropic disruption.
Besides thermotropic disruption, phototropic disruption too
can result in order-to-disorder transition within LCEs. For
instance, LCEs with photochromic moieties, such as azoben-
zene, can photoisomerize, prompting a transition in molecular
shape from a rod-like trans isomer to a bent cis isomer. This
molecular shapeshift disrupts the existing order, resulting in a
phototropic mechanical response.'>"

Through-thickness gradients/anisotropy: The attenuation of
UV light as it traverses through the thickness of the LCE leads
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to differences in light intensity across the thickness of the LCE,
which, in turn, induces varying degrees of order-to-disorder
transition and mechanical strains within the LCE, resulting in
bending of the LCE."®*'*® LCEs exhibiting through-thickness
variation in mesogen alignment, for instance, in the splay
orientation where the nematic director twists from planar
alignment on one surface to homeotropic alignment on the
other surface, can generate bending moments due to synergis-
tic mechanical responses along the planar and homeotropic
axes.'>® Similarly, LCEs with twisted nematic orientation, char-
acterized by a 90° rotation in nematic direction across the
material thickness, are conducive for twisting and folding
deformations™** (refer Fig. 2(f)). Complex Gaussian curvatures,
such as cones and anti-cones, can be achieved in LCEs where the
nematic director rotates concentrically around a central point.'>>
The creation of such intricate director profiles involves the use of
topological defects and can be realized through photoalignment
techniques.’*® Furthermore, the application of shear and exten-
sional stresses during the extrusion 3D printing of LCEs enables
rheological alignment, resulting in the generation of complex
topologies akin to those obtained through photoalignment®***
(refer Fig. 2(g)). In the case of multimaterial LCEs containing
different nematic directors or layers with uniaxial and isotropic
alignments, distinct mechanical strains occur along various axes
upon stimulation, facilitating the emergence of complex shape-
morphing behaviors.'”'%®

3.2 Ceramics

Shrinkage-mismatch on sintering: Variances in the solid content
within ceramic ink, often composed of polymers and nano-
particles, can lead to notable discrepancies in shrinkage beha-
vior on sintering. This differential shrinkage phenomenon can
be exploited for the 4D printing of ceramics through the design
of bilayer structures characterized by distinct solid content in
each layer'™® (refer Fig. 3(a)). The magnitude of bending
deformation and resultant morphology are influenced by print-
ing parameters such as print speed, as well as design factors
including filament diameter, inter-filament spacing, bilayer
dimensions, and the angle formed between the printed fila-
ments within each layer.'*®

Polymer-derived ceramics: Over the past few years, the Lu
group has devised multiple methodologies for the 4D printing
of polymer-derived ceramics (pyrolyzed from polymeric ceramic
precursors)."®*'*> These innovative techniques rely on the use of
programmable shape memory or elastomeric precursors, endow-
ing the printed structures with intrinsic shape-reconfigurable
capabilities. Following the successful attainment of their desired
configurations, the printed components can be sintered via
pyrolysis, yielding ceramic products (refer Fig. 3(b)).

3.3 Metals

Shape-memory alloys: Shape-memory alloys (SMAs) exhibit
reversible phase transitions between martensite and austenite
phases when subjected to thermal activation and can be
classified into three distinct categories: (a) one-way shape
memory effect (OWSME), (b) two-way shape memory effect

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 4D printing of ceramics and metals. (a) Shrinkage-mismatch on sintering. Images of top and side views of stacked ceramics pre- and post-
sintering, showcasing shrinkage-mismatch phenomena. (top). Diverse shape-morphing behavior in bilayer ceramics resulting from aligning the top and
bottom layers at varying angles. Reproduced with permission from ref. 159. (b) Polymer-derived ceramics. Complex 3D architectures including the initial,
reconfigured, programmed, recovered, and sintered shapes of 4D-printed blade model. Reproduced with permission from ref. 161. (c) Shear-induced
alignment. (i) Illustration of shear-induced alignment of granular metallic inks comprising liquid metal EGaln. (i) Shape-morphing upon drying at elevated
temperatures. Reproduced with permission from ref. 68. (d) Programming spatial thermal stress. The samples are formed with laser scanning tracks along
the length direction (red arrow) resulting in accumulation of thermal stress. Continuous scanning by the laser releases accumulated thermal stress,
gradually causing the sample to bend into the expected 3D structure. Adapted under the terms of CC BY 4.0 International license from ref. 163.

