e-ISSN 2150-5551

Nano-Micr© Letters CN 31-2103/TB

REVIEW https:/doi.org/10.1007/s40820-025-01986-9

®) Rational Design and Functionalization of Melt
e Electrowritten 4D Scaffolds for Biomedical
I(\:Iziitneo?lsvﬁcro Lett. Applications

(2026) 18:144

Received: 30 June 2025 Yanping Zhang! = Fenggiang Zhao!, Aike Qiao' = Youjun Liu' > Menglin Chen? =
Accepted: 12 October 2025
© The Author(s) 2026

HIGHLIGHTS

e This review categorically analyzes the state of the art of the structural complexity of melt electrowriting (MEW) scaffolds, ranging

from 1D, 2D to 3D architectures, and presents advanced strategies to enhance scaffold quality.

e This review systematically elucidates the principles of MEW-based 4D printing, including material considerations, actuation methods,

and structure design strategies, along with shape programming and morphing mechanisms.

e This review highlights the advances of MEW 4D scaffolds in tissue engineering, personalized biomedical implants, and drug delivery

systems.

ABSTRACT Melt electrowriting (MEW) enables the precise deposition of polymeric
fibers at micro-/nanoscale, allowing for the fabrication of 3D biomimetic scaffolds. By
incorporating stimuli-responsive polymers and/or functional fillers, MEW-based 4D
printing creates scaffolds capable of undergoing controlled, reversible shape transfor-
mations in response to external stimuli over time. These dynamic 4D scaffolds can be
tailored for minimally invasive delivery, remote actuation, and real-time responsiveness
to physiological environments, making them highly relevant for biomedical applica-
tions. This review systematically elucidates the principles of MEW-based 4D printing,
including material considerations, actuation methods, and structure design strategies,
along with shape programming and morphing mechanisms. The versatility of MEW
for rational fabrication of biomimetic scaffolds is firstly introduced. Subsequently,

the critical elements underpinning MEW-based 4D printing process are overviewed,

Biomedical Impa™>

including an analysis of stimuli-responsive materials compatible with MEW, an evalu-

ation of applicable external stimuli, and a discussion on the advancements in design strategies for 4D scaffolds. Recent progress of MEW 4D
scaffolds for applications in tissue engineering, biomedical implants, and drug delivery systems are highlighted. Finally, key challenges and
perspectives toward material innovation, fabrication optimization, and actuation control are discussed. This review aims to provide valuable

insights for design and creation of multifunctional biomimetic dynamic scaffolds by MEW-based 4D printing.
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1 Introduction

Bioimplants (e.g., tissue engineering scaffolds, biomedi-
cal stents) are designed to replace or restore damaged or
diseased tissues/organs caused by aging, tumor resection,
trauma, or degeneration [1]. They provide structural sup-
port, facilitate tissue repair, and promote functional recov-
ery. Recent advances in biomaterials and biofabrication have
enabled the development of bioimplants that better replicate
the complex geometries and multifunctional properties of
native tissues.

Although 3D extrusion printing has emerged as a power-
ful tool for the fabrication of patient-specific bioimplants
due to its customization capacity, rapid prototyping, and
cost-effectiveness, it is limited by strand widths of ~ 100-500
um (constrained by nozzle size) and low positional precision,
especially at small scales [2]. In contrast, melt electrowrit-
ing (MEW) [3, 4], an emerging technique that integrates
principles from electrospinning with additive manufactur-
ing, has attracted significant attention for its high resolu-
tion and versatility. Using high-voltage-assisted deposition
of a molten polymer jet, MEW enables precise deposition
of continuous fibers with diameters typically ranging from
2 to 50 pm, an order-of-magnitude finer than that of 3D
printing, closely matching the scale of native extracellular
matrix (ECM) fibers [5]. The absence of whipping instabil-
ity ensures predictable fiber placement, and assembly into
3D porous scaffolds up to centimeter scale. Moreover, fiber
diameter, pore geometry, and stacking layers can be finely
programmed to map directly to cell-relevant cues. The MEW
process is further enhanced by integration with filament-
driven systems [6, 7] or UV modules [8, 9], broadening the
range of printable thermoplastics and elastomers. With its
unique ability to replicate multiscale architecture and bio-
mechanics of native tissues, MEW represents a powerful
platform for the fabrication of personalized, tissue-specific
3D scaffolds for biomedical applications.

However, traditional 3D scaffolds are geometrically static,
lacking the dynamic adaptability of native tissues. This limi-
tation has been mitigated by the advent of 4D printing, a
disruptive technology that introduces a temporal dimension
by incorporating stimuli-responsive materials (e.g., shape
memory polymers (SMPs), liquid crystal elastomers (LCEs),
hydrogels), enabling the fabrication of dynamic scaffolds
that undergo programmable deformations respond to specific
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stimuli [10-13]. This dynamic adaptability is particularly
valuable for bioimplants that must accommodate evolving
physiological conditions, as well as their minimally inva-
sive implantation in clinical practice. Recently, Liu et al.
developed amphiphilic dynamic thermoset polyurethanes
(DTPUs)-based 4D scaffolds suitable for minimally inva-
sive treatment of tissue defects [14]. 2D laminated scaffolds
composed of high-swelling (active) and low-swelling (pas-
sive) DTPUs were printed via fused deposition modeling
(FDM), which could be fixed into temporary 1D roll-up
shapes for catheter delivery. Upon implantation, body tem-
perature restored the 2D pattern, and subsequent swelling
induced programmed morphing into desired 3D structure
for cavity filling and mechanical support. Additionally, Shi
et al. reported a biodegradable elastomer (PCL-AD-4) with
skin-like mechanical properties, and precise shape memory
transitions at 37 °C [15]. 4D-printed PCL-AD-4 vascular
stents, myocardial patches, and intervertebral disk scaffolds
with negative Poisson’s ratios, all achieved compression/
expansion cycles with excellent shape recovery. A hybrid
biofabrication approach further integrated 4D-printed algi-
nate-methylcellulose (AlgMC) hydrogels with MEW poly(e-
caprolactone) (PCL) meshes to fabricate shape-morphing,
small-diameter vascular grafts [16]. These composites self-
transformed into tubular constructs due to anisotropic swell-
ing, while PCL fibers provided topographical guidance for
cell attachment, and reinforced mechanics enabling suture
ability and perfusion. AlgMC/PCL scaffolds supported co-
cultures of fibroblasts, endothelial cells and smooth muscle
cells, forming organized bilayers with reciprocal pheno-
type stabilization. Moreover, a multifunctional scaffold of
hydroxyapatite, silica, poly(p,L-lactide-co-trimethylene car-
bonate), and Fe;0, (HSP- Fe;0,) was fabricated for osteo-
sarcoma therapy and bone regeneration [17]. Hyperthermia
triggered chemo-, photo-, and magnetothermal effects while
actuated shape memory effect of HSP-Fe;O, scaffolds for
defect-specific fitting.

These recent studies have increasingly emphasized the
promising of 4D printing for creating dynamically respon-
sive and temporally programmable bioimplants [10, 11,
14-18]. With this regard, MEW offers unique advantages
for fabricating biomimetic scaffolds from SMPs, LCEs, and
hydrogels that can undergo reversible and programmable
shape transformations under external stimuli such as heat,
light, or solvents. The incorporation of functional fillers
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(e.g., electroactive, magnetoactive, or photothermal agents)
further enables remote actuation, mechanical reinforcement,
and real-time imaging. Moreover, advanced programming
strategies, including stress/strain mismatch, multimaterial
layering, and spatial patterning, allow precise control of
shape-morphing behaviors, yielding predictable tubular,
curved, or other complex structures. Such 4D scaffolds not
only support minimally invasive implantation and seamless
tissue integration but also create dynamic microenviron-
ments that enhance cell-cell and cell-ECM interactions,
thereby promoting tissue remodeling and maturation [19].

Although several reviews have addressed the molecular
design, functional properties, and additive manufacturing
compatibility of stimuli-responsive materials [10-13], a
systematic discussion of their integration with MEW is still
lacking. MEW-based 4D printing remains in its infancy, and
its clinical translation requires deeper insights into mate-
rial compatibility, accessible actuation, and programming
strategies. To address this gap, this review highlights the
fundamental principles of MEW-based 4D printing. We first
introduce the versatility of MEW for biomimetic scaffold
fabrication, followed by an overview of stimuli-responsive
materials compatible with MEW, applicable external stimuli,
and design strategies for 4D scaffolds, along with their shape
programming and morphing mechanisms. Recent advances
of MEW 4D scaffolds in tissue engineering, biomedical
implants, and drug delivery systems are then summarized.
Finally, current challenges and potential solutions toward
the fabrication of MEW 4D scaffolds are discussed to guide
future directions.

2 Rational Design of MEW Scaffolds

Scaffolds possessing biomimetic structural organization and
adapting to biomechanics of native tissues are highly desir-
able for their use as biomedical implants. The versatility
of MEW enables precise and customizable scaffold design,
including control over fiber diameter, pore size, and pore
geometry, allowing closely mimic the tissue-specific ECM
architecture and mechanical properties. In this section, the
state of the art of the structural complexity of MEW scaf-
folds categorized as 1D fiber diameter and morphology,
2D fiber micropattern, and 3D fiber configuration are over-
viewed, together with the advanced strategies for quality
improvement of MEW scaffolds.
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2.1 1D Fiber Diameter and Morphology

In MEW, process parameters critically influence the mor-
phology and diameter of deposited fibers, thereby deter-
mining the achievable resolution and consequently other
structural and mechanical properties of scaffolds [20].
Fiber diameters ranging from 2 to 50 pm (Fig. 1A) have
been achieved by modulating both melt feeding pressure and
collector speed, without altering the applied voltage [21].
Optimized parameters (high voltage, low melt flow rate,
small spinneret) enabled uniform PCL fibers of 817 + 165
nm, forming a 50-layer crosshatch scaffold with 100 pm
pores [22], while ultrafine PCL fibers of 275 + 86 nm were
obtained using an acupuncture needle spinneret [23]. The
microtopography (roughness) of deposited PCL fibers
became smoother with increased collector speed [24]. Nota-
bly, methodological models were developed for analyzing
the effects of temperature, collector speed, tip-to-collector
distance, melt pressure, and voltage on fiber diameter, ena-
bling predictive optimization of fiber diameter [25, 26].

Collector moving speed above the critical translation speed
(CTS) yields straight fibers, while speeds below CTS allow
nonlinear toolpaths [4], such as serpentine/sinusoidal fibers
(Fig. 1B) that exhibiting nonlinear mechanical properties
closely adapt to native tissues [27-29]. Key process param-
eters (voltage, collector speed, tip-to-collector distance, spin-
neret diameter) govern the precise deposition of serpentine
fibers [30], and spinneret geometry (convex, concave, flat) also
affected their morphology, with a concave spinneret result-
ing in a reduction in sinusoidal amplitude [31]. Entangled
fiber meshes (Fig. 1C) showed higher elasticity than straight
fiber mesh due to untangling behavior at low strains [32].
Specialized fiber morphologies have also been fabricated,
including coaxial hollow fibers (10 pm outer diameter, 6 pm
lumen) (Fig. 1D) [33], PCL fibers with shish-kebab surfaces
for osteogenesis (Fig. 1E) [34], collagen mimetic nanofibril-
lar microbundles from composite PVA/PCL fibers (Fig. 1F)
[35], PVDF fibers with coalesced spheres (Fig. 1G) [36], frag-
mented microfibers via microrelief collectors (Fig. 1H) [37],
and dual-nozzle systems for high throughput [38].

2.2 2D Fiber Micropattern

Together with fiber diameter and morphology, pore size
and geometry significantly affect scaffold mechanical
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Fig. 1 A SEM image showing stacked fibers with three different diameters. Reproduced with permission [21], Copyright 2018, Wiley Online
Library; B SEM images of sinusoidal fiber walls. Reproduced with permission [28], Copyright 2020, Wiley; C Optical micrograph of MEW
PCL mesh with entangled fiber morphology. Reproduced with permission [32], Copyright 2024, Elsevier; D Hollow fibers obtained with a
coaxial nozzle [33], Copyright 2022, Wiley; E SEM image of PCL fibers after recrystallization. Reproduced with permission [34], Copyright
2024, Elsevier; F SEM image of PnPrOx fibril scaffold following dissolution of PcycloPrOx. Reproduced with permission [35], Copyright 2021,
Wiley; G Coalesced spheres observed in MEW of PVDF onto heated collectors. Reproduced with permission [36], Copyright 2021, Wiley
Online Library; H Fragmented PCL fibers. Reproduced with permission [37], Copyright 2022, Wiley Online Library; I Illustration and J Pho-
tograph of MEW-fabricated scaffolds with virous 2D micropatterns. Reproduced with permission [42], Copyright 2024, Wiley; K Circular scaf-
fold with eight radial walls. Reproduced with permission [43], Copyright 2020, Wiley Online Library; L (a) Photograph and (b) SEM image of

classic circular coil scaffold. Reproduced with permission [44], Copyright 2023, Springer Nature

performances [39]. Larger pores reduce stiffness and
increase yield strain, improving scaffold recovery after
deformation. Electrostatic repulsion limits minimum inter-
fiber distance, which can be mitigated by reducing fiber
diameter and stack height [40]. Brenna et al. tuned PCL
scaffold architectures (crosshatch, single-/double-wave, aux-
etic) (Fig. 11) to achieve elastic moduli from 0.3 to 7.3 MPa
[41]. Further complexity in scaffold design has been enabled
through customized G-code generation (Fig. 1J) [42], such
as circular scaffolds with radial walls for identifying pre-
ferred cell migration (Fig. 1K) [43], circular coil designs
with precise spacing and stacking for wireless electrically
stimulating neurons (Fig. 1L) [44].

