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In the field of 4-dimensional (4D) printing, magnetically responsive smart materials have attracted 
much attention due to their advantages such as large deformation rate, fast dynamic response, and 
remote controllability. Focusing on this field, this review systematically reviews the research progress of 
magnetically responsive 4D printing technology from 3 dimensions: printing process, material design, 
and interdisciplinary applications. Firstly, it elaborates on the core principles and key technologies of 
4D printing and conducts an in-depth analysis of the design principles, response mechanisms, and 
performance optimization strategies of magnetic shape memory materials, providing a clear framework 
for understanding the fundamental principles of this technology. On this basis, it explores the innovative 
applications of magnetically responsive 4D printing in the fields of biomedical tissue engineering, intelligent 
robotics, and functional devices, highlighting its substantial advantages in non-contact manipulation, 
high-precision response, and biocompatibility, and demonstrating the practical application value of the 
technology. Finally, it proposes a collaborative design framework of “material–process–application” in 
order to promote the application of magnetically responsive materials in interdisciplinary fields.

Introduction

   The concept of “4-dimensional (4D) printing” was first offi-
cially proposed by Professor Skylar Tibbits and his team at the 
Massachusetts Institute of Technology in 2013. Initially, it referred 
to a new technology that allows the shape of 3-dimensional 
(3D)-printed objects to change over time [  1 –  3 ]. With the devel-
opment of technology, 4D printing has evolved into a technol-
ogy that demonstrates the capabilities of additive manufacturing 
structures. Under external stimuli such as magnetic fields, gases, 
light, and heat, its shape, properties, or functions can undergo 
controllable changes over time [  4 –  7 ]. The aforementioned 
stimulus–response mechanisms have completed conceptual 
verification studies in interdisciplinary fields such as aerospace 
engineering and biomedical engineering, and have shown prac-
tical application potential.

   The self-healing ability, adaptivity, and self-assembly proper-
ties of 4D-printed smart materials represent their core technical 
advantages. The self-healing property endows materials with 
the ability to autonomously restore their structural and func-
tional integrity after being damaged, substantially improving 
the service life and reliability of devices [  8 ]. Adaptivity is mani-
fested in the ability of materials to make real-time adjustments 
to their physical or chemical properties according to dynamic 
variations in external environmental parameters (such as tem-
perature, humidity, and stress fields). The self-assembly property 

provides an effective approach for the efficient fabrication of 
complex 3D architectures, which is usually achieved through 
pre-programmed material responses or guidance by external 
stimuli [  9 ]. This set of synergistic effects makes 4D printing 
technology a practical method for constructing controllable 
dynamic environments and intelligent responsive systems [  10 ].

   Currently, the main external stimuli that drive time-dependent 
shape morphing or functional switching of 4D-printed struc-
tures include thermal, optical, aqueous environments (e.g., water, 
solvents, pH, and ions), mechanical force, magnetic field, and 
electric field [  11 –  13 ]. Among them, thermal actuation is widely 
used in the fields of soft actuators and soft robotics due to its 
ease of implementation and precise controllability. In contrast, 
magnetic actuation, with its advantages of non-contact and 
deep-tissue penetration capability in manipulation, shows great 
potential in fields such as biomedical engineering and smart 
devices [  14 –  16 ]. Figure  1  illustrates the basic principles of 4D 
printing, clearly showing the technological evolution and broad 
application prospects achieved on the basis of traditional 3D 
printing through the dual roles of smart material design and 
stimulus–response mechanisms.        

   This review systematically elaborates on the latest research 
progress of magnetically responsive smart materials for 4D print-
ing. Magnetically responsive materials are a type of smart materi-
als with the characteristic of magnetically induced strain [  17 ]. 
Their core mechanism is to realize magnetic-to-mechanical 
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energy conversion through the force-induced effect or magneto-
strictive effect of internal magneto-sensitive particles in the 
magnetic field, thereby achieving precise and controllable defor-
mation response [  18 –  20 ]. Under the stimulation of various mag-
netic field modes (such as static magnetic field, alternating 
magnetic field, and gradient magnetic field), this type of materi-
als all exhibit stable response performance. Their salient features 
are mainly reflected in the following aspects: excellent mechani-
cal response performance enables large-angle bending or com-
plex deformation; ultrafast response speed (millisecond-scale) 
meets the requirements of dynamic manipulation; high electro-
mechanical conversion efficiency can reduce energy loss; and 

the unique non-contact remote manipulation capability makes 
them suitable for operations in confined or hazardous environ-
ment operations [  21 ].