(TWSME), and (c) pseudoelasticity (PE).'** OWSME enables
SMAs to return to their original shape upon heating, while
TWSME facilitates transitions between two distinct shapes (one
in each phase) upon heating and cooling. PE enables SMAs to
switch phases in response to mechanical loading or unloading.
SMAs exhibit robust mechanical properties and can be ther-
mally actuated in a biocompatible manner with precise control
over strength and frequency.'®® Additionally, 4D-printed SMAs
hold great potential for the design of intricate metallic archi-
tectures with shape-recovery and self-healing capabilities.'®®*¢”

Liquid metals such as eutectic gallium-indium (EGaln) can
be shaped and printed'®® and possess unique attributes that
can be leveraged for 4D printing, particularly for biomedical
applications.'®>'7° (a) Shear-induced alignment: In a recent
report, the Dickey group has explored metallic granular inks
comprising metal microparticles interconnected by bridges of
liquid metal (in conjunction with water and a polymeric
rheological aid) for 3D/4D printing of conducting metallic
materials at room temperature.®® Within this framework, the
liquid metal component assumes a critical role, since it
deforms and elongates under the influence of shear stresses
present at the dispensing nozzle and orients itself along the
printing direction. Upon drying at elevated temperatures, the
printed constructs shrink anisotropically, which drives 4D

This journal is © The Royal Society of Chemistry 2024

shape-morphing (refer Fig. 3(c)). (b) Stimuli-responsive shape
transformation in micro/nanoparticles: EGaln nanospheres
coated with graphene quantum dots (GQD) exhibit phase
separation and undergo a dramatic morphological transforma-
tion from nanospheres to hollow rods upon light irradiation by
utilizing the photothermal effect of GQDs."”! Magnetic Galin-
stan liquid metal-iron (GLM-Fe) particles exhibit stochastic
fragmentation from larger spheres into smaller spheroids,
rods, or star-like geometries upon application of a magnetic
field."”* Liquid gallium micro/nanorods, when exposed to acidic
conditions, lose their outer oxide layer (critical for maintaining
the rod-like morphology) and transition into droplets to minimize
surface energy.'”® Such micro and nano-scale shape-morphing
phenomena hold substantial potential for applications in drug
delivery, biosensing, anti-bacterial and anti-cancer therapies and
represent an untapped opportunity in the field of 4D printing.
Programming spatial thermal stress: Selective laser melting
(SLM) ranks among the foremost techniques for metal 3D
printing. One of the major challenges of SLM is the generation
of large, anisotropic internal residual stresses that can intro-
duce defects within the final printed part and compromise
material properties.'””*"”> While often perceived as a detriment,
laser-induced thermal stresses can be strategically employed to
drive self-deformation either during the printing process or
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post-printing, by releasing accumulated thermal stresses'®
(refer Fig. 3(d)). Moreover, manipulating the laser scanning
direction enables programmable deformation along specific
axes. Importantly, this strategy is not bound by phase transi-
tions, rendering laser-stimulated shape-morphing a versatile
and promising approach for advancing 4D printing capabilities
in common metallic materials.

Indirect 4D printing of metals via hydrogel infusion: In recent
years, the Greer Group has pioneered Hydrogel Infusion
Additive Manufacturing (HIAM)"7®7® as a transformative plat-
form technology for the 3D printing of architectured metals
and alloys. This innovative approach entails the infusion of
metallic salt precursors into 3D-printed “blank’ hydrogel/orga-
nogels matrices fabricated through vat polymerization techni-
ques. Subsequent calcination and reduction processes convert
the constructs into metallic structures mirroring the initial
hydrogel scaffolds. Notably, material selection occurs post-
printing, which allows the utilization of established 4D printing
techniques to induce morphological transformations in the
hydrogel structures prior to finalizing the choice of the metallic
materials. Consequently, this approach opens new horizons for
the fabrication of complex, intricate metallic structures that
would be unattainable using conventional 3D metal printing.

4 Biomedical applications and scope
of innovation
4.1 Tissue engineering and regenerative medicine

In the realm of tissue engineering and regenerative medicine
(TERM), 4D printing is a promising biomanufacturing technol-
ogy with primary applications across three domains:>”7°7181
(1) the transformation of initially planar printed constructs into
anatomically relevant curved geometries, (2) the emulation of
native tissue dynamics and the recapitulation of stimuli-
responsive tissue functionality, and (3) the adaptive reconfi-
guration of printed structures to streamline minimally invasive
deployment during surgical procedures.