© The authors

2.3 3D Fiber Configuration

Electrical repulsion arising from charge accumulation
within deposited fibers limits scaffold height beyond 2-3
mm. Height can be increased (>7 mm) (Fig. 2A) by adjust-
ing z-axis and voltage to maintain the electrostatic force at
a constant level during printing [45]. Polygonal scaffold
with up to 200 fiber layers and 9 mm height was accurately
fabricated by maintaining a constant working distance [46].
Larger fiber diameters improve interlayer bonding, with a 5
um increase in fiber diameter resulting in approximately 70%
greater bonding strength [47]. Speed-programmed MEW
produced 3D hierarchical scaffolds with tunable compacted
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coil densities, enabling spatial control over cell growth and
density distribution [48]. Gradients in diameter (Fig. 2B)
[49], pore size (Fig. 2C) [50], or multilayered architecture
of scaffolds [51, 52], yielded their anisotropic mechanical
behavior. By manipulating fiber spacing, orientation, and
stacked layers, modulus values range from 5.6 to 13 MPa
(tensile) and 6 to 360 kPa (compressive) have been achieved
[53]. Orthogonal printing PLA and PCL fibers generated
anisotropic composites [54]. Nonlinear geometries, includ-
ing circular pores (Fig. 2D) [28], aortic valve interfaces
(Fig. 2E) [55], overhanging structures (Fig. 2F), and bifur-
cating fiber walls (Fig. 2G) [28] also have been achieved.

Printing on non-planar collectors enables anatomically
relevant structures. Strategies for accurate fiber placement
on non-planar surfaces include optimizing size and material
of hemispherical collectors [56], maintaining constant volt-
age and nozzle to substrate [57, 58]. Moreover, by leverag-
ing fiber sagging and residual charge phenomena as part of
the design intent, spindle-like constructs were successfully
fabricated (Fig. 2H) [59]. Other designs include airtight,
funnel-shaped tympanic membrane analogs (Fig. 2I) [60],
and the tri-leaflet structure of the aortic root (Fig. 2J) [61].

The fabrication of tubular scaffolds with biomimetic
microarchitectures is essential for engineering artificial
tubular tissues [62, 63]. Custom tubular scaffolds have been
fabricated using mathematical models to define winding
parameters (Fig. 2K) [64, 65], and user-friendly G-code plat-
forms to correct fiber lag during printing [42]. These strate-
gies enable diverse patterns with tunable pore geometries
[66—69]. Real-time correction of fiber pulsing facilitated the
successful fabrication of a collapsible tube (12 mm wall)
(Fig. 2L) [70]. Other designs include conical meshes (diame-
ter tapering from 8 to 4 mm) (Fig. 2M) [71], patient-specific
aortic root scaffolds (Fig. 2N) [72, 73], arterial structures
[74], bifurcating vessels by employing multiaxis deposition
(Fig. 20) [61], and tapering dome-like forms (“micropot-
tery”) by layer-shifting techniques (Fig. 2P) [28].

2.4 Quality Improvement of MEW Scaffolds

Consistent scaffold quality remains challenging due to the
multiparametric nature of MEW [75, 76]. A recent review
has comprehensively summarized advances in improving
scaffold quality, particularly in terms of fiber uniformity
(printing stability) and fiber placement precision (printing

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

accuracy) [77]. Key process parameters influencing fiber
diameter/uniformity include voltage, melt flow rate, and
collector speed [78, 79]. Conductive substrates improve
precision via charge dissipation [80, 81], though no con-
sistent correlation between jet landing accuracy and volt-
age configuration has been established [82]. Generally,
increased fiber diameter and stacked layers, coupled with
reduced inter-fiber distance, lead to diminished printing
accuracy [83, 84]. A geometrical model incorporating
coded trajectory, CTS, and collector speed was developed
to predict fiber paths, enabling early defect detection
and real-time G-code adjustment [85]. The jet lag effect
[86] that affects the fiber placement accuracy can be com-
pensated by a reverse speed planning process [87], while
residual charge entrapped within pre-deposited fibers [88],
particularly in narrow-spaced multilayers that compromise
deposition accuracy can be mitigated by regulating col-
lector temperature to control material polarization and
charge retention [89, 90]. A charge-based analytical model
grounded in surface energy evolution further clarifies the
interplay between residual charge and fiber deposition
accuracy [91], though charge neutralization alone yields
limited benefits [92]. Additionally, based on an established
mathematical model of trailing fiber trajectory, the jet lag
effect was effectively suppressed by subdividing and opti-
mizing the printing path [93].

3 Smart Materials for MEW 4D Scaffolds

The cornerstone of 4D printing lies in the rational selec-
tion of stimuli-responsive “smart” materials capable
of change their properties under external stimuli (e.g.,
heat, solvent, PH). According to recovery mechanisms,
these materials are broadly categorized into conventional
responsive materials, which undergo irreversible defor-
mation after stimulation, and shape memory materials
(SMMs), which restore their original configuration upon
triggering. In biomedical applications, 4D-printed SMMs
leverage programmed deformation and recovery to adapt
to physiological environments, thereby enabling precise
therapeutic interventions. In contrast, non-reversible
responsive materials rely on expansion or contraction to
achieve controlled morphological changes. Through the
rational programming of material composition and spa-
tial distribution within constructs, complex deformation

@ Springer
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Fig.2 A Thick MEW scaffold (7.1 mm). Reproduced with permission [45], Copyright 2018, Wiley; B Suspended MEW fibers at varying
heights. Reproduced with permission [49], Copyright 2021, Wiley Online Library; C MEW scaffold with gradient pore sizes. Reproduced with
permission [50], Copyright 2019, Elsevier; D SEM image of MEW scaffold with circular pores formed by sinusoidal fibers. Reproduced with
permission [28], Copyright 2020, Wiley; E Bioinspired MEW scaffold replicating the aortic heart valve interfacial region with continuous inter-
faces. Reproduced with permission [55], Copyright 2022, Wiley; F Overhangs enabling horizontal printing without support structure; G Fiber
wall branching into dual overhangs. Reproduced with permission [28], Copyright 2020, Wiley; H Spindle-like constructs. Reproduced with per-
mission [59], Copyright 2024, Wiley Online Library; I Funnel-shaped construct. Reproduced with permission [60], Copyright 2023, Elsevier;
J (a) Top and (b) side view of MEW fiber constructs mimicking the aortic root with tri-leaflet valve architecture. Reproduced with permission
[61], Copyright 2024, Elsevier; K SEM image of MEW tubular scaffold with a winding angle of 20°, 30 pivot points, 1.5mm internal diameter,
and ~200 pm wall thickness. Reproduced with permission [64], Copyright 2018, Elsevier; L (a) SEM image of a tubular scaffold with com-
pressed 300-layer and (b) side view of the scaffold. Reproduced with permission [70], Copyright 2021, Wiley; M Flexible tubular scaffold with
gradually varying curvatures. Reproduced with permission [71], Copyright 2023, Elsevier; N Personalized aortic root scaffolds. Reproduced
with permission [73], Copyright 2020, Frontiers; O Bifurcating vessel scaffold. Reproduced with permission [61], Copyright 2024, Elsevier; P
Microscopic domes (“micropottery”). Reproduced with permission [28], Copyright 2020, Wiley

behaviors can be finely tuned, allowing smart materials  from actuators and adaptive biomedical implants to
to interact dynamically with diverse tissue microenviron-  morphodynamic tissue engineering scaffolds [94].
ments and accommodate patient-specific anatomical needs. ~ Although several recent reviews have detailed their
Representative materials include SMPs, LCEs, hydrogels, = molecular design, properties, and additive manufacturing
and functional fillers, which underpin applications ranging
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compatibility [10-13], a focused discussion of their inte-
gration with MEW remains absent.

Processing smart materials in MEW poses challenges
due to stringent requirements for suitable melt viscos-
ity, thermal stability, and low conductivity, as materials
must remain molten for extended durations [95, 96]. PCL
remains the most widely used, due to its low melting point
(~ 60 °C), rheological stability, and biocompatibility [97,
98]. Nevertheless, ongoing advances in device update,
fabrication optimization, and material innovation are
rapidly diversifying the MEW material landscape. This
section highlights recent progress in smart materials for
MEW-based 4D printing, including SMPs, LCEs, smart
hydrogels, and functional fillers, with emphasis on their
suitability for specific biomedical applications. Table 1
summarizes reported smart materials, MEW printing
conditions, scaffold structures and properties, stimuli, and
their applications.

3.1 Stimuli-Responsive Polymers

Stimuli-responsive polymers, particularly SMPs, LCEs,
and smart hydrogels, are central to 4D printing owing to
their shape memory effect (SME) [99], which enables pro-
grammed deformation and recovery under external stim-
uli. Most current systems exhibit one-way SME, requir-
ing reprogramming after each cycle, while two-way SME
materials allow reversible switching without reprogram-
ming, and multiple SME behaviors, achieved by tuning
transition temperatures, copolymer design, or multimodal
programming, expand biomedical potential for multifunc-
tional implants requiring sequential or continuous shape
changes [100].

3.1.1 Shape Memory Polymers

Shape memory polymers (SMPs) are the most widely
investigated smart polymers, capable of reversible defor-
mation under external triggers, most commonly heat
[101, 102]. Thermoplastic SMPs, including polylactic
acid (PLA)-, poly(lactic-co-glycolic acid) (PLGA)-, pol-
yurethane (PU)-, and PCL-based, are extensively studied
for biomedical applications due to their potential bio-
compatibility, tunable mechanical properties, adjustable
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biodegradability, and processability [2, 12, 103—-107].
4D-printed SMP implants have been explored in tissue
engineering scaffolds [14], stents [108], and drug delivery
systems [109]. Their SMEs allows compact delivery for
minimally invasive implantation and subsequent recov-
ery into adaptive geometries under specific stimuli upon
implantation at the target site, enabling intimate conform-
ity with host tissues.

Shape memory programming, typically encoding stress/
strain within SMP-based scaffolds, is the initial step and
essential for enabling their reversible shape transformation
[110, 111]. The detailed mechanism of thermoresponsive
SMP programming and shape recovery is schematically
illustrated in Fig. 3A. Below the transition temperature
(Tt ans)> Polymer chains are immobile, and the mate-
the
increased chain mobility allows macroscopic mechani-

rial retains as a rigid plastic. Heating above T,
cally deformation with a corresponding entropy reduction.
This temporary shape is then fixed by cooling the polymer
below T
is restored and the polymer recovers its permanent shape

Upon reheating above T, chain mobility

trans* trans?

by returning to the original high-entropy conformation.
Figure 3B displays a typical thermomechanical program-
ming protocol for SMPs in the strain—temperature phase
diagram [112]. T\,,0s
or glass transition temperature (7,), can be finely tailored

defined by melting temperature (7,

by rational design of block length, segment composition,
or phase separation [110, 113, 114]. Several quantita-
tive metrics of SME behavior are critical for bioimplant
design, such as shape fixity (R;), ensuring implant retain
its programmed form during minimally invasive implanta-
tion, and shape recovery (R,) that guarantees full restora-
tion of implants for seamless tissue integration (Fig. 3C).
Shape recovery rate is also critical for clinical workflows.

Thermoplastic polyurethanes (TPUs) are particularly well
studied for MEW [7, 115-118]. For example, MEW-printed
TPU-based SMP (T, 35°C) meshes (60 pm fiber diameter,
500 pm square pores) embedded within hydrogels achieved
good to excellent R; (50-90%) depending on the hydrogel
composition, and excellent Rr (~100%) at 37 °C within
2 min [119]. Cytocompatibility tests demonstrated good
viability either with cells seeded on top the composites or
encapsulated within hydrogel during all shape memory pro-
cesses. In addition, poly(1,4-butylene)-based poly(ester ure-
thane) (TPU PBA-75), a physically cross-linked SMP con-
taining 75% crystallizable PBA soft segments was processed
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via MEW [120, 121]. This material exhibited dual mechani-
cal memory states at room temperature depending on their
thermal history, “soft” following high-temperature exposure
(>70 °C) and “hard” after low-temperature treatment (4 °C),
arising from the amorphous or semicrystalline states of the
soft segments, respectively. High-aspect-ratio lamellar struc-
ture (fiber diameter 30-40 um, height-to-width ratio 57:1)
exhibited reversible changes in stiffness and deformability
upon thermal treatment [120].

Most biomedical SMPs are thermally triggered, with T,
adjusted near physiological levels (~32-37 °C) for passive
actuation [122, 123]. Polymers with higher T,
external heating or solvent-mediated activation but must

trans TEQUIrE
remain biosafe and biostable under physiological conditions.
Cytocompatible, biostable TPU-based SMPs with high T,
(> 50 °C) synthesized via solvent-free methods demon-
strated R; of 73-80% and R, of 93-95% even in degradation
media, enabling stable fixation and user-defined recovery
[124]. The degradation of SMPs, governed by hydrolyzable
bond density, hydrophilicity, geometry, and porosity, must be
tailored to match tissue formation [104, 105]. By rationally
modifying molecular structures, SMPs with tunable degra-
dation rates, hydrophobicity, and mechanical properties can
be designed to meet specific application requirements.