   However, magnetically responsive smart materials still have 
many limitations: the materials lack reprogramming capability, 
and it is difficult to change their response mode after forming; the 
printed structure is limited by the precision of existing addi-
tive manufacturing equipment, and its complexity needs to be 
improved; the types of printable materials are few, mainly con-
centrated in polymer-based composites, and the printing technol-
ogy of metal-based or ceramic-based magnetically responsive 
materials is not yet mature [  22 –  24 ]. In recent years, with the 

Fig. 1. General overview of 4D printing.
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advancement of nanocomposite technology and 3D printing pro-
cesses, research on magnetically responsive smart materials has 
increasingly increased. Through approaches such as optimizing 
the dispersibility of magneto-sensitive particles and improving the 
interface bonding performance of materials, the above-mentioned 
defects are gradually being overcome [  19 ,  25 ,  26 ]. At present, such 
materials have been widely used in the biomedical field, robotics 
field, and flexible electronics field [  27 –  29 ].

   This review provides a comprehensive review of the basic 
aspects of magnetically responsive materials. The “Printing 
Technology” section compares the applicability of mainstream 
printing technologies direct ink writing (DIW) and stereolithog-
raphy (SLA)/digital light processing (DLP), analyzes the specific 
requirements of these technologies for materials, and discusses 
the key factors affecting printed components. The “Magnetically 
Responsive Materials” section examines the composition system 
of magnetically responsive materials and elaborates on their 
magneto-strictive deformation principles, performance param-
eter testing, and optimization strategies. The “Applications of 4D 
Printing Magnetically Responsive Materials” section sorts out the 
application cases and prospects of magnetically responsive mate-
rials in multiple fields, including biomedicine, robotics, and intel-
ligent structures and devices. This review presents the current 
research status from multiple dimensions, providing comprehen-
sive and in-depth references for researchers in related fields.   

Printing Technology

   3D printing technology is a digital model-based layer-by-layer 
manufacturing technology, which directly shapes 3D solid com-
ponents by accurately stacking materials layer by layer through 
computer control, also known as additive manufacturing [  30 ]. 
ISO/ASTM52900-15 defines 7 categories of additive manufactur-
ing processes: material extrusion, vat photopolymerization, pow-
der bed melting, material jetting, binder jetting, sheet lamination, 
and directed energy deposition [  31 ]. 4D printing is an additive 

manufacturing technology developed in recent years, which adds 
the dimension of “time” to 3D printing, so that the printed object 
has new functions such as “self-recovery, self-perception, self-
assembly, and self-deformation” [  32 ]. 4D printing technology 
uses 3D printer equipment, specially adapted during layer-by-
layer processing, using stimulus-responsive materials to meet 
the different ongoing needs of different fields. At present, the 
additive manufacturing process of 4D printing has been broadly 
classified as liquid coagulation, powder coagulation, and direct 
material extrusion by its related printing mechanisms [  33 ]. In 
the following section, we will introduce the production routes, 
technical characteristics, product raw materials, and related 
application research of magnetically responsive materials cur-
rently using this technology for the 4 production processes of 
light curing, fused deposition modeling (FDM), DIW, and selec-
tive laser sintering (SLS). The basic information of these 4 print-
ing technologies is summarized in Table  1 .   