Tubular conduits represent indispensable constituents of
numerous organ systems, including the vasculature, pulmonary,
nervous, gastrointestinal, and genitourinary systems, spanning
in diameter from micrometers to centimeters. Functioning as
critical plumbing conduits, these structures facilitate the passive
transport of fluids and, under specific circumstances, play a role
in modulating fluid composition. Although the intricacies of
tube formation during natural tissue development remain par-
tially elucidated, the repertoire of known mechanisms governing
tube morphogenesis can provide a foundation for new 4D
printing strategies. Tubulogenesis processes encompass diverse
mechanisms, such as wrapping, budding, cavitation, cord
hollowing, and cell hollowing, each contributing distinctively
to the formation of tubular structures through a combination of
individual cell behaviors and collective cell rearrangements. For
an in-depth understanding of the mechanisms underlying tube
morphogenesis, readers are directed to the comprehensive
review by Lubarsky and Krasnow.'®> Conventional 3D printing
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techniques encounter inherent complications in stacking annu-
lar layers and are further burdened by extended print durations
that correlate with the length of the tubular structure. In con-
trast, 4D printing methodologies enable the rapid self-folding of
planar hydrogel sheets into tubes,”””'®* even with diameters as
small as 20 um, resembling the tiniest veins.”® This approach
has gained considerable traction for the fabrication of vascular
grafts,”> 7% nerve conduits’®"'® (refer Fig. 4(b)), skeletal
muscle fascicles,'®® and tracheal structures'® (refer Fig. 4(a)).
Furthermore, homogeneous or patterned cell distribution is
more effectively accomplished through the initial seeding of
cells on planar surfaces, followed by their transformation into
irregular or curved configurations. The initial iterations of 4D-
printed self-folding tubular constructs, while conceptually
straightforward, faced limitations concerning intricate mesh-
like vascular networks and issues with structural integrity, such
as loose or leaky connections. However, recent advancements
now permit the 4D printing of tight, branched vascular junc-
tions, including T°” and Y**-shaped bifurcations. Continued
progress is anticipated to rival or even surpass developments
in 3D printing methodologies, particularly regarding entangled,
multivascular networks observed in organs like the lungs.'®®
Curved tissue interfaces are frequently encountered at the
tissue boundaries and the junctions between tissues and bodily
lumens, exhibiting diverse scales and degrees of curvature.
Understanding the mechanisms underlying curvature emer-
gence in living systems during development can offer clues to
better design engineered tissues for transplantation. Apart
from genetically programmed growth, physical constraints at
tissue interfaces, such as mismatches in mechanical properties
or forces, can instigate the development of curved tissue
geometries. Bending and buckling-driven morphogenesis con-
stitute the predominant processes that transform a 2D surface
into a curved 3D structure in living systems. For instance,
epithelial cell sheets exploit differential contractility between
cell surfaces to generate bending moments, thereby inducing
tissue layer bending or folding. This mechanism has been
implicated in various developmental processes across species,
including Drosophila mesoderm invagination, vertebrate lens
placode invagination, and folding of the intestinal crypt.'®’
Buckling refers to the abrupt out-of-plane deformation of a
beam when subjected to in-plane compressive stress beyond a
critical threshold.'®° Differences in in-plane mechanical strains
experienced by the tissue layer and the substrate it is adhered to
can prompt single buckling or the formation of wrinkle-like
patterns.'®" Notably, bending and buckling can substantially
increase the surface-area-to-volume ratios within confined
spaces, facilitating nutrient uptake and gas exchange in vital
organs like the brain, intestines, and lungs. Hence, local tissue
geometry emerges as an important morphological parameter
with inherent physiological significance, assuming critical
importance in tissue engineering. Traditional 3D printing
methods often necessitate the use of support structures to
address overhangs when printing curved geometries, a limita-
tion that can be elegantly circumvented through the utilization
of 4D printing techniques. This presents a largely untapped
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Fig. 4 4D printing for tissue engineering and regenerative medicine. Curved anatomical geometries (a), (b) (a) Shape-morphing of DLP-printed
constructs in deionized water (top). Implantation of the 4D-printed trachea into damaged trachea rabbit site. Adapted with permission from ref. 187 (b)
4D printing of a flat sheet into a conduit structure (top). Schematic representation of the implantation of a self-folding conduit into a sciatic nerve
transected rat model, showcasing sutureless neurorrhaphy possibilities. Adapted with permission from ref. 101. (c) Stimuli-responsive tissue dynamics.
Schematic representation of ontogenetically engineered muscle tissue implanted in a volumetric muscle loss mouse model (top). Dorsiflexion in
response to 470 nm light, showcasing stimuli-responsive behavior (bottom). Adapted with permission from ref. 116. Minimally invasive deployment (d), (e)
(d) Demonstration of the deployability of a rectangular hydrogel through a narrow glass tube of similar dimensions facilitated by 4D shape-morphing.
Reproduced with permission from ref. 103. (e) Demonstration of far-from-equilibrium 4D shape-morphing enabling a hydrogel to pass through a small
hole, highlighting its potential for minimally invasive applications. Reproduced under the terms of CC-BY 4.0 International License from ref. 198.