However, processing biomedical SMPs via MEW remains
challenging due to high processing temperatures, which can
cause swift degradation and rapid jet quenching, impairing
print quality. Besides the innovation of SMP-based materials
with suitable thermal properties, the optimization of MEW
processing offers an alternative strategy. For example, T. Sun
et al. employed ethylene vinyl alcohol copolymer (EVOH,
T,,=174 °C) to investigate the principles of printing high-
melting-point polymers through MEW [125]. The effects
of melt temperature (180-250 °C) and collector tempera-
ture (60—100 °C) on jet motion, fiber stacking, and scaffold
mechanics were systematically examined. Precise control of
both parameters mitigated quenching and stabilized depo-
sition, enabling continuous printing of EVOH microfibers
(8—14 pm) for> 15 h with strong interlayer adhesion. Ele-
vated collector temperatures slowed quenching, suppressed
jet “jumping”, and promoted fiber bonding, allowing the fab-
rication of complex geometries such as tubular stents with
favorable compression fatigue resistance.

@ Springer
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Reproduced with permission [11], Copyright 2025, ACS; B Shape memory effect illustrated on the strain—tempera-
ture plane. Reproduced with permission [112], Copyright 2017, Elsevier;

C Schematic of shape fixity and shape recovery, where ¢ is original

strain, &, is programmed strain, ¢ is fixed strain, and ¢, is residual strain. Reproduced with permission [11], Copyright 2025, ACS

3.1.2 Liquid Crystal Elastomers

Liquid crystal elastomers (LCEs) are property-program-
mable soft polymers composed of flexible polymer back-
bones and rigid mesogenic units. These mesogens may be
covalently incorporated into the main chain or tethered as
pendant side groups (Fig. 4A-a) [126]. Depending on meso-
gen alignment, LCEs can exhibit nematic, smectic, or cho-
lesteric mesophases. Thermotropic LCEs undergo reversible
phase transitions above Ty; (temperature at nematic-to-iso-
tropic phase transition), inducing macroscopic deformation
through mesogen disorientation, wherein the polymer con-
tracts along the mesogenic orientation and expands orthogo-
nally (Fig. 4A-b) [127]. Specifically, monodomain LCEs,
characterized by uniaxially aligned mesogens, can exhibit
reversible actuation strains up to 400% [128]. Mesogen
monodomain alignment, programmable during extrusion
processing (Fig. 4A-c), is critical for generating directional,
stimulus-responsive actuation [129, 130].

During MEW, LCE inks undergo in situ mesogen align-
ment primarily driven by shear forces within the nozzle and

© The authors

elongation forces between nozzle and collector (Fig. 4B) [8,
131]. When processed below Ty;, mesogens are preferen-
tially aligned along the fiber axis and are subsequently fixed
in place via photopolymerization [132]. MEW enables pre-
cise control over the deposition of LCE microfibers, thereby
allowing for spatially defined mesogen orientation within
the x—y plane. This advantageous supports the fabrication of
complex, microstructured scaffolds that exhibit programmable
and reversible shape transformations. Temperature control is
essential in MEW of LCEs to preserve mesogen alignment
during extrusion. Effective mesogen orientation in MEW
requires processing below Ty;; however, such low tempera-
tures increase ink viscosity and restrict material processability.
A higher printing temperature can lower polymer viscosity and
enable smooth extrusion but compromise mesogen alignment
and performance, highlighting the need for low-Ty; LCEs.
Recent molecular design strategies for LCEs have improved
their processability while preserving mesogenic order [133]. In
addition, printing parameters particularly collector speed and
melt temperature, strongly affect mesogen orientation and ani-
sotropic deformation, wherein mesogen orientation decreases

https://doi.org/10.1007/s40820-025-01986-9
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with higher temperature but improves with faster speeds [134,
135]. In one representative study, LCE inks containing a pho-
toinitiator (Irgacure 369) printed at 60 °C and UV cross-linked
yielded uniform fibers (nm-tens of pm) with preserved axial
mesogen alignment and reproducible thermal actuation [131].
MEW LCE microactuators (fiber diameter 4.5-60 pm) showed
actuation strains of 10%—55% and stresses up to 0.6 MPa, with
performance critically dependent on MEW printing conditions
[8].

Beyond contraction of straight uniaxial fibers, MEW-
printed LCE architectures demonstrate complex motions
such as rotations and localized morphing, broadening their
biomedical potential. While current researches emphasize soft

SHANGHAI JIAO TONG UNIVERSITY PRESS

robotics and remote actuators, MEW-printed LCE scaffolds
with multiscale biomimetic architectures also show promise
as dynamic mechanobiological platforms capable of replicat-
ing physiological strain environments for tissue modeling and
regeneration. When manufactured with appropriate LCEs,
such scaffolds could deliver physiologically relevant cyclic
strains to embedded cells, mimicking native tissues such as the
heart. The high resolution of MEW (0.1-10 pm fibers) further
supports rapid actuation and short recovery times.

Although still emerging, MEW 4D printing of LCEs inte-
grates intrinsic stimuli responsiveness of LCEs, spatial pro-
grammability of mesogen orientation, and rational 3D struc-
tural design, which holds advantages for fabricating dynamic

@ Springer
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biomimetic scaffolds. Such LCE-based 4D scaffolds enable
temperature-driven morphing and self-adaptive behavior, yet
their intrinsic softness limits rigid implant applications. A
central challenge for LCE-based implants is enhancing their
mechanical rigidity in defined states without compromising
SME performance. Achieving two-way SMEs near body tem-
perature also remains difficult. Recent molecular engineering
strategies, such as introducing dynamic disulfide bonds and
tailored chain architectures, have achieved LCEs’ structural
adaptability with two-way SMEs [136]. Biocompatibility and
biodegradability are also critical, requiring a balance between
mechanical robustness, flexibility, crystallinity, and degrada-
tion, representing a central challenge for future biomedical
applications of LCE:s.

3.1.3 Hydrogels

Hydrogel scaffolds are widely employed in soft tissue repair
due to their biocompatibility, 3D networks, and (visco-)elas-
tic properties resembling native tissues. Stimuli-responsive
hydrogels further provide dynamic microenvironments
that support cell communication, ECM-like interactions,
and tissue morphogenesis [137], making them promis-
ing candidates for 4D printing in biomedical applications
[138]. Among them, thermoresponsive hydrogels exploit
temperature-dependent swelling—deswelling transitions,
where permanent cross-links stabilize the original shape and
reversible domains enable temporary configurations. Their
tunable activation near physiological temperatures and rapid
hydration-driven volume changes are particularly advanta-
geous for drug delivery and tissue engineering [139].
However, direct MEW printing of hydrophilic polymers
is technically challenging due to their limited electrical
conductivity and hygroscopicity, which impair electrostatic
jet guidance and induce discharges or repulsion. These
limitations have been addressed by introducing reversible
Diels—Alder (DA) cross-links post-processing. For example,
ureido-pyrimidinone—-PEG (UPy-PEG) supramolecular pol-
ymers were processed into hierarchical hydrogel structures
(fiber diameter ~74 pm) (Fig. 5A) [140]. MEW-induced
shear stress aligned crystalline lamellae perpendicular to
fiber axes, yielding anisotropic swelling that caused rotation
and buckling under high humidity (> 85%). These scaffolds

© The authors

preserved mesoscale architecture after swelling, and could
encapsulate hydrophobic molecules, showing potential in
shape-shifting systems for drug delivery. Similarly, poly(2-
ethyl-2-oxazine) (PEtOzi)-based hydrogels underwent spon-
taneous DA cross-linking after MEW processing, yielding
ordered microarchitectures (500 um fiber spacing, 10 layers)
with swelling-induced expansion while preserving integrity
(Fig. 5B) [141]. These scaffolds showed long-term aqueous
stability (>4 months) and mechanical properties (Young’s
modulus 0.14-0.20 MPa) well suited for soft tissue engineer-
ing. Notably, they withstand repeated aspiration through a 14
G needle and cannula ejection without structural compro-
mise, and this combination of desirable softness with struc-
tural resilience are particularly valuable for minimally inva-
sive biomedical applications. Importantly, PEtOzi hydrogels
exhibited low cytotoxicity (IC50=10-100 g L™!) [142], and
DA-based hydrogels generally display good biocompatibility
[143]. WST-1 assays with 1929 fibroblasts confirmed high
viability (> 86%) after 48 h, indicating cytocompatibility of
MEW-printed PEtOzi hydrogels. The PEtOzi system also
enables stiffness tailoring through modulation of swelling
behavior, which can be achieved by adjusting cross-linking
density via hydrolysis and modification or by tuning mate-
rial hydrophilicity. Combining MEW with reversible DA
cross-linking allows property adjustment without relying
on potentially cytotoxic additives such as photoinitiators,
while offering straightforward post-processing functionaliza-
tion with fluorophores or other biomolecules. Furthermore,
DA cross-linked hydrogels can be engineered for controlled
degradation, with rates tunable by cross-link density and pH,
thereby aligning scaffold resorption with tissue regeneration
timelines.

3.2 Stimuli-Responsive Fillers

In addition to the inherent properties of polymers, stimuli-
responsive properties could also be realized by incorpo-
rating functional fillers to endow specific responsiveness.
Functional inorganic or organic fillers are incorporated into
polymer matrix to enhance their mechanical strength and/
or shape recovery force, increase thermal conductivity and
shape recovery speed, or impart additional functionalities
such as remote activation (e.g., light, magnetic, or electric)
and imaging capacities [144].

https://doi.org/10.1007/s40820-025-01986-9
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Fig. 5 A Schematic and SEM image of MEW UPy-PEG10K fibrous scaffold. Reproduced with permission [140], Copyright 2020, Elsevier; B
Schematic of MEW printing PEtOzi-based hydrogel. Reproduced with permission [141], Copyright 2020, RSC

3.2.1 Electroactive Fillers

Incorporating electroactive fillers such as metal particles,
carbon-based nanomaterials, conductive polymers, and
piezoelectric particles into polymer matrices enables Joule
heating for uniform temperature distribution and faster actu-
ation compared to conventional contact heating [145]. How-
ever, directly blending with conductive fillers often intro-
duce electrohydrodynamic (EHD) instabilities during MEW,
usually resulting in printing defects, such as jet breaking and
pulsing [146]. Post-processing techniques such as surface
coating MEW-printed scaffolds with conductive materials
provide an alternative [147], although coatings may increase
electrical resistance due to filler disruption under mechanical
deformation.

3.2.2 Magnetoactive Fillers

The integration of magnetoactive fillers into MEW scaffolds
offers significant potential for remote actuation, real-time
imaging, and multifunctional therapeutic applications. Mag-
netic responsiveness has been achieved using a variety of
paramagnetic and ferromagnetic nanoparticles (e.g., Fe;O,,
NdFeB), and superparamagnetic iron oxide nanoparticles
(SPIONSs) [148-150]. SPIONS are especially attractive due
to their biocompatibility, high magnetic susceptibility, and
modifiable surface chemistry, which enable in vivo tracking

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

of implants via magnetic resonance imaging (MRI) and sup-
port theranostic applications [151].

For instance, MEW PCL scaffolds incorporating up to 0.3
wt% SPIONs maintained well-ordered microarchitectures
(33 pm fiber diameter), exhibited effective MRI contrast, and
remained cytocompatibility up to 0.2 wt% [152]. Surface
functionalization of PCL scaffolds with silica-coated SPI-
ONs enabled magnetic hyperthermia, antioxidant activity,
antibacterial effects, and enhanced osteogenic cell responses,
underscoring the potential for combined diagnostic, thera-
peutic, and regenerative applications [153]. Metal-organic
framework (MOF) particularly Ag/AgCl-decorated Fe-based
MOFs (NH,-MIL-88B(Fe)) (5-20 wt%) loaded MEW scaf-
folds (50 pm fiber diameter) further combined cytocompat-
ibility, Ag™-mediated antibacterial efficacy, Fe**-endowed
MRI contrast, and controlled drug release attributing to the
reversible expansion—contraction behavior of the MOFs
[154]. Incorporating carbonyl iron (CI) particles (up to 15
wt%) into PVDF enabled stable jetting and uniform fiber for-
mation (30-50 pm) [155]. Scaffolds even loading with 1 wt%
CI, displayed magnetic responsiveness, with higher loadings
exhibiting strong magnetic adhesion and following magnetic
movement at higher loadings. Similarly, PCL/Fe;O, (up to
5 wt%) scaffolds (10 pm fiber diameter, 250 um fiber spac-
ing) demonstrated magnetic actuation behaviors such as
flapping, gripping, and alignment under external magnetic
fields, with tunable actuation strength based on nanopar-
ticle concentration [156]. Despite the wide application of

@ Springer
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iron oxide nanoparticles (IONs), their nanoscale size raises
concerns regarding cytotoxicity and genotoxicity due to non-
specific cellular uptake. To mitigate nanoparticle cytotoxic-
ity, reduced graphene oxide (rGO) carriers were employed
for immobilizing IONs, improving dispersion and lowering
toxicity while maintaining magnetic actuation. PCL scaf-
fold with 20 wt% rGNP@ exhibited reversible out-of-plane
deformation under magnetic fields below 300 mT, with actu-
ation achievable at as low as 100 mT in 10 wt% composites
due to their enhanced elasticity [157].