Direct ink writing
   DIW is an additive manufacturing technology based on the 
principle of micro-extrusion; firstly, the virtual model of the 
printed object is designed on the computer, including its size 
and shape, and then the printer extrudes the functional ink 
through the precision nozzle by the pressure drive, and at the 
same time, it realizes the precise positioning of the 3D motion 
trajectory under the control of the computer, and finally molds 
the complex 3D structure through the layer-by-layer stacking 
method [  34 ,  35 ]. Pneumatic, mechanical, and solenoid-based 
extrusion systems are the 3 most common types of DIW 
extruders currently studied (Fig.  2 A to C) are schematic dia-
grams of the 3 extrusion systems) [  36 ,  37 ]. High print resolution 
can be achieved by employing micronozzles in DIW, which is 
particularly advantageous for radio frequency and self-powered 
microdevices [ 10 ]. When using DIW printing technology, the 
performance of the ink largely determines the performance 
and shape of the printed object. In order to realize high-speed, 

Table 1. Comparison of printing technologies

Printing 
technology

Applicable  
materials Impact parameters Advantages Limitations Applications Reference

 DIW  Polymer, metal, 
ceramic 

composites

 Ink rheology, 
temperature, print 

speed, nozzle 
diameter

 Wide range of 
materials, multimate-
rial printing, precise 
control of nanofillers

 Highly demanding 
ink rheology, curing 

speed affects 
structural stability

 Sensors, capaci-
tors, soft robot 

structures

[200–205]

 SLS  Polymers, metal 
powders

 Powder particle size, 
temperature, sweep 
speed, laser beam 

wavelength

 High mechanical 
strength without 

support structure

 High powder 
fluidity require-
ments, complex 
post-processing

 Medical scaffolds, 
flexible electronics

[206–208]

 SLA/DLP  Photosensitive 
resin, hydrogel

 Wavelength, spot size 
(SLA), projector 
resolution (DLP)

 Ultra-high precision, 
smooth surfaces, fast 

print speeds

 Brittle materials, 
difficult-to-process 

composites

 Flexible electronics, 
electromagnetic 

shielding materials

[209–213]

 FDM  Thermoplastic 
polymers

 Nozzle diameter and 
temperature, bed 

height and tempera-
ture, print speed

 Simple operation, low 
cost, easy material 

modification

 Weak interlayer 
bonding, rough 
surface, limited 

precision

 Drug-carrying 
materials, 

multifunctional 
sensing, photother-

mal applications

[214–219]
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reliable, and high-precision mass manufacturing, DIW inks 
should have good viscoelastic and shear–stress properties, and 
satisfy the conditions of precise extrusion, instant shape reten-
tion, strong structural support, fast and defect-free curing, 
perfect interlayer fusion, material homogeneity, controllable 
curing time, as well as reproducibility and stability compatible 
with mass production [  38 –  41 ]. Compared with other printing 
methods, DIW has unique advantages: it has wide material 
adaptability and less consumables and supports multimaterial 
printing, which is especially suitable for the preparation of 
nanocomposites in the laboratory environment, and it can pre-
cisely regulate the distribution and structure of nanofillers with 
different contents (including transparent and opaque systems) 
[  42 ,  43 ]. At present, using DIW technology, various types of 
materials have been successfully printed, such as metal parti-
cles, polymers, ceramics, and other materials [  44 –  49 ]. In ceramic 
printing, Cárcamo-Gutiérrez et al. [  50 ] developed 3D-printable 
ZnO nanoparticle-based ceramic pastes free of organic binders. 
They employed a solvent–co-solvent system of deionized water 

and ethylene glycol, with silica nanoparticles as inorganic bind-
ers, and optimized the formulation by adjusting the volumetric 
ratio of water to ethylene glycol and the content of silica nanopar-
ticles to achieve suitable rheological properties for DIW. Focusing 
on another ceramic system, Chen et al. [  51 ] explored polymer-
derived ceramics (PDCs) for phosphor thin-film sensors. They 
prepared a PDCs-Y2O3:Eu phosphor-ceramic precursor mixture 
by mixing a ceramic precursor solution with Y2O3:Eu powder, 
then applied it via DIW, followed by high-temperature sintering 
to achieve ceramization, offering a distinct strategy for forming 
stable ceramic structures through precursor pyrolysis. Turning 
to metal materials, Mo et al. [  52 ] utilized a camphene-based 
metallic ink for DIW of titanium scaffolds. Camphene served as 
the solvent, with polyethylene as the binder and Hypermer KD-4 
as the dispersant; the ink was extruded layer by layer, and after 
treatment including camphene removal and sintering, hierarchi-
cal porous structures were formed, illustrating how organic sol-
vents can tailor metal ink properties for DIW. In line with 
the additive optimization approach seen in the above studies, 