potential for the fabrication of biomimetic curved tissue con-
structs, including but not limited to cardiac patches,'**'%
intestinal patches,"* convoluted cortical tissues,'®®> and carti-
laginous and osseous constructs.®*°%°11% Moreover, the cap-
ability of 4D printing capacity to generate complex local
curvatures offers an opportunity to investigate the impact of
substrate curvature on cellular functionality, which can provide
critical insights for advancing tissue engineering strategies.®”
Biological tissues possess remarkable adaptability, enabling
them to undergo morphological transformations in response to
various external and internal cues. Muscle tissues, exemplifying
this adaptability, respond to both involuntary and voluntary
commands through a finely tuned interplay of chemical and
electrical signaling. Engineered, responsive muscle tissue grafts
have the potential to restore mobility in individuals affected by
volumetric muscle loss stemming from traumatic injuries, tumor
resections, or degenerative diseases. It is well-established that
mechanical stimulation of engineered tissue accelerates tissue
regeneration and rehabilitation.’®® In this context, optogenetic
engineering allows for spatially precise and non-invasive control
over muscle contraction and relaxation.'*® By transducing muscle
cells to express a light-sensitive cation channel,"'® these tissues
can be stimulated remotely with light (refer Fig. 4(c)), providing a
powerful therapeutic approach for restoring biological function.

This journal is © The Royal Society of Chemistry 2024

The minimally invasive deployment and seamless integration
of tissue scaffold into defect cavities is a critical factor for
achieving optimal therapeutic outcomes. This necessitates a
programmed 4D transformation of tissue scaffolds into tempor-
ary, miniaturized configurations to facilitate minimally invasive
deployment. Post-implantation, the scaffold can be induced to
revert to its original shape or adapt to irregular defect boundaries.
SMPs have been widely adopted for this purpose because of their
inherent reconfigurability, ability to retain temporary shapes and
shape recovery upon stimulation. Nevertheless, there is growing
interest in engineering shape memory hydrogels,'*>** reversible
shape-morphing hydrogels®*** (refer Fig. 4(d) and (e)), as
well as hydrogels capable of programmed multi-step/far-from-
equilibrium shape changes on a single stimulation,'*'® as
promising alternatives to SMPs.

4.2 Drug delivery systems

The precise temporal release and spatial delivery of encapsulated
therapeutic agents are fundamental design considerations for
drug delivery systems (DDSs). Integrating concepts of 4D print-
ing with DDSs represents a transformative approach to address
these critical parameters, enabling the targeted delivery of drugs
to pathological tissues and regions characterized by distinctive
physiological environments (for example, pH).
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Employing 4D shape-morphing techniques, microgrippers
can be engineered to undergo controlled shape transformations
in response to specific environmental conditions or subtle
biomolecular cues, facilitating the gripping, exposure, and/or
subsequent release of encapsulated drugs/cells*®>'" (refer
Fig. 5(a) and (b)). The triggered degradation/rupture of the outer
shell/encasing in the presence of appropriate stimulus is another
viable strategy to expose and release core therapeutic
payloads.'">?"*'® Innovative cage-like microstructures have
been engineered for the on-demand capture or release of micro-
particles, exploiting differences in pore sizes of the expanded
and contracted states of the cage, and have exciting applications
in drug delivery.”"” Nano-scale shape transformations observed
in endocytosed liquid metal-based particles featuring a GQD
shell, when stimulated by near-infrared (NIR) light, can effec-
tively disrupt cellular structures by breaching the endosomal
membrane and result in the accelerated release of drug contents
and hold significant promise, particularly in the context of
targeted drug delivery to tumor cells."”" Shape-morphing at the
microscale is also particularly interesting, as the geometry of the
microparticle dictates whether it can be phagocytosed and bears
profound implications for biomedicine.