3.2.3 Photothermal and Other Fillers

Photothermal fillers (carbon black, graphene, carbon nano-
tubes, gold nanoparticles/nanorods) enable precise, remote
actuation under light stimuli [158, 159]. Recently, fluores-
cent nanodiamonds (FNDs) have gained attention in bio-
medical applications due to their unique quantum properties
and proven biocompatibility. When integrated into polymer
matrices, FNDs enhance hydrophilicity and thermal/chemi-
cal stability, and modulate cellular behaviors. Their nitro-
gen vacancy (NV) centers provide intrinsic fluorescence
and quantum sensing capabilities, enabling real-time, non-
invasive monitoring of local magnetic fields, temperature
variations, and intracellular free radical levels. PCL scaf-
folds blending with 0-0.1 wt% FNDs exhibited well-defined
microarchitectures (20 um fiber diameter, up to four stacked
layers) [160]. Even ultralow FND concentrations (0.001
wt%) significantly enhanced tensile modulus (1.25-fold),
thermal resistance, and hydrolytic stability. The NV centers
enabled T, relaxation behavior analogous to MRI contrast,
allowing nanoscale tracking of scaffold degradation and free
radical formation. Human dermal fibroblasts confirmed scaf-
fold biocompatibility, with a twofold increase in cell prolif-
eration compared to pristine PCL scaffolds. Incorporation
of thermochromic dyes (up to 4 wt%) into PCL scaffolds
yielded scaffold with ordered microfibrous architectures (20
um fiber diameter), and enabled reversible color changes
at dye-specific transition temperatures [161]. Multimaterial
scaffolds combining dyes T35 and T38 in alternating orien-
tations enabled stepwise, color-coded temperature sensing.

Collectively, functional fillers often serve as ther-
mal converters for localized actuation and shape trans-
formation, expanding the responsiveness, actuation
kinetics, and mechanical properties of MEW scaffolds.

© The authors

However, challenges in filler dispersion and biocompat-
ibility remain. Filler agglomeration, phase separation, and
weak filler—matrix interfacial interactions deteriorate both
printability and actuation performance. High filler loading
increases melt viscosity and disrupt jet stability, often caus-
ing nozzle clogging, fiber disorder, and structural defects.
The use of non-conductive, thermally stable nanofillers
preserves EHD stability. While solvent-based dispersion
is commonly used, residual solvents may negatively affect
scaffold biocompatibility and composite material integ-
rity. Solvent-free techniques, such as twin-screw extrusion,
offer scalable processing with improved dispersion and
filler—matrix interactions.

3.3 Biomedical Application Requirements

Stimuli-responsive materials for 4D bioimplants must meet
both general and application-specific requirements [99].
Beyond shape memory performance, they should provide
biocompatibility, appropriate mechanical properties, favora-
ble surface chemistry, and controllable biodegradation to
support defect bridging, cell adhesion and infiltration, and
seamless tissue integration without provoking immune
rejection or chronic inflammation. Biocompatibility is fun-
damental, encompassing non-toxicity, hemocompatibility,
and non-immunogenicity. Mechanical requirements involve
balancing strength, stiffness, elasticity, and toughness to
provide durability while avoiding adverse biomechanical
effects. Controlled biodegradation is also essential, with
degradation products that are non-toxic and a rate synchro-
nized with tissue regeneration [162].
Polyhydroxyalkanoates (PHAs), a family of microbial
biopolyesters with over 150 monomers [163], represent
promising candidates. Produced by bacteria without addi-
tional solvents, PHAs degrade primarily via PHA depoly-
merases through surface erosion, enabling controllable
degradation kinetics with minimal auto-hydrolysis. Their
tunable crystallinity, flexibility, melting temperature, and
excellent biocompatibility make them attractive thermo-
plastic biomaterials for MEW. PHA-based scaffolds have
demonstrated long-term drug release, mild tissue response,
and safe, non-genotoxic degradation products, highlighting
potential in drug delivery and tissue engineering [164]. For
instance, MEW of poly(3-hydroxybutyrate-co-3-hydroxy-
valerate) (PHBV) and PHBV/P34HB blends produced

https://doi.org/10.1007/s40820-025-01986-9
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multilayered scaffolds with diverse fiber orientations [165].
Compared with PHBV alone, the blends showed enhanced
thermal stability, printability, and tunable enzymatic degra-
dation, while supporting excellent adhesion, proliferation,
and viability of human dermal fibroblasts. Unlike conven-
tional rigid scaffolds that may damage soft tissues or require
surgical removal, PHAs provide flexible, cell-supportive
architectures with on-demand enzymatic degradability,
making them highly attractive for biomedical applications.

In addition to stimuli-responsive polymers, nanofillers
play a pivotal role in tailoring 4D scaffold performance.
Incorporating functional fillers into polymer matrices
imparts multifunctionality but raises safety concerns, as
their nanoscale size and high surface reactivity may induce
reactive oxygen species generation or toxic ion release.
Filler characteristics such as size, shape, surface charge,
and dispersibility critically affect cellular uptake, immune
activation, and biodegradation [166]. For instance, rod-
shaped IONs exhibit higher internalization and stronger
pro-inflammatory responses than spherical ones, while poor
dispersibility impairs biodegradability and increases cyto-
toxicity. Although some fillers (e.g., AuNPs) show good bio-
compatibility, others such as CNTs can cause severe toxicity
depending on configuration and surface chemistry, under-
scoring the need for standardized synthesis and predictive
toxicity assessment. Surface modifications, including silica
(Si0O,) coatings on Fe;0, and ZnO nanoparticles [167], or
PEGylation of CNTs [168], can improve dispersibility and
reduce cytotoxicity. Optimizing filler concentration, surface
chemistry, spatial distribution, and polymer compatibility is
essential to balance printability, mechanical performance,
and biological safety.

Finally, sterilizability is a non-negotiable requirement.
Implant materials must tolerate sterilization procedures
without loss of functionality, as non-sterilizable materials
cannot be safely used in vivo or even in vitro.

4 Actuation Methods for Smart Materials

The stimulus, acting as a trigger for dynamic and adaptive
behaviors of 4D scaffolds, requires careful selection and
calibration, particularly in biomedical applications where
functionality, safety, responsiveness, and clinical feasibility
are critical. Stimuli can be broadly categorized as physi-
cal (e.g., heat, light, electric/magnetic fields, ultrasound),

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

chemical (e.g., solvents, humidity, pH, ions), and biologi-
cal (e.g., enzymes, glucose, nucleic acids). 4D scaffolds
should be rational programmed to respond to the intended
stimuli based on the specific application. For instance, in
tissue engineering and biomedical implants, cytocompat-
ible stimuli are essential, excluding high temperatures and
harsh chemicals, while in robotics and actuators, non-contact
triggers such as light or magnetism are preferred for remote
control.

Among these, heat-based activation remains the primary
trigger for shape morphing in SMPs, thermoresponsive
hydrogels, and LCEs due to its simplicity, predictability,
and versatility. Temperature changes induce structural trans-
formations via mechanisms such as SMEs, where materi-

als recover their predetermined shape above T or ther-

trans?®
mal expansion/contraction due to variations in molecular
structure [171]. Contact heating (e.g., hot liquid or air) is
limited in operational scope, particularly for materials with
high T,,,,.- Remote heating addresses this by incorporating
functional fillers (e.g., CNTs, Fe;O,, Au NPs) to generate
localized thermal energy through optical, electrical, or mag-
netic conversion. While biologically responsive materials
for MEW 4D printing remain limited, this section focuses
on physical (contact and remote heating) and chemical
(solvents) actuation. Table 2 summarizes an overview of
typical stimuli for 4D printing, including the mechanism,
smart materials, advantages and limitations, as well as their
biomedical applications and in vivo application constrains.

4.1 Contact Heating

Contact heating via hot liquid baths or hot air offers a
straightforward approach. Compared to water, oils with
lower heat capacity and vapor pressure improve actuation
efficiency by reducing energy consumption and evaporation
[172]. Unlike hot liquid, hot air serves as a trigger not only
for phase transitions in thermoplastics, but also for dehydrat-
ing hydrogel scaffolds, inducing volumetric changes [173].

In SMPs, deformation fixed by cooling is restored when
[114]. A MEW-printed TPU PBA-75
lamellar "wall" showed reversible stiffness and deform-

heating above T\,
ability, enabling water droplet-triggered deformation and
shape locking, with full shape recovery upon reheating
(Fig. 6A) [120]. This thermally responsive behavior was
further exploited to develop microfluidic valves, where
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droplet-induced actuation at 70 °C enabled reversible valve
opening/closing. When the phase transition of SMPs is
programmed at physiological temperatures, their shape-
morphing properties become particularly useful for the 4D
printing of deployable medical devices and implants [174].

In thermoresponsive hydrogels, temperature-dependent
swelling contributes to their shape transformations. MEW-
printed PEtOzi scaffolds shrink from~9 to 4.8 cm? (53%)
when heated above physiological temperature, with swell-
ing—deswelling occurring within seconds in a fully revers-
ible manner [141] (Fig. 6B). The deswelling progressed
steadily from 3 to 50 °C at a rate of ~ 10% area reduction per
10 °C, but slows markedly beyond 50 °C (Fig. 6B-c). Owing
to the tunable lower critical solution temperature (LCST) of
poly(2-oxazoline) (POx) and poly(2-oxazine) (POzi), such
deswelling profiles can be tailored to meet future biomedical
application needs.

In LCEs, heating above Ty; induces a transition from
ordered to disordered mesogens, resulting in axial con-
traction and transverse expansion [175]. When these elas-
tomers are locally activated, the volumetric expansion or
shrinkage leads to noticeable geometric deformations. In
some cases, this actuation exhibits large amplitude and
reversibility. For example, MEW-printed LCE microfibers
with controlled mesogen alignment exhibited up to 40%
reversible contraction upon heating [134]. Sinusoidal LCE
microfibers exhibited thermoactuation shape morphing
under water (Fig. 6C-a). A spiderweb-like LCE structure
lifted a 16.26 g steel ball, with lifting height increasing
with temperature [131] (Fig. 6C-c). MEW-printed LCE
microgrippers also demonstrated repeated grasped and
subsequently released an inductor upon cyclic thermal
actuation (Fig. 6D-e) [8].

4.2 Electric Field

Actuation speed via hot liquid/air is often slow due to the
low thermal conductivity of smart polymers. Joule heating,
or resistive heating, another way of contact heating, converts
electrical energy into localized heat via conductive fillers
or coatings, mainly metal particles and carbon materials
(e.g., graphene, CNTs, carbon fibers, carbon black) [102,
144]. This enables precise, real-time, and rapid activation,
extensively explored for robotics and actuators. Despite its

© The authors

advantages in control and efficiency, design must consider
filler geometry, resistivity, and safety to avoid overheating.
For example, patterned Au electrodes on SMPs have been
used to achieve efficient Joule heating-driven actuation at
a relatively low voltage of 13.4 V, significantly improving
temperature distribution and shape recovery speed [176].
Importantly, the resistance evolution of Au layer enabled
real-time monitoring of the shape recovery process of SMPs.
In addition, graphene-integrated 3D hydrogel scaffolds have
been developed as electroactive platforms, enabling pulsa-
tile, ON/OFF drug release under low electrical voltages.
Owing to the heat-dissipating properties of graphene, these
hydrogels reduced resistive heating-induced tissue dam-
age upon a voltage of 10 V, as confirmed in mouse skin
implantation studies [177]. Importantly, and most critically,
applying electrical stimulation near excitable tissues poses
significant risks, as excessive fields may induce cardiac
arrhythmias (> 3.0 V m™') or disrupt ion channel dynamics
in the central nervous system, leading to neuroinflamma-
tion or apoptosis [178]. High frequency (> 1 kHz) leads to
nerve blocking or spike rate adaptation [179]. Therefore, the
development of electroresponsive materials with safe stimu-
lation thresholds and robust biocompatibility is essential for
deploying conductive SMPs in excitable regions.

4.3 Light

Light is an attractive stimulus in 4D printing due to its non-
contact interaction, strong directionality, and ease of con-
trol [180]. It enables wireless, programmable, and localized
actuation with rapid switching and remote manipulability,
making it particularly advantageous for robotics and soft
actuators requiring instant responsiveness [181]. The mod-
ulation of irradiation parameters (e.g., intensity, duration)
allows fine control over the extent of shape transformation.

Light-responsive materials are generally categorized into
photochemical and photothermal systems. Photochemical-
responsive materials, such as ultraviolet (UV, <400 nm)-
responsive materials, convert light energy into mechanical
motion through molecular photoreactions that alter prop-
erties like dipole moment, conformation, and cross-linking
density, thereby triggering macroscopic shape changes. For
example, azobenzene-functionalized LCEs produced by
digital extrusion 4D printing demonstrated reversible UV/
blue-light-driven deformation with actuation forces up to 24

https://doi.org/10.1007/s40820-025-01986-9
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Fig. 6 A Shape memory behavior of TPU PBA-75 lamellar "wall" structure, (a) water droplet-induced deformation at 70 °C, (b) fixed shape
at 4 °C after droplet removal, and (c) shape recovery by reheating to 70 °C. Reproduced with permission [120], Copyright 2022, ACS; B Tem-
perature-dependent hydrogel swelling visualized at (a) 2 °C and (b) 85 °C, (c) Relative scaffold area change with temperature. Reproduced with
permission [141], Copyright 2020, RSC; C (a) Thermoactuation of hexagonal lattice LCE scaffold (fiber diameter: 25 um, spacing: 950 um)
underwater, (b) LCE spiderweb-like scaffold. The scaffold supports a steel ball (16.26 g) at room temperature and raises it upon heating, (c)
oblique view and (d) lateral view. (e) Ball height plotted against temperature. Reproduced with permission [131], Copyright 2023, Wiley; D
SEM images of LCE microgrippers with (a) length 3 mm X width 2 mm and (b) 1.5 mmXx 1 mm. (c) Photographs of thermal-responsive micro-
gripper in open and closed states, (d) Cyclic actuation behavior over time, (e) Grasping and releasing of a 2 mm inductor by the microgripper.