While underexplored, the utility of 4D printing in drug
delivery transcends beyond its conventional role in shape-
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morphing. Stimuli-responsive hydrogels can be engineered to
degrade in response to external stimuli (light, electric and
magnetic fields, heat, radiation) and release their drug pay-
loads. For instance, a radiation-responsive injectable hydrogel
has been proposed to treat glioblastoma, leveraging the syner-
gistic effect of radiation-induced drug release alongside radio-
therapy for enhanced therapeutic outcomes*® (refer Fig. 5(c)).
By tailoring DDSs to respond to specific biomolecules, initia-
tion of drug release can be triggered exclusively in the presence
of these biomolecular cues, enabling highly targeted drug
delivery. Enzymatic stimulation has emerged as a potent strat-
egy for achieving precise and targeted release of therapeutic
agents at disease sites, effectively minimizing off-target effects.
For instance, hydrogels with matrix metalloproteinase (MMP)
cleavable crosslinks and sequestered recombinant tissue inhi-
bitor (r-TIMP-3) have been engineered to enable precise and
localized delivery of r-TIMP-3 in response to elevated MMP
expression, following myocardial infarction.”*® Similarly,
hydrogels susceptible to degradation by B-lactamase have been
synthesized to trigger the release of antimicrobial agents only in
the presence of pathogenic bacteria (refer Fig. 5(d)). This inno-
vative approach significantly reduces unwarranted exposure to
encapsulated antimicrobials, a key consideration for mitigating
the development of antibiotic resistance.>'® Furthermore, DDSs
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Fig. 5 4D printing for drug delivery. Drug delivery systems based on shape-morphing behavior (a), (b) (a) (i) Incorporation of magnetic particles within
folding microstructures. (i) Activation of near-infrared light (NIR) leading to the release of microparticles, showcasing controlled drug delivery
capabilities. Adapted with permission from ref. 204. (b) () Schematic representation delineating cargo grasping, transport, and release stages. (ii)
Demonstration of crossing obstacles while gripping cargo for effective transport and release under magnetic field gradients generated by a permanent
magnet. Reproduced under the terms of CC-BY 4.0 International License from ref. 203. Drug delivery systems based on stimuli-responsive hydrogel
degradation (c), (d) (c) Schematic illustration of an injectable hydrogel that degrades in response to radiation trigger, facilitating the controlled release of
encapsulated drug. Reproduced with permission from ref. 218. (d) Schematic illustration of a B-lactamase-responsive hydrogel designed to degrade in
the presence of bacteria, consequently releasing nanoparticle cargo, showcasing targeted and responsive drug delivery systems. Reproduced with

permission from ref. 219.
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can be designed to undergo chemical transformations catalyzed
or induced by specific enzymes, leading to the generation of
active therapeutic moieties. A prime example is the conversion of
prodrugs into their pharmacologically active forms.>****> This
strategy has garnered substantial attention, especially in the
domain of cancer therapies, and exhibits considerable promise

for clinical translation.??*?**

4.3 Biomimicry and dynamic in vitro systems

Mature tissues and organs attain their intricate forms via
structural remodeling, reorganization, and morphogenesis
through developmental processes. Nevertheless, conventional
3D bioprinting techniques yield static constructs that lack the
ability to replicate the dynamic nature of native tissues. Creat-
ing 3D structures capable of dynamic shape transformations
and emulating native tissues offers a platform for experimen-
tally validating theoretical models of tissue and organ morpho-
genesis and enhancing our understanding of tissue dynamics.
Furthermore, biomimetic 4D printing provides an innovative
approach for engineering complex tissues and organs, starting
from rudimentary designs and enabling their evolution into
final forms through biomimetic processes.
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Diverse surface patterns ranging from fingerprints
buckled tumor spheroids**® and wrinkled white blood cell
membranes,””” have their origins in mechanical instabilities.
Mechanical instabilities at the interface between epithelial
tissues and mesenchyme can lead to the buckling or wrinkling
of 1D epithelial tubes and 2D epithelial sheets, resulting in
intricate topologies with loops, folds, and undulations observed
in physiological contexts like cortical folding in the brain,
branching morphogenesis in the lungs (refer Fig. 6(c)),
and villus morphogenesis in the intestine."”® When a sheet
affixed to an elastic foundation experiences uniaxial compres-
sion, wrinkles or folds emerge as a consequence of sheet
buckling. These mechanisms underpin 4D printing strategies
to generate surface patterns on printed hydrogels.?8723° Recent
findings, however, suggest that the fingerprint patterning
is better described by Turing reaction-diffusion mechanisms
during developmental processes,**"
that determines hair follicle spacing,>**
spots,>** or an Ornate Boxfish its hexagon/stripe patterns.
Patterned surfaces governed by Turing reaction-diffusion
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Fig. 6 4D printing for dynamic in-vitro systems. Switchable surface topography (a), (b) (a) (i) Laser confocal scanning microscope (LCSM) images
depicting the original, programmed, and recovered surface topography. (i) LCSM images of cells labeled with Rhodamine (red) and DAPI (blue), displaying
cytoskeletal distribution above micropillars (white arrows). Adapted with permission from ref. 235. (b) (i) Optical images and 3D surface plots
demonstrating 4D shape-morphing polymer (SMP) substrates transitioning from microwell arrays to aligned patterns (microgrooves) over 1, 3, and 7
days. (ii) Schematic illustration of time-dependent cell patterning process during a 7-day culture period. Adapted under the terms of CC-BY 4.0
International License from ref. 236. (c) Mimicking tissue morphogenesis. (1) Schematic representation of lung branching morphogenesis, depicting steps
from nascent bud formation to terminal bifurcation. (2) Photomicrograph of a cell-laden trilayer hydrogel bar designed to emulate branching
morphogenesis in tissues. (3) Photomicrographs showing the 4D hydrogel system mimicking lung branching morphogenesis during culture at 37 °C.
Adapted under the terms of CC-BY 4.0 International License from ref. 102 (d) Temporal modulation of matrix mechanics (i) Utilization of photopatterned
light to induce local hydrogel bond rearrangement, causing epithelial deformation within the patterned region. (ii) Selection of pattern spacing to
generate up to eight independent deformations within a single organoid. Adapted under the terms of CC-BY 4.0 International License from ref. 237.
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Surface topographies of cell culture substrates can govern
cell behavior via contact guidance.**® Cells actively respond to
their microenvironment, sensing and adapting to topographical
cues that influence their migration, alignment, and differentia-
tion. The ability to dynamically manipulate these microenviron-
mental cues on-demand or through preprogrammed methods
offers the potential to create dynamic cell-substrate interfaces
that can spatially pattern, orient, or differentiate cells.>**7*>
Notably, flat topography encourages stem cell adhesion, whereas
sub-cellular microstructures promote differentiation. Once a
well-adhered and proliferating stem cell population is achieved,
the surface topology can be switched on-demand via appropriate
stimuli to induce osteogenic differentiation®*® (refer Fig. 6(a)). In
another context, transitioning from a temporary microwell array
to an aligned pattern has proven effective in facilitating the
initial aggregation of neural stem cells (NSCs) and subsequent
differentiation and the alignment of neurons and glial cells**®
(refer Fig. 6(b)). Importantly, the curvature of the substrate’s
surface plays a pivotal role in determining the spatiotemporal
organization of cells,>* laying the groundwork for future inves-
tigations into 4D cell-fate switching. Notably, surface topography
and dynamic shape changes can also influence bacterial adhe-
sion and prevent biofilm formation via mechano-bactericidal
effects and present a promising avenue for engineering 4D-
printed antifouling surfaces for medical implants.>***®

The predominant focus within the 4D printing community
has been on the advancement of stimuli-responsive mechan-
isms aimed at facilitating the shape transformation of 3D-
printed constructs. We believe that the scope of 4D printing
extends beyond mere shape changes to encompass alterations
in various material properties, such as stiffness, viscoelasticity,
and degradation, among others. Matrix stiffness and viscoelas-
tic characteristics are important parameters for distinguishing
various tissue types, including healthy and pathological states.
Hence, the spatial and temporal modulation of matrix
mechanics®’ ! holds immense significance in mimicking
dynamic changes in tissue stiffness, as observed during processes
such as embryonic development, wound healing, and tumor
pathogenesis.”®* For instance, the design of hydrogel networks
with adhesive moieties and cleavable crosslinks facilitates cellular
remodeling and spreading, unlike networks with covalent cross-
links that hinder cell spreading due to their typically sub-cellular
mesh sizes. Dynamically transforming the primary hydrogel net-
work into a secondary network through sequential crosslinking
mechanisms via external stimuli presents a promising avenue for
the advancement of 4D cell-instructive hydrogel printing
techniques.?®®* Controlled patterned light exposure to photode-
gradable hydrogels has been found to induce local softening or
the development of viscoelastic behavior, steering intestinal crypt
formation into the degraded region*” (refer Fig. 6(d)). Moreover,
by employing stiffening mechanisms, the intestinal crypts can be
confined to the desired patterned shape.***

4.4 Soft robotics and medical devices

Soft materials are being increasingly adopted over traditional
rigid materials for applications requiring interfacing or
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adhesion with delicate tissues, owing to their tissue-like
mechanics and viscoelastic properties.>*>>*” This has moti-
vated the development of soft-robotic technologies for applica-
tions spanning medical devices (surgical devices, assistive
tools), wearable robots and prostheses, actuators, biohybrid
devices, and tissue and organ simulators.”*® 4D printing offers
tremendous potential to build self-contained soft-robotic
devices that do not need to be tethered to an electrical or
pneumatic source but instead harness the material’s “intelli-
gence” for actuation on appropriate stimulation.

Patients afflicted with neurological disorders that restrict
mobility need to perform rehabilitation exercises to restore
their range of motion and muscular strength. SMA-based
actuators, typically nitinol (NiTi) alloys, have been employed as
assistive devices (SHADE and Leia) for repetitive passive mobi-
lization of the ankle joint as an acute post-stroke rehabilitation
therapy.>**?*° However, SMA actuators require insulation when
in contact with biological tissues due to their operational
reliance on thermal activation. In recent work, a novel approach
of delivering mechanical stimulation directly to tissues through
a soft-robotic actuator composed of a NiTi spring embedded
within an elastomeric matrix and securely affixed to the tissue
via an adhesive hydrogel layer has demonstrated effectiveness in
activating mechanosensing pathways and preventing muscular
atrophy in rats."® Additionally, there is also a growing interest in
developing soft contractile actuators (based entirely on SMPs,
shape-memory hydrogels (SMHs), or LCEs) that can undergo
robust, reversible actuation as body-part stimulators.