Reproduced with permission [8], Copyright 2024, AAAS

kPa, tunable by light intensity and wavelength [182]. Pho-
tochemical-responsive hydrogels leverage molecular-level
structural changes to regulate swelling, mechanical behavior,
and shape deformation, offering significant potential for con-
trolled drug delivery and tissue engineering [11].
Photothermal-responsive systems, in contrast, rely on
fillers such as AuNPs [183] or CNTs that absorb light,
typically infrared (IR)/near-infrared (NIR) (700-2500
nm), and convert it into heat to actuate the polymer matrix
[184]. For example, MEW-printed TPU PBA-75 lamel-
lae coated with a~0.9 pm thick photothermal black ink
layer displayed light-induced shape memory behavior,
functioning as smart valves for liquid regulation [121]
(Fig. 7). Copper ion-loaded polydopamine (Cu(Il)@

© The authors

PDA) NPs were incorporated into TPU to obtained 4D
composites with excellent NIR light responsiveness and
antibacterial properties, which are crucial for tissue engi-
neering applications [185]. The localized actuation can be
tailored by adjusting filler concentration and dispersion
[186], although excessive scattering may reduce penetra-
tion efficiency. Spatially controlled IR beams also enable
localized deformation [187].

Despite these advances, several limitations persist. UV
activation is hindered by shallow penetration, photodegrada-
tion, and safety concerns in biomedical applications. Visible
light (400-700 nm) offers a safer alternative with greater
penetration and reduced degradation, yet stimulation depth is
still limited to < 1 mm due to tissue absorption and scattering

https://doi.org/10.1007/s40820-025-01986-9
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[188]. Because penetration strongly depends on wavelength,
NIR-responsive systems are preferred for deep tissue appli-
cations, but the material options remain limited. In addi-
tion, excessive photothermal effects risk tissue overheating
and reactive oxygen species (ROS) overproduction [189,
190]. Future research should therefore prioritize innovative
light delivery strategies to mitigate attenuation of shorter
wavelengths, and expand the range of responsive materi-
als for NIR stimulation, enabling deeper and safer activa-
tion. Ultimately, achieving reliable actuation of 4D-printed
bioimplants requires uniform and precise irradiation, which
depends on careful optimization of wavelength, intensity,
exposure time, and material absorption.

4.4 Magnetic Field

Magnetic field stimulation offers precise spatiotemporal con-
trol, remote operation, and versatility, attracting increasing
attention for adaptive bioimplants and soft robotics. Mag-
netic responses are typically realized by embedding mag-
netic nanoparticles (MNPs) such as Fe;O, or NdFeB into

polymers (e.g., PCL, PLA, TPU, LCEs, and hydrogels).
Magnetic actuation is generally categorized into magneti-
zation-driven and magnetothermal-driven mechanisms.

In magnetization-driven systems, MNPs couple with
the polymer matrix, imparting anisotropic elasticity,
swelling properties, and rapid responsiveness to static or
alternating fields. Shape change arises from bulk mag-
netization as dispersed MNPs align with an external field.
For example, NdFeB particles embedded in printed fila-
ments reorient to generate permanent magnetic moments.
Increasing field strength drives MNPs alignment toward
saturation, while field removal induces dipole randomi-
zation, resulting in reversible shape transformations.
MEW-printed PCL/Fe;0, tubular scaffolds with 0, 1, and
5 wt% Fe;0, displayed increasing magnetically induced
movement (Fig.8 A-b). The gradient tubular scaffold
(fiber spacing from 850 to 250 pm in 50 pm increments)
with 5 wt% Fe;0, showed constant rotation toward the
magnet from the side with smaller fiber spacing [156]
(Fig. 8A—c). By precisely tuning fiber geometry and
nanoparticle spatial distribution, localized responsiveness
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Fig. 7 A (a) Scheme of fabrication of photosensitive TPU PBA lamellae via MEW, with light-absorbing coatings enabling photothermal actua-
tion. The insert SEM images show coated surfaces (pink color: black coating, blue color: polymeric fiber). (b) Photothermal shape memory
behavior measured in dynamic mechanical analyzer. B Application of independently light-controlled smart valves, (a, b) closed valves retain
colored liquids, (c, d) advancing water volume opens valves, (e, f) fluids mixed and circulated to other grooves, (g, h) flap recovery induced by
photothermal effect. Reproduced with permission [121], Copyright 2023, Wiley Online Library
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wt% of Fe;0,, (b) their different magnetic response, (c) constant rotation

of 5 wt% tube aligning toward the magnet. Reproduced with permission [156], Copyright 2023, Wiley; B (a) SEM images of PCL/fGNP@ com-
posite scaffolds, (b) Setup for magnetic actuation assessment, (c) Snapshots of constrained scaffold actuation under a magnetic field, (d) Mag-

netic flux density—deformation curves, end-to-end length contraction

(left) and out-of-plane protrusion (right) for PCL/fGNP@-10% scaffolds.

Reproduced with permission [157], Copyright 2024, Wiley Online Library

and dynamic shape changes were achieved. Similarly,
MEW-printed PCL/rGNP@ scaffolds displayed mag-
netic actuation, with deformation proportional to mag-
netic flux density [157] (Fig. 8B). Although these systems
enable complex, programmable morphologies, limited
particle mobility within the matrix restricts large-scale
deformations.

In magnetothermal-driven systems, alternating mag-
netic fields generate localized heating through hysteresis
losses in MNPs [149]. Incorporated MNPs into SMPs,
this heating elevates polymer temperature above T

trans?

thus triggering the SME [148]. Such magnetothermal

© The authors

actuation offers remote, non-contact heating with deep
penetration and rapid response, while spatially patterning
MNP distribution enables localized activation. For bio-
logical applications, magnetic parameters must be care-
fully controlled to avoid tissue damage [191]. Frequencies
in the 50-100 kHz range are generally considered safe
[10]. For example, Fe;0,/PLA composites reached 40 °C
heating within 60 s under 27.5 kHz, enabling shape recov-
ery near body temperature for potential bone repair [192].
PLA/TPU/ Fe;0, scaffolds also demonstrated excellent
fixity, recovery, and rapid actuation in complex geom-
etries [193].

https://doi.org/10.1007/s40820-025-01986-9
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Magnetic stimulation holds strong promise for deep tis-
sue applications, as magnetic fields are minimally absorbed
or scattered by human tissue and can propagate freely in
3D space [194]. Direct depolarization of excitable tissues
has been demonstrated under sufficiently strong magnetic
fields in the low Tesla range, as in transcranial brain stimu-
lation. However, the low magnetic permeability of biologi-
cal tissues necessitates large field strengths, which reduce
spatial resolution, increase the risk of off-target stimula-
tion, and limit penetration depth [195]. Compared with
visible and NIR electromagnetic waves that offer high spa-
tial and temporal precision but penetrate only 1-1.5 mm
[196], alternating magnetic fields (AMFs) provide greater
tissue penetration. Low-frequency (< 1 kHz), high-ampli-
tude (0.1-2 T) AMFs induce inductive coupling within
superficial tissues at depths of 1-10 mm [197], whereas
higher-frequency (0.1-1 MHz), lower-amplitude (1-100
mT) AMFs traverse tissue with minimal attenuation [198].
However, high-intensity AMFs carry safety concerns, with
low-frequency exposure may trigger unwanted neural or
muscle activation, while high-frequency fields can cause
tissue heating [178]. Consequently, magnetic field inten-
sities must remain below recommended safety thresholds
[199], posing a design challenge, as inefficient receiver
materials demand stronger fields to achieve effective
stimulation.

4.5 Solvents

Solvent-based stimuli (e.g., water, pH, ions) induce shape
changes in 4D scaffolds primarily through hydrogel swelling
and deswelling, which regulated by pore size, polymer—sol-
vent interactions, and concentration gradients that generate
internal stresses [200]. They offer accessibility without spe-
cialized equipment but lack precise spatiotemporal control.

For example, bilayer polyethylene glycol (PEG) hydrogels
with distinct molecular weights exhibited differential swell-
ing ratios, enabling spatiotemporal shape transformations
into anatomically relevant geometries with ~90% cell viabil-
ity over an 8-week culture period [201]. Similarly, mesen-
chymal stem cell (MSC)-laden bilayer scaffold containing
hyaluronan (high-swelling) and alginate (low-swelling) layer
exhibited programmable bending behaviors controlled by
finely adjusting the stiffness and swelling capacity of each
layer [138]. MEW-printed supramolecular hydrogel fibers
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exhibited anisotropic swelling (25% transverse, 4% longi-
tudinal), enabling fiber rotation and buckling [140], while
MEW-printed PEtOzi-based hydrogels achieved rapid,
reversible swelling without compromising their organized
microarchitecture [141]. Humidity-responsive systems rely
on differential swelling of hydrophilic and hydrophobic seg-
ments to induce asymmetric deformations, where gradients
in polymer composition or cross-linking density drive mois-
ture-induced actuation and recovery upon drying.

Ion-responsive hydrogels further exploit ion cross-linking,
where ionic concentration regulates stiffness, swelling, and
shape-morphing behaviors [202]. For instance, a bilayer
scaffold of methacrylated alginate (AA-MA) hydrogel with
a top layer of uniaxially aligned MEW PCL microfibers
exhibited spontaneous rolling in calcium-free media due
to cross-linking-induced swelling gradients [169] (Fig. 9).
The resulting tube diameter correlated inversely with elas-
tic modulus of AA-MA hydrogel. Reversible unfolding and
refolding were triggered by adding calcium salts and eth-
ylenediaminetetraacetic acid (EDTA), respectively. Swell-
ing was further modulated by medium ionic strength, with
maximum swelling in deionized water, reduced swelling
in buffer solutions due to electrostatic screening, and sup-
pressed swelling under high Ca®* concentrations owing to
increased cross-linking density.

pH-responsive systems exploit the reversible protona-
tion and deprotonation of functional groups (e.g., acrylic
acid) to regulate stiffness and swelling for shape transfor-
mation [203]. Because of their environmental sensitivity,
such hydrogels are particularly promising for drug deliv-
ery applications. However, biological pH varies across
tissues and among individuals, and can shift markedly
at pathological sites due to chronic inflammation. These
fluctuations underscore the need for next-generation pH-
responsive systems with integrated pH monitoring and
adaptive response mechanisms to achieve reliable and
precise performance in vivo.

4.6 Short Summary of Stimuli

The choice of stimulus for activating shape recovery in
4D-printed bioimplants is critical. Direct heating, though
widely used, is often impractical in vivo. SMPs require

Ttrans
heating, yet the fixed ~37 °C provides limited control over

near body temperature for recovery via physiological
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recovery kinetics and risks premature deployment. Although
recent strategies have engineered materials with activation
temperatures closer to physiological conditions [204, 205],
1ow-T 1 ans
poor mechanical strength. Remote thermal actuation, such

SMPs generally suffer from reduced modulus and

as light or magnetic induction, enables rapid and control-
lable responses but demands precise regulation of heating
rate, penetration depth, and exposure duration. Cells exhibit
some thermotolerance through heat shock protein upregula-
tion [206], but sustained exposure above 40 °C can impair
immune function [207]. While brief tolerance up to 45 °C
is possible, prolonged heating risks tissue damage, mak-
ing temperatures above 42 °C clinically unsuitable [208].
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Confined heating approaches, such as high-intensity focused
ultrasound (HIFU), can safely activate scaffolds with higher
T, (e.g., 47 °C) while maintaining surrounding tissue within
safe temperature limits [209].

5 Design Strategies for MEW 4D Scaffolds

Design strategies encompass not only material selection
but also structural configuration, governing the functional
properties and the time-dependent shape-morphing behavior
of 4D-printed scaffolds. Smart materials impart adjustable
deformation, compliance, and adaptability, which have been

https://doi.org/10.1007/s40820-025-01986-9
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extensively discussed in Sect. 3. Structural design, including
geometry, material distribution, and internal architecture, is
also crucial. Stress/strain mismatches, arising from differences
in stress distributions between different materials or regions
within printed scaffolds, represent a fundamental program-
ming strategy for predictable deformation. Single-material 4D
printing offers design simplicity and superior repeatability by
avoiding interfacial compatibility issues but is generally lim-
ited to simple deformations. Multimaterial 4D printing inte-
grates heterogeneous material properties within a single con-
struct, significantly expanding the design space for bioinspired
and multifunctional systems, but presents challenges such as
cross-contamination between materials, material compatibil-
ity, and interface reliability. This section emphasizes structural
design strategies, focusing on single-material stress/strain
encoding, microscale alignment, and multimaterial assembly
for advanced 4D scaffolds. The modeling and optimizing of
scaffolds in 4D printing design are also highlighted.

5.1 Single-Material Programming
5.1.1 Stress/Strain Encoding

Thermomechanical programming is widely employed to
generate internal stress within MEW-printed SMP scaf-
folds. This approach activates the SMEs through con-
trolled heating—cooling cycles, enabling constructs to
deform and subsequently recover their original shape
according to the programmed memory. For example,
MEW-printed TPU PBA-75 lamellar “walls” exhibited
hot water-induced deformation that was fixed upon cool-
ing, followed by complete recovery when reheated above
T\ans [120]. Notably, FDM printing can program SMPs in
a graded manner during fabrication [112]. Heat transfer
between adjacent layers induces anisotropic tensile strain,
which is locked during cooling and released upon reheat-
ing, enabling programmed deformations. The magnitude
and distribution of this strain can be tuned through pro-
cess parameters such as melt temperature, print speed, and
scaffold geometry [210-212]. Likewise, optimization of
material composition, processing conditions, and struc-
tural design allows controlled pre-strain introduction dur-
ing MEW fiber deposition.

For hydrogels, stress/strain encoding commonly
involves network density gradients, often achieved via
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gradient cross-linking. Since swelling inversely related to
cross-link density, less cross-linked regions swell more,
bending toward the side with denser regions [213]. Poros-
ity gradients further influence water uptake kinetics and
contribute to multimodal deformation.

5.1.2 LCE Mesogen Alignment

LCEs are lightweight, soft materials known for their
remarkable shape-morphing capabilities in response to
external stimuli. Achieving locally controlled mesogen
alignment in LCEs, ideally in a monodomain alignment,
is crucial for enhancing their stimuli-responsive behaviors,
which remains a key aspect in 4D printing of LCEs. For
example, shearing induction is a useful method to align
LCE mesogens during extrusion printing.

For LCE-based 4D scaffolds, locally controlled meso-
gen alignment is essential for tailoring stimulus responses.
In MEW processing, shear induction aligns mesogens
along the fiber axis [131]. Control of print speed and melt
temperature regulates mesogen alignment [134, 135], ena-
bling programmable deformation patterns. MEW-printed
LCE scaffolds with architectures such as rectangular lat-
tice, reentrant honeycomb, hexachiral right-handed open
structure, antichiral open structure, all exhibited strong
interlayer adhesion, high fiber uniformity, and tunable
thermomechanical deformation [131]. A recent study
demonstrated high-resolution LCE microfibers actuat-
ing with strains up to 30% and sub-33 ms response under
dynamic airflow (1-15 Hz), retaining performance over
10,000 cycles [8]. These fibers responded at temperatures
as low as 30 °C due to enhanced heat transfer at microscale
dimensions. MEW’s ability of precise deposition of LCE
fibers with tunable diameters enables the fabrication of 3D
LCE architectures across multiple scales, offering promise
for mechanobiology and tissue engineering as mechani-
cally active scaffolds delivering physiologically relevant
cyclic strains to cells.

5.2 Multimaterial Assembly
Multimaterial assembly, particularly via layering and spa-

tial patterning, represents a fundamental strategy for pro-
gramming strain/stress mismatches in 4D-printed scaffolds.
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By combining materials with distinct thermal expansion
or shrinkage behaviors, multilayered or heterostructured
architectures can be fabricated with precisely defined mor-
phing patterns. Adjusting the recovery rates and thickness
ratios of individual layers enables sequential or multistep
shape transformations. Alternatively, spatial distribution of
different materials within a single construct allows location-
specific deformation, offering greater design flexibility and
functional complexity [214].

5.2.1 Multimaterial Layering

In bilayer or multilayer constructs, deformation arises
from mismatched expansion or contraction between active
and passive layers under external stimuli. Active layers
(e.g., hydrogels or SMPs) undergo large strains, while
passive layers resist deformation, generating stress dif-
ferentials that drive bending, buckling, or rolling. Selec-
tive deposition of these materials in planar and thickness
directions allows tailored internal stress profiles, and once
the induced mismatch exceeds a critical threshold, out-of-
plane deformations occurs.

For instance, highly stretched electrospun TPU nanofib-
ers integrated with MEW elastomer matrices exhibited
two-way shape memory behavior, with nanofibers revers-
ibly contracting/elongating during heating—cooling cycles
while the MEW elastomer guided overall morphing. By
tuning SMP content, elastomer patterning, and bilayer
thickness, reversible shape transformations were achieved
[116] (Fig. 10A). In another study, a scroll-like tubu-
lar scaffold was fabricated by combining a 3D-printed
AA-MA hydrogel layer with a top layer of uniaxially
aligned MEW PCL microfibers [169] (Fig. 10B). These
bilayer scaffolds rolled spontaneously in calcium-free
aqueous media, driven by cross-linking-induced swell-
ing gradients, and reversed upon adding calcium ions.
C2C12 cells cultured on these self-folded tubular scaffolds
exhibited high viability and alignment. A follow-up study
HA-MA hydrogel (a component of natural ECM) with
elastic PCL-PU microfibers enhanced mechanical com-
pliance and reversibility, with folding largely independent
of fiber orientation (e.g., parallel, 45°, or 90° mesh) [170].
Another system embedded MEW SMPU meshes within
methacrylated hydrogels [119]. At 37 °C, composites were
temporarily deformed (e.g., U or L shapes) and fixed at
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4 °C (R, up t0~90%), then rapidly recovered (R, ~100%)
within two minutes upon reheating (Fig. 10C). Simi-
lar results were observed in cylindrical ring structures,
which fully recovered from temporary diametric defor-
mation upon heating. The SMPU’s segmented structure
enables thermally responsive phase transitions, while the
hydrogel matrix supports actuation and enhances recovery
dynamics. Cells seeded on the surface or encapsulated into
hydrogel all showed good cell viability. More recently,
combining AlgMC hydrogels with MEW PCL meshes
produced vascular grafts that transformed from flat sheets
into tubular geometries via anisotropic swelling and ionic
cross-linking. PCL reinforcement improved mechanical
integrity, suturability, and perfusion without compromis-
ing morphogenesis [16]. Furthermore, integration of LCEs
with SMPs offers another route to tunable actuation. LCEs
provide rapid, reversible deformation but limited robust-
ness, whereas SMPs supply stability but poor reversibil-
ity. Their combination yields composites with synergis-
tic properties, enabling large, reversible morphing with
improved stiffness [215].

5.2.2 Multimaterial Spatial Patterning

In contrast to layering in the vertical direction, multimate-
rial spatial patterning distributes active and passive mate-
rials in both in-plane and out-of-plane (Fig. 11A) [216].
Precise control over material composition, geometry and
spatial interactions enables complex shape morphing and
site-specific actuation [217, 218]. For example, heteroge-
neous lattice architectures printed with elastomeric inks
of varied cross-linking density and anisotropic fillers
allowed programmable shape morphing. When deposited
in a curved bilayer lattice, these structures provided local
modulation of expansion metrics and directional actua-
tion, with individually programmed lattice cells achieving
complex and predictable 3D transformations upon heating
(Fig. 11B) [219].

In MEW-based systems, actuation can be tuned by
adjusting filler type, concentration, fiber diameter and spa-
tial placement. Smaller-diameter fibers enhance flexibil-
ity, lowering actuation force while retaining mechanical
response. For instance, PCL composites with Fe;0, fillers
yielded magnetically responsive scaffolds, where actua-
tion behavior depended on filler content, multimaterial
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patterning, and scaffold geometry [156] (Fig. 11C). Skel-
etal muscle-inspired hexagonal scaffolds with zonal mag-
netoactive material distribution exhibited reversible out-
of-plane deformation under magnetic fields below 300 mT
[157]. Moreover, MEW of microfibrous networks onto soft
elastomers produced miniaturized actuators (10-15 mm
length, 1 mm inner diameter) capable of full-range motion
within ~ 20 ms using minimal fluid volumes [220].

5.3 Modeling and Optimizing of 4D Scaffolds

Finite element analysis (FEA) is widely employed to stimu-
late the shape-morphing behavior of 4D-printed SMPs [112,
221], supporting both forward prediction and reverse design
[100]. For instance, Wang et.al integrated a constitutive
model with FEA to accurately simulate the deformation of
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FDM-printed PLA scaffolds [221]. Classical Timoshenko
beam theory is often applied to analyze bilayer bending by
relating curvature to strain differentials, but its small-strain
assumption limits accuracy for highly responsive materials
[222]. Modified analytical models have been developed for
swelling-induced curvature in hydrogel bilayers [223].

A key design consideration for 4D bioimplants is ensuring
mechanical properties that support complete shape recovery
while minimizing mismatch with surrounding soft tissues.
Computational optimization of scaffold architecture and
mechanics via FEA offers an effective approach to enhance
tissue compatibility, thereby reducing implantation trauma
and improving therapeutic outcomes. For example, Li et al.
developed a Haversian system-inspired gradient scaffold
based on triply periodic minimal surfaces (TPMS) and
used FEA to simulate stress conduction during implanta-
tion [224]. The simulations predicted detailed strain fields
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Fig. 11 A Schematic of complex shape transformation by spatial patterning. Composite hydrogels with distinct responsive polymers induce
right-handed helix formation at pH 9 via PAA layer swelling. Reproduced with permission [216], Copyright 2016, RSC; B (a) Schematic of
bilayer lattice design, (b) Images of 2D lattices before and after thermal exposure. Reproduced with permission [219], Copyright 2019, National
Academy of Sciences; C (a) Photographs of cross-shaped samples with a 0°/90° microstructure (20 mm length, 5 mm width arms, 12 layers)
fabricated with 5% Fe;O, and multimaterial PCL+5% Fe;0,, (b) False-colored SEM images of multimaterial fiber intersections, (c) Photo-
graphs of samples deflected under a magnetic field. Reproduced with permission [156], Copyright 2023, Wiley

under static and physiological loading, demonstrating that
TPMS-based scaffolds optimized stress conduction and
reduced stress shielding by redistributing loads from the
implant-bone interface into surrounding tissue. Addition-
ally, FAE COMSOL Multiphysics simulation enable detailed
predictions of stress—strain distributions and recovery behav-
ior of 4D-printed SMP scaffolds under external stimuli
[204]. ABAQUS simulations incorporating a generalized
Maxwell model, WLF time—temperature superposition, and
Prony series parameters successfully reproduced the recov-
ery of 4D-printed PCL/Fe;0, stents at a 30° bending angle
[108]. The simulated stress distributions within the stent and
its recovery behavior closely matched experimental results,
underscoring the utility of FEM for optimizing SMP-based
scaffolds and guiding the rational design of patient-specific
biomedical implants.
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Weak interlayer adhesion is a common limitation of
4D-printed SMPs, often leading to delamination and com-
promised shape memory performance. Conventional ther-
moplastics (e.g., TPU, PCL, PLA, PC, PA) rely primarily
on van der Waals forces between layers, resulting in insuf-
ficient bonding. To address this, recent studies have intro-
duced covalent or dynamic bonding strategies to strengthen
interfacial adhesion. For example, Cheng et al. synthesized
unsaturated PLA-PCL copolymers (U-PLA-PCL), where
UV-induced cross-linking during FDM formed covalent
interlayer bonds, significantly improving adhesion and
enabling stable 3D constructs with reliable SMEs [225].
Additionally, dynamic bond (DB)-reinforced poly(urethane-
urea-amide) (PUUA-DB) elastomer-based scaffolds incor-
porated dynamic covalent networks and hierarchical hydro-
gen bonds, exhibiting strong mechanical performance and
reversible SMEs [226]. In another case, PEtOzi-based
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hydrogels underwent spontaneous DA cross-linking after
MEW, achieving rapid, reversible swelling without com-
promising their organized microarchitecture. This intrinsic
covalent fiber fusion further improved interlayer adhesion in
printed constructs [141].

6 4D Scaffolds for Biomedical Applications

4D printing holds broad application prospects in biomedical
engineering [13], with significant progress in tissue engi-
neering, implantable devices, and drug delivery [10, 11, 227,
228]. Compared with static 3D scaffolds, 4D scaffolds can
be delivered via minimally invasive procedures, conform
to complex or fragile tissues [229], and provide dynamic,
stimuli-responsive microenvironments that more closely
replicate native conditions [178, 230]. SMP-based biomedi-
cal implants offer opportunities for personalized customi-
zation, minimally invasive delivery, on-demand actuation,
and autonomous adaptation [12]. In addition, 4D printing
with stimuli-responsive materials enables programmable,
site-specific drug release in response to disease-associated
or environmental cues [231].

6.1 Tissue Engineering

Tissue engineering aims to develop biomimetic functional
substitutes for the repair or replace of damaged/diseased
tissues, yet replicating the intricacy of native structures
remains a major challenge. Conventional static scaffolds
support cell adhesion, proliferation, and differentiation but
lack dynamic stimulation, often resulting in limited cell
maturation and suboptimal tissue functionality. By contrast,
4D scaffolds can transform from planar constructs into ana-
tomically relevant curved or tubular geometries, conform
to irregular defects, and provide stimuli-responsive envi-
ronments that facilitate cellular recruitment, enhance host
integration, and promote functional tissue regeneration
[232]. For example, SMPU scaffolds (Tg~32 °C) enabled
tunable cell-material interactions. When cells were seeded
on scaffolds in their temporary shape and subsequently sub-
jected to shape recovery, significant elongation of both the
cells and their nuclei was observed. Remarkably, a single
mechanical actuation was sufficient to trigger these morpho-
logical changes in adherent cells, highlighting the potential
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of these 4D scaffolds as dynamic, instructive platforms for
guiding cell fate and tissue organization [233]. To address
the limitations of static MEW scaffolds, magnetoactive scaf-
folds incorporating carbonyl iron (CI) [155] or Fe;O, [156]
particles were developed. These 4D scaffolds demonstrated
fiber displacement at both micro- and macroscales under
magnetic fields, and confirmed excellent cell viability. More
recently, cell-laden hydrogels incorporating magnetic micro-
particles enabled reversible, on-demand folding, mimicking
tissue morphogenesis in mucosal tissues [19]. In this section,
we highlighted applications of 4D scaffolds in muscular,
vascular, osteochondral tissue engineering.