SMPs have witnessed extensive usage in surgical applications,
including intravascular, urogenital, cerebral, ocular, and general
surgical procedures.”®" Biodegradable SMP-based self-tightening
sutures that can respond to physiological heat, enabling them to
securely close wounds with a pre-defined pressure, can lead to better
wound healing while minimizing scar formation.”*® SMP-based
stents (cardiaovascular,**>***  neurovascular,”®  tracheal,?*>?%
oesophageal,®®’*%® biliary,***"" ureteral*’>*’®) (refer Fig. 7(a)) are
amenable to administration via catheters in a miniaturized tempor-
ary state.””**”> Subsequently, they can be activated and recovered at
body temperature upon reaching the target site, offering vital
support for the collapsed vessel.”*® In the case of aneurysms, SMP
foams present therapeutic advantages over conventional metallic
coils. The expansion/recovery of the SMP following implantation in
the aneurysm can effectively close the aneurysm, averting potentially
lethal rupture.””*””” SMP-based clot removal devices””®*”® (refer
Fig. 7(d)) and occlusion plugs as contraception devices,*** have also
been conceptualized; however, their efficiency and biocompatibility
warrant further investigation. SMP-based surgical fasteners,*®!
microgrippers,”®* retrieval devices,”®® stomach fillers for obesity
control,”** and orthodontic archwires*®> are also being explored.

Soft-robotic microgrippers hold substantial promise for
microsurgical applications, complementing their already-
established role in drug delivery.**® These microgrippers have
emerged as a compelling alternative to conventional biopsy
procedures, with the pioneering efforts of the Gracias research
group prominently advancing this field. Traditional biopsy
techniques necessitate substantial forces for tissue excision,

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 4D printing for medical devices and surgical applications. (a) (i) Deformation and restrictive shape recovery of the printed scaffold. (ii)
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Demonstration of the restrictive shape recovery process triggered by a 30 kHz alternating magnetic field. (i) Application of the 4D scaffold as an
intravascular stent. Adapted with permission from ref. 292. (b) (i) Schematic representation of foreign body removal experiments. (i) Ex vivo foreign body
removal experiments in porcine aorta. Reproduced under the terms of CC-BY 4.0 International License from ref. 291. (c) (i), (ii) Optical image showing
microgrippers distributed at the bile duct opening of a porcine liver. (iii) Optical image of microgripper retrieval using a magnetic catheter. (iv) Image
depicting a retrieved p-gripper with an excised tissue piece after staining with trypan blue. Reproduced with permission from ref. 287. (d) Endovascular
thrombectomy using SMP microactuators (i) Deployment of a laser-activated SMP microactuator in its secondary straight rod form through a catheter
distal to vascular occlusion. (i) Transformation of the microactuator into its primary corkscrew form via laser heating. (iii) Retraction of the deployed
microactuator to capture the thrombus. (iv) In vitro thrombectomy using the SMP device in a bifurcated vessel model, demonstrating its potential for
endovascular interventions. Reproduced under the terms of CC-BY 4.0 International License from ref. 279.
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often relying on rigid materials. In contrast, untethered micro-
grippers demonstrate the capability to maneuver through con-
strained anatomical passages and excise tissue specimens with
high-quality DNA and RNA samples suitable for diagnostic
analyses® (refer Fig. 7(c)). Furthermore, shape-morphing hydro-
gels can function as micro-manipulation systems, streamlining
object assembly within microfluidic devices,*®® or as precision
actuators to impose physiologically relevant compressive stresses
on living spheroids for the investigation of their phenotypic
response.**® Locomotive milli/micro-bots based on shape defor-
mations can be instrumental in minimally invasive surgical
procedures for foreign body removal®>***** (refer Fig. 7(b)) while
simultaneously opening avenues for tissue and organ inspection,
disease diagnosis, and health monitoring.