6.1.1 Muscular

Skeletal muscle consists of highly organized bundles envel-
oped by epimysium, and this hierarchical 3D architecture
determines their mechanical properties and functionality.
Traditional strategies primarily induce 2D cell alignment,
making it difficult to recapitulate the full complexity of mus-
cle tissue. 4D printing addresses this limitation by facilitat-
ing dynamic transformation from 2 to 3D constructs that
better mimic native organization.

For example, MEW-based magnetic composites (e.g.,
PCL/rGNP@ scaffolds with hexagonal pores embedded
within collagen/Matrigel) guided C2C12 myoblast align-
ment and fusion into organized myotube networks [157].
Under cyclic magnetic field stimulation (> 100 mT), scaf-
folds exhibited reversible out-of-plane bending without
compromising scaffold integrity and cell viability. Although
distinct from the in-plane contractions of native skeletal
muscle, such magnetomechanical cues support myogenic
maturation. MEW further allows spatially patterned mag-
netically active regions to replicate region-specific muscle
functions. In another study, bilayer scaffolds combining
AA-MA hydrogel layer with uniaxially aligned MEW PCL
microfibers exhibited spontaneous rolling in calcium-free
media [169]. The transformation was reversible and tunable
by factors such as the environment media, the concentra-
tion of calcium ions and the structure of the scaffold. MEW
PCL fibers (~14 pm diameter) exhibited a storage modulus
(~8.4 MPa at 37 °C) similar to that of native collagen fibrils
(~ 1.1 MPa), ensuring mechanical compatibility. These
bilayer scaffolds supported myoblast viability (> 80%),
increased metabolic activity, and the anisotropic inner
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topography-induced cell alignment. Cells were seeded on
flat bilayers, ensuring homogeneous cell distribution in the
folded 3D structure. A subsequent design combing HA-MA
hydrogel with MEW-printed PCL-PU microfibers (100 pm
spacing) yielded compliant, scroll-like bilayer structures
capable of reversible deformation [170]. The PCL-PU fib-
ers exhibited tunable elastic modulus (3—15 MPa) depending
on PU content, up to 200% elongation, and partial shape
recovery, thereby imparting shape-morphing functional-
ity to the fiber/hydrogel composites. Myoblasts cultured
on these bilayers showed excellent viability and efficiently
aligned along the microfibers, confirming their suitability for
skeletal muscle regeneration. Notably, the shape-changing
response originated from the PCL-PU fibers rather than the
hydrogel, underscoring the versatility of combining MEW
microfibers with hydrogels to fabricate tubular constructs
with spatially patterned interiors that support both dynamic
responsiveness and cell organization.

Similarly, 4D printing offers promising for cardiac tissue
engineering by enabling fabrication of curved constructs
with intricate surface topologies that conform to native anat-
omy, thereby achieving seamless integration and improv-
ing functional regeneration [234]. By combining a unique
4D self-morphing capacity with expandable microstruc-
ture, the specific design has been shown to improve both
the biomechanical properties of the patches themselves and
the dynamic integration of the patch with the beating heart
[235]. Moreover, an elastic, biodegradable SMP-based scaf-
fold whose shape memory originated from a microfabricated
lattice architecture was developed for minimally invasive
delivery of human cell-derived cardiac patches via injec-
tion [236]. Furthermore, composite films integrating MEW
ultrafine PCL fibers with GelMA hydrogels were developed
as conformable strain sensors [237]. With tunable elastic
modulus (20—420 kPa) and Poisson’s ratio (—0.25 to 0.52),
these films closely matched soft tissue mechanics and ena-
bled real-time monitoring of heartbeats and respiration in
animal models.

6.1.2 Vascular Tissue Engineering
Vascularization remains one of the major challenges in tis-
sue engineering, as the absence of functional hierarchical

vascular networks severely limits tissue viability and inte-
gration. Conventional fabrication methods often struggle to
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produce hollow tubular structures with the resolution and
tunable diameters required to mimic native vasculature. In
this context, 4D printing offers a promising alternative by
exploiting shape-morphing materials to generate self-fold-
ing constructs that resemble blood vessels and can achieve
adjustable diameters [238].

Recent studies have shown that shape-morphing hydro-
gels, such as AA-MA and HA-MA, can form ultrathin films
(1-16 pm) via direct ink writing (DIW) that spontaneously
roll into hollow tubes (20-150 pm inner diameters) through
partial drying and anisotropic swelling [239]. However,
these structures remain limited to single-layer geometries
and lack the multilayered complexity and functional dif-
ferentiation of native vessels. MEW microfibrous scaffolds
offer a viable approach for multilayer, small-diameter vascu-
lar grafts with suitable mechanical properties and hemody-
namic performance [240]. For example, hierarchical living
constructs mimicking the three-layer structure of arteries
and veins were fabricated by integrating volumetric bio-
printing with MEW meshes, exhibiting flexural, burst, and
tensile strength approaching native vascular tissues [241].
More recently, a hybrid biofabrication strategy combining
4D-printed AlgMC hydrogels with MEW PCL meshes to
fabricate small-diameter vascular grafts with programmable
shape morphing and reinforced mechanical integrity [16].
The constructs self-transform from flat patterns into tubular
geometries via anisotropic swelling and ionic cross-linking,
while PCL reinforcement supports suturing and perfusion
without hindering shape morphing. Post-fabrication func-
tionalization with human blood-derived proteins enhances
cell adhesion and proliferation, and co-cultures of fibro-
blasts, endothelial cells, and vascular smooth muscle cells
form organized bilayers with reciprocal phenotype stabili-
zation. Although this approach highlights the potential of
4D-printed hydrogel—fiber composites to achieve biologi-
cally active, structurally adaptive grafts for regenerative
medicine, it remains limited in addressing key requirements
such as mechanical compliance and sustained phenotypic
maintenance.

Despite these advances, most current 4D-printed vas-
culature is limited to microtubes of predetermined sizes,
falling short of replicating the anatomical complexity of
native vessels. Key challenges persist, including the reliable
fusion of tube walls or edges post-morphing to prevent leak-
age, as well as the long-term functional maturation of the
printed vasculature. Moreover, reliable fusion of tube walls
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after morphogenesis and functional maturation including
endothelialization, perfusability, and physiological respon-
siveness, requires further investigation.

6.1.3 Osteochondral

Bone tissue repair requires not only mechanical support but
also biocompatibility and seamless integration with sur-
rounding tissues, posing significant technical challenges.
Personalized orthopedic treatments further complicate this
process due to patient-specific structural and physiological
differences. SMP-based 4D scaffolds offer unique advan-
tages for bone defect repair, as they can be implanted in
a temporary, minimally invasive form, and recover their
intended shape in situ to conform to irregular defects [229,
242].

Bilayer constructs that integrate deformable hydrogels
with SMP layers enable independent macro- and microscale
shape transformations, offering great potential for minimally
invasive implantation. A 4D-printed bilayer membrane that
comprising an SMP layer with responsive surface micro-
structures and a hydrogel layer, can be delivered in a flat
state, followed by transformed into a 3D structure conform-
ing to irregular bone defects via hydrogel swelling [243].
Meanwhile, the SMP layer enabled NIR-triggered surface
switching between smooth and micropillared topographies,
actively regulating cell behavior. This dual responsiveness
significantly enhanced osteogenesis, with in vivo studies
demonstrating superior bone formation compared to static
membranes. In addition, MEW-fabricated SMPU meshes
embedded within hydrogels provide reliable shape memory
with cytocompatibility during shape fixation and recovery
cycles [119]. Magnetic functionalization, e.g., MEW PCL
scaffolds post-treated with Si-SPIONs, endowed scaffolds
with superparamagnetic, antioxidant, and antibacterial
properties while enhancing MC3T3-E1 pre-osteoblastic
cell adhesion efficiency and proliferation [153]. Moreover,
magnetoelectric hydrogel scaffolds have been proposed to
provide remote electrical stimulation for osteogenesis [244].

Similarly, fully replicating the structure and function
of native cartilage remains difficult. While 3D printing
is widely studied in cartilage repair, 4D printing remains
underexplored. By enabling biomimetic scaffolds that adapt
dynamically to physiological environments and patient-
specific defects, 4D printing holds promise for improved
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cartilage integration and functional recovery. For example,
hydrogels with differential swelling, such as GeIMA and
OMA, have been used to fabricate programmable C-shaped,
spiral, and flowerlike structures mimicking cartilage geom-
etry [245]. In a recent study, TPU-based 4D scaffolds dem-
onstrated multidimensional morphing for minimally invasive
delivery [14]. Laminated scaffolds of high-swelling (active)
and low-swelling (passive) DTPUs could be fixed into tem-
porary 1D roll-up shapes for catheterization, recover to 2D
patterns at body temperature, and subsequently morph into
3D structures to fill defects and provide mechanical support.

6.2 Biomedical Implants

Stents are vital biomedical implants used to alleviate block-
ages in arteries, veins, and other luminal structures. Con-
ventional 3D-printed stents provide anatomical conformity
but remain static, limiting their adaptability to dynamic
physiological environments. In contrast, 4D-printed stents
fabricated from stimuli-responsive, biodegradable materi-
als can undergo programmed shape transformations in vivo,
enabling minimally invasive delivery in a compact form,
expansion upon activation, and eventual degradation without
the need for retrieval [10, 11]. Such dynamic behavior not
only reduces implantation invasiveness but also enhances
patient-specific conformity. Recent advances include self-
expanding and remotely controllable stents triggered by
thermal, magnetic, or photothermal stimuli, demonstrated in
vascular [246], tracheal [108], orbital [247], intestinal [248]
stents, and cardiac occluders [249] applications.
Biodegradable SMPs such as PLA, PCL, and PU domi-
nate the field due to catheter deliverability and thermal
expandability. For instance, FDM-fabricated PLA vascular
stents with auxetic geometries achieved high shape recovery
efficiency (>91%) within 5 s [246]. In addition to geometri-
cal innovation, remote stimulation presents another avenue
for minimizing invasiveness in stent deployment. PLA/
Fe;0, composite tracheal stent showed magnetically induced
recovery within 40 s and a recovery rate exceeding 99%
[108]. A PU-based SMP composite stent with AuNPs/nano-
hydroxyapatite (nHA) exhibited excellent mechanical prop-
erties, radiopacity, and bioactivity. In vivo implantation in
a rabbit orbital model confirmed successful shape recovery
under 44 °C saline stimulation, along with effective anatomi-
cal restoration and tissue integration [247]. FDM-fabricated
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PEG/PLA-based intestinal stents enabled shape recovery
near physiological temperature (~42 °C) [248]. One of the
persistent challenges in designing temperature-responsive
stents is the elevated 7, of many SMPs, which complicates
activation within the human body. A vascular stent based on
poly(glycerol dodecanoate) acrylate (PGDA) was engineered
to exhibit a low 7, and rapid recovery (< 0.4 s) at physiologi-
cal temperatures (20-37 °C), demonstrating effective per-
formance in both in vitro and in vivo settings [250]. Blend-
ing strategies further enhance tunability. PLA/PCL blends
exploit PLA as the fixed phase and PCL as the reversible
phase, allowing modulation of transition temperature by var-
ying composition. A PLA70/PCL30 stent, with ~90% recov-
ery, enabled controlled deformation for tracheal implantation
[251]. However, stents operating at or below body tempera-
ture risk premature recovery, complicating deployment.
To overcome this, innovative approaches beyond thermal
triggering are being explored. For example, shape memory
hydrogels governed by phase separation rather than heat
transport demonstrated recovery kinetics controlled by
internal mass diffusion, offering a new paradigm for stent
design [252]. Peng et al. employed FDM-based 4D print-
ing with a biocompatible PLA/PLGA composite to fabricate
shape memory BARs with self-deployability. Incorporating
6% acetyl tributyl citrate (ATBC) reduced the 7, to 43 °C,
enabling adaptive deployment at 50 °C, which was success-
fully validated in a pig intestinal anastomosis model [162].

Stimuli-responsive materials, including SMPs, hydrogels,
and shape memory alloys (SMAs), have shown significant
clinical feasibility in diverse biomedical applications. For
example, SMP-based embolization devices IMPEDE-FX
plug) [253], composed of bioabsorbable polyurethane that
successfully delivered via catheter and subsequently expand
into porous, conformable foam upon blood contact, have
been successfully integrated into endovascular aneurysm
repair, promoting rapid sac thrombosis and regression
while preventing type II endoleaks without increasing pro-
cedural complexity. Temperature-responsive hydrogels such
as PF72, composed of poloxamer 407 and hyaluronic acid,
undergo sol-gel transition at body temperature to enable
sustained ropivacaine release over 72 h [254], providing
prolonged analgesia in orthognathic surgery as a safe and
locally active alternative to systemic opioids. Additionally,
nitinol-based SMA stents (e.g., Memokath™ (051) [255]
employ thermal shape memory to enable minimally invasive,
durable management of ureteral strictures with immediate
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patency and minimal complications. These findings high-
light the translational potential of stimuli-responsive mate-
rials-based implants as clinically viable, adaptable, and
patient-friendly solutions across interventional, surgical,
and implantable therapies.

While FDM has enabled microscale stent fabrication,
MEW offers superior resolution and design flexibility for
biomedical implants. Conventional bioresorbable stents
often require thick struts (~ 150 pm) to ensure mechanical
strength, which may elevate thrombogenic risk and disturb
hemodynamics. By contrast, MEW-fabricated PCL stents
reinforced with 0.1% rGO achieved much thinner struts
(60—80 pm) while maintaining high mechanical robustness
(Young’s modulus 520 MPa; ultimate tensile strength 21
MPa). The incorporation of rGO further enhanced protein
adsorption and endothelialization without increasing throm-
bogenicity [256]. Although it is still early in development,
MEW-based 4D printing holds great potential for engineer-
ing biodegradable implants with finely tuned structural
architectures, mechanical properties, and programmed shape
transformations.

6.3 Drug Delivery System

Achieving precise drug delivery to lesion sites while main-
taining effective local concentrations remains a major chal-
lenge for drug delivery systems (DDSs). Stimuli-responsive
DDSs offer promising solutions to overcome the limitations
of conventional approaches, including low bioavailability,
systemic side effects, and poor patient compliance [257,
258]. Unlike conventional diffusion-based systems that
rely on slow diffusion or hydrolytic/enzymatic degradation,
these systems enable site-specific deployment and control-
lable release profiles (e.g., pulsatile or on-demand release)
in response to external stimuli (e.g., heat, electromagnetic
fields, or PH) [164, 231, 259, 260]. The integration of 4D
printing further enhances these advantages by enabling min-
imally invasive implantation, and immobilization of DDSs
at target sites through shape memory effects, thereby ensur-
ing sustained localized release without continuous external
intervention [261]. Prolonged local release not only reduces
dosing frequency and side effects but also improves thera-
peutic efficacy and patient compliance. Nanosized DDSs
hold potential to increase bioavailability through targeted
delivery; however, complex physiological environments
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often result in non-specific retention or premature release.
In this regard, in situ release via 4D printing represents a
promising strategy, combining drug delivery with shape
morphing to generate tissue-retentive DDSs that achieve
sustained release and minimally invasive administration.

By integrating shape morphing with stimuli responsive-
ness, 4D-printed DDSs open new avenues for dynamic,
personalized, and precise therapies in regenerative medi-
cine and controlled release [262]. However, its application
remains at an early stage, particularly MEW 4D printing-
based drug delivery has not yet been explored. This sec-
tion highlights recent progress in MEW 3D scaffold-based
DDSs, with Table 3 summarizing material composition,
structure design, drug type, loading method, and therapeu-
tic outcomes.

MEW scaffolds have emerged as versatile platforms for
drug delivery, incorporating therapeutic agents via immer-
sion coating or polymer blending. Their fibrous architec-
tures are particularly suited for loading bioactive carriers
such as hydrogel microcapsules or MOFs [154]. MEW of
water-soluble polymers has further expanded design possi-
bilities [263]. Antibiotics have been widely incorporated into
MEW scaffolds. For instance, PCL/PEG crosshatch scaffolds
loaded with azithromycin inhibited S. aureus, with smaller
pores exhibiting faster release [264], while vancomycin-
loaded wavy PCL fibers achieved 18% loading efficiency
and provided burst release followed by sustained delivery
over 14 days [265]. Gentamicin sulfate and tetracycline
hydrochloride in PCL meshes also inhibited P. aeruginosa
biofilms [266]. Pre-blending drugs into base polymers offers
another route, though high drug content may compromise
viscosity, stability, and printability. Examples include PCL
blended with milk proteins, yielding low degradation, sus-
tained release, and enhanced dermal regeneration [267];
PCL/PEG @roxithromycin (ROX) composites with burst-
sustained release against S. aureus [268]. A hybrid scaffold
combing MEW PCL@ROX microfibers with hydroxyapatite
(HAP)@PCL electrospun nanofibers allowed tunable release
rates, with ROX release rate inversely proportional to the
HAP content [269]. Drug kinetics can also be modulated
by material composition and scaffold geometries (square,
triangular, rhombic pores), as seen in PEG/PCL @ciprofloxa-
cin (Cip) scaffolds, where higher PEG increased hydrophi-
licity and burst release with smaller fibers amplified this
effect, and pore geometry altered diffusion profiles. PEG
incorporation further shifted release from degradation- to
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diffusion-controlled, while all Cip-loaded constructs
retained antibacterial efficacy with varying degrees [270].
In addition, fosmidomycin derivative CC366 in PCL scaf-
folds displayed a rapid initial release for infection preven-
tion [271]. Solvent-free incorporation of indomethacin into
poly(2-oxazoline)-based triblock copolymer yielded MEW
scaffolds with drug release dependent on polymer/drug
ratios [263]. PCL@Paclitaxel electrospun nanofibers inte-
grated onto MEW PCL scaffolds showed a nonlinear release
rates due to opposing effects of solvent vapor annealing on
crystallinity and surface area [272].

To preserve labile biomolecules, hydrogel microcap-
sules are often employed for encapsulation carriers. The
customizable pore architecture of MEW constructs allows
for geometric confinement and spatial localization of drug-
laden hydrogels, enabling sequential or staged delivery of
multiple agents. For instance, MEW meshes loaded with
gelatin microcapsules containing different growth factors
and bioactive glass (BG) particles showed staged release.
BG accelerated release of basic fibroblast growth factor
(bFGF), while vascular endothelial growth factor (VEGF)
was released more gradually, promoting both early fibro-
blast migration and later-stage vascularization [273]. Simi-
larly, extracellular vesicles (EVs) [274] or exosomes [275]
embedded in GeIMA hydrogels reinforced with MEW PCL
meshes enabled sustained release, enhancing wound heal-
ing and neovascularization. Moreover, f-cell-laden algi-
nate microcapsules within MEW PCL scaffolds promoted
vascularization and restored normoglycemia in diabetic
mice for two months without immunosuppression [276].
These developments underscore MEW’s potential for local-
ized, sustained drug delivery, while future research should
focus on integrating stimuli-responsive carriers with MEW
4D-printed scaffolds to achieve spatiotemporal release trig-
gered by physiological cues.

7 Summary and Perspectives

MEW presents a promising platform for fabricating fibrous
scaffolds with micro- to nanoscale resolutions, closely
resembling the structural dimensions of native ECM fibers
and living cells. When combined with stimuli-responsive
polymers and/or functional fillers, MEW-based 4D print-
ing enables fabricate dynamic scaffolds with programma-
ble shape transformations, opening new opportunities for
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biomedical applications. This review systematically analyzes
the structural complexities achievable with MEW, from 1D
to 3D constructs, and highlights advanced strategies to
enhance scaffold quality. Stimuli-responsive materials com-
patible with MEW, including SMPs, LCEs, hydrogels, and
functional fillers, are discussed, alongside the stimuli that
actuate shape changes. Design strategies including single-
material stress encoding, multimaterial layering and spatial
patterning are also discussed in detail.

Although 4D printing shows great promise for dynamic
tissue engineering, personalized adaptive implants, and con-
trolled drug delivery, most studies remain at the proof-of-
concept stage. Major challenges, including a limited mate-
rials library, low printing precision, simplistic morphing
behaviors, non-biocompatible stimuli, lack of predictive
simulation tools, and barriers to clinical translation, still
constrain progress. In particular, MEW-based 4D printing
is still early in development, with critical issues yet to be
resolved before its full potential can be realized. This section
examines current challenges and potential solutions across
three key dimensions: material innovation, fabrication opti-
mization, and actuation control.

7.1 Material Innovation

Bioimplants must simultaneously meet stringent require-
ments of biocompatibility, biodegradability, and mechani-
cal robustness to ensure long-term safety and functionality
in vivo. A key bottleneck lies in material availability, as
candidates must balance processability, application-specific
responsiveness, and mechanical requirements, while exhibit-
ing programmable degradation kinetics that align with tissue
regeneration and avoid toxic byproducts. Beyond passive
structural support, next-generation scaffolds should actively
direct tissue regeneration, with their chemical, physical, and
mechanical properties guiding cellular responses at multiple
scales.

As discussed in Sect. 3, processing stimuli-responsive
polymers via MEW is constrained by strict requirements for
melt viscosity, thermal stability, and low conductivity. SMPs
and their composites remain the most extensively studied for
bioimplants, with molecular tailoring enabling control over
their degradation, hydrophobicity, and mechanical proper-
ties. However, many SMPs still suffer from high T, lim-

trans?

ited biocompatibility, and insufficient mechanical strength.
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Progress with biodegradable SMPs, particularly polyester-
based copolymers, is promising, though only a few, such as
citrate- and glycerol-derived systems, have reached preclini-
cal evaluation. Most SMPs show one-way SME, requiring
reprogramming, while two-way or multiple SMEs, achieved

via tailored T, or copolymer architectures, expand oppor-

trans
tunities for multifunctional implants with sequential or con-
tinuous transformations. For LCE-based implants, the key
challenge is achieving mechanical rigidity in defined states
without compromising SME performance. Realizing two-
way SME near physiological temperatures remains difficult,
though molecular engineering approaches have improved
structural adaptability and enabled reversible actuation.
Hydrogels offer excellent adaptability and responsiveness
but lack mechanical robustness for load-bearing implants.
Strategies such as double-network design, supramolecular
cross-linking, and nanoparticle reinforcement have enhanced
their strength and multifunctionality. Continued exploration
of biodegradable SMMs [277, 278], functional fillers [168,
279], photocurable systems [9, 280], and processing addi-
tives (e.g., theology modifiers, stabilizers, plasticizers [281])
is essential to expand MEW’s material library and enhance
scaffold performance. Current research emphasizes molecu-
lar engineering to tune mechanical and shape memory prop-
erties, while ensuring compatibility of these new biomateri-
als with MEW processing is prerequisite.

Moreover, the in vivo behavior of 4D-printed bioim-
plants within specific tissue environments remains poorly
understood. Long-term studies are needed to assess how
mechanical and functional performance evolve during deg-
radation to ensure both safety and therapeutic efficacy. Cel-
lular responses to dynamic scaffolds and mechanobiologi-
cal cues are also underexplored, with most work limited to
proof-of-concept rather than in vitro or in vivo validation.
Future efforts must clarify how shape morphing influences
cell behavior, signaling pathways, and long-term biocom-
patibility. For clinical translation, systematic evaluation of
material—tissue interactions is required to prevent immune
rejection, alongside addressing practical challenges such as
scalability, sterilization, and shelf life.

7.2 Fabrication Optimization

In MEW, low flow rates (0.5-20 pL h™!) and syringe-based
reservoirs often expose polymers to prolonged heating,
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causing thermal degradation and limiting material options.
Emerging filament-driven MEW systems reduce heating
times, improving thermal stability and enabling processing
of high-melting-point polymers [125]. For example, modi-
fied FFF-MEW printers [6] and open-source MEWron [7]
expand material compatibility and multiscale fiber fabrica-
tion. Such fine-tuned regulation supports multiscale fiber
architectures within a single scaffold, advancing the fabrica-
tion of biomimetic implants. Nonetheless, challenges remain
in achieving high printing speeds and large-scale scaffolds
under low-flow constraints, though dual-nozzle systems
show promise for higher throughput [38].

Future optimization requires standardized software
for real-time process control and predictive design tools.
Machine learning and multiphysics modeling are increas-
ingly applied to regulate parameters and expand 4D print-
ing design space. Multimaterial printing enables complex,
site-specific responses but faces hurdles in compatibility,
adhesion, and workflow integration. Even in single-mate-
rial systems, parameter tuning can yield gradient struc-
tures as simpler alternatives. Hybrid printing, combining
MEW with other advanced techniques, such as inkjet bio-
printing and volumetric printing, offers greater versatil-
ity but introduces integration and scalability challenges.
Replicating precise micro-/nanostructures of native tissues
remains challenging, underscoring the need for improved
polymer printability and resolution.

7.3 Actuation Control

For 4D-printed bioimplants (e.g., tissue engineering scaf-
folds, biomedical stents), actuation must match physiologi-
cal ranges, be rapid, reversible, and repeatable. Achiev-
ing such responses in vivo is challenging. Hydrogels
lose mechanical strength upon swelling, most SMPs lack
intrinsic reversible actuation characteristics, and LCEs
require high temperature to trigger reversible actuation.
Functional fillers (e.g., magnetic nanoparticles) offer tun-
able responses, but precise spatiotemporal control, safe
activation, and long-term stability remain elusive. As dis-
cussed in Sect. 4.6, no single stimulus is universally ideal,
thus stimulus selection must be tailored to anatomical
location, therapeutic objectives, and implant performance
requirements.

https://doi.org/10.1007/s40820-025-01986-9
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In summary, despite promising multifunctional applica-
tions, most 4D-printed systems remain far from commer-
cialization. Key barriers include limited SME performance,
high costs, low efficiency, and complex regulatory pathways.
Clinical translation also demands sterilization methods com-

patible with low T, of SMPs, standardized preclinical pro-

trans
tocols, and robust regulatory frameworks. Future progress
depends on actuation methods suitable for biomedical use,
as well as the development of multistimuli-responsive mate-
rials for context-specific actuation. Embedding sensors and
closed-loop control could further enable real-time adaptive
deformation. Meeting stringent demands for biocompatibil-
ity, biodegradability, mechanical robustness, multimodal
responsiveness, and printing precision will be crucial. With
advances in material innovation, fabrication optimization,
actuation control, and interdisciplinary collaboration, 4D
printing, particularly MEW-based approaches, holds trans-
formative potential for personalized medicine, regenerative
therapies, and minimally invasive surgery.
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