5 Outlook

5.1 Current challenges

The current generation of 4D printing techniques suffers from
four notable drawbacks that limit their scope of application: (a)

This journal is © The Royal Society of Chemistry 2024

simplistic shape transformations, (b) limited materials library,
(c) non-biocompatible stimuli, and (d) absence of widely adapta-
ble simulation methods for predictive design. Biological functions
governed by stimuli-induced morphological transformations of
tissues (e.g., peristaltic contractions) are distinguished by their
complexity, which entails a spectrum of actuation forces, tem-
poral dynamics, and the capacity for reversibility. In the context of
4D-printed constructs designed to emulate biological tissues or
serve as biomedical devices, the typical prerequisites encompass
actuation forces that align with physiological norms and the
ability to undergo rapid, repetitive actuation cycles. The attribute
of reversibility assumes paramount significance, ensuring that the
material swiftly reverts to its initial configuration upon the cessa-
tion of the stimulus, thereby facilitating repeated stimulation to
invoke varied responses. Realizing the coveted actuation response
within physiological environments presents a formidable chal-
lenge. Hydrogels, for instance, suffer drastic losses in mechanical
properties on swelling. Conversely, shape memory polymers
(SMPs) typically lack intrinsic reversible actuation characteristics.
Liquid crystal elastomers (LCEs), despite their capability for
reversible actuation, have witnessed relatively limited exploration
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in the context of biomedical applications, primarily due to their
reliance on temperatures exceeding the physiological range to
achieve meaningful strains. Hence, there is an impetus to design
composite architectures to integrate diverse properties and actua-
tion mechanisms, with the overarching objective of paving the
way for the next generation of engineered tissues and biomedical
devices.

The materials library for 4D printing for biomedical applica-
tions is rather limited, predominantly owing to concerns
regarding biocompatibility, toxicity, and the potential to elicit
immune responses. This limitation is further exacerbated when
considering materials suitable for facilitating cell encapsula-
tion and the intricacies of bioprinting. While various stimulus
modalities, including heat, pH variations, and chemical agents,
offer viable means of inducing transformations in 4D-
bioprinted constructs, they concurrently introduce concerns
over their impact on the viability of encapsulated cells. For
realizing in vivo shape transformations, non-invasive or remote
stimulation via electric or magnetic fields, NIR, is expected to
become the norm. Another alternative is to harness the innate
physiological environment surrounding the implanted con-
struct to facilitate the desired shape alterations.

By incorporating theoretical models that capture complex
material-stimuli interactions, simulation frameworks offer a
means to predict and optimize the behavior of dynamic
systems. Hence, a concerted shift toward widely adaptable
simulation-guided design methodologies is imperative to
enable researchers to efficiently navigate the design space
and identify optimal configurations. Central to the success of
simulation-guided design approaches is the seamless incor-
poration of experimental validation to corroborate simulated
predictions and refine simulation models. Through systematic
experimentation on simplified systems of reduced complexity,
researchers can methodically validate the performance of
simulation frameworks in capturing the dynamic behavior of
4D printed structures. Furthermore, experimental data serves
as invaluable inputs for calibrating material models and fine-
tuning simulation parameters, thereby enhancing the predic-
tive accuracy of virtual simulations. However, as 4D printed
structures undergo shape transformations, there is a concomi-
tant change in material properties in response to stimuli,
necessitating the incorporation of time-dependent properties
into simulation models. Failure to accurately capture these
dynamic changes can lead to discrepancies between simulated
and experimental outcomes, undermining the reliability of
predictive simulations.

5.2 Application-driven design

The past decade has witnessed the birth and meteoric rise of 4D
printing owing to its broad applicability across a multitude of
research domains. This has spurred the development of
responsive chemistries, innovative synthesis techniques, and
post-processing methods to impart shape-morphing capability,
as well as the amalgamation of materials and mechanisms to
enable advanced and complex functionalities. In the biomedi-
cal domain, a major focus has been dedicated to leveraging
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these principles utilizing biocompatible materials. However,
a dedicated application-driven approach has been largely
missing. In many instances, the clinical application is an
afterthought, resulting in a design process that lacks clinical
input. Consequently, state-of-the-art 4D printing technologies
have largely been confined to proof-of-concept stages and have
yet to achieve commercial viability. To address this issue, a
comprehensive investigation becomes imperative to identify
how existing 4D printing techniques can effectively address
well-defined clinical challenges. This undertaking should
involve close collaboration with clinicians to determine the
material choices, specific shape and size transformations,
viable actuation methods, actuation forces, and biocompatibil-
ity prerequisites for each application. While a diverse array of
4D printing methods and materials is already available, as
delineated in this perspective, each problem presents unique
complexities necessitating innovative solutions. A combination
of experimental data and simulated data (leveraging computa-
tional tools such as finite element modeling) can be employed
to train machine learning (ML) algorithms to predict
forward shape changes as well as navigate the extensive design
space to find optimal solutions for inverse shape change
problems.>?*?*%* Although this approach may seem tedious, it
holds the promise of facilitating the seamless integration of 4D
printing technologies into patient care, fostering widespread
adoption across domains such as tissue engineering, regenera-
tive medicine, targeted therapeutic delivery, soft robotics, med-
ical devices, and a myriad of other applications.
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