Fig. 2. Schematic diagram of different types of DIW extruders: (A) screw injection, (B) pneumatic, (C) electric piston [37]. Copyright 2021, Elsevier. (D) Schema of the SLS 
printer [198]. Copyright 2021, MDPI. (E) Characterization requirements for SLS printed polymer powders. (F) Stereolithography printing schematic. (G) Digital light processing 
printing schematic [199]. Copyright 2024, Elsevier. (H) Schematic cross-section of a 3D structure printed using FDM. (I) Schematic of the general equipment for FDM [30]. 
Copyright 2020, MDPI.
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Krisnadi et al. [  53 ] improved the printability of liquid metal 
foams (LMFs) by incorporating glycerol and tannic acid. These 
additives modified the rheology and stability of LMFs, preventing 
phase separation during extrusion and enabling more uniform 
DIW printing, highlighting the universal role of additive adjust-
ment in enhancing DIW performance across material types.           

Light curing
   Light curing molding technology utilizes an ultraviolet light 
source. By precisely controlling its wavelength and intensity, 
the focused light beam scans point by point over the surface of 
the photosensitive resin and induces curing. This process first 
completes single-layer molding in a point-line-plane sequence. 
Subsequently, the worktable moves precisely by one layer thick-
ness in the vertical direction, and the steps of scanning and 
curing are repeated layer by layer in sequence, ultimately accu-
mulating to construct a complete three-dimensional entity. 
Depending on the differences in control systems, light-cured 
3D printing technologies cover the following main types: SLA, 
DLP, continuous liquid interface generation, 2-photon polym-
erization, and high-area rapid printing. This article describes 
SLA and DLP, the working schematic diagram of which is 
shown in Fig.  2 F and G [ 22 ,  54 –  56 ]. SLA technology uses a 
355-nm laser beam to achieve precision molding through top-
down or bottom-up photopolymerization reactions. The core 
process is as follows: the molding platform is initially immersed 
in a photosensitive resin tank, so that the liquid surface and the 
platform spacing maintain the thickness of a single layer; the 
laser beam according to the 3D model slice data accurately 
scans the resin surface, inducing the liquid resin layer-by-layer 
curing; each layer of the cross-section molding is completed, 
the platform is lowered by one layer thickness in the vertical 
direction, and the process continues with scanning and curing 
the next layer, ultimately building up a high-precision three-
dimensional entity. The thickness of a single layer can range 
from 12 to 150 μm. In practice, a thickness of 100 μm is typi-
cally chosen. Standard SLA printers print at speeds in the range 
of 10 to 20 mm/h. Because the laser beam can move over a large 
space, SLA technology can be used to print large parts and the 
accuracy produced by this technology is related to the diameter 
of the laser beam at the curing point (spot size) [  57 ,  58 ]. Unlike 
laser progressive scanning of SLA, DLP technology cures the 
entire input slice layer at once and maintains the resin surface 
used during the printing process in constant contact with the 
platform, thus guaranteeing the precision, resolution, and qual-
ity of the print [  59 ]. These 2 technologies can realize commer-
cial and laboratory-made materials, which have the advantages 
of fast printing speed, high printing resolution, and smooth 
surface of the printed object, and can prepare workpieces with 
high dimensional accuracy requirements [  60 ,  61 ]. However, 
because SLA technology utilizes a focused laser beam for point-
by-point curing on the machining plane, its molding accuracy 
is largely dependent on the laser spot diameter, whereas the 
accuracy of DLP technology is limited by the pixel-matrix reso-
lution of its projection system; the use of SLA technology is 
usually able to produce parts with higher accuracy and better 
mechanical properties. However, due to the limitations of light-
curing optical requirements, they are only suitable for light-
curing resins, making it difficult to construct composites with 
opaque fillers [  62 ,  63 ]. Due to the brittleness, deformation, poor 
weather resistance, and low biocompatibility of light-curable 
materials, light-curable printing technologies and materials are 

currently mostly used in the field of temporary alternative 
materials, such as dental restoration, orthodontics, dental sur-
gery, models, and molds [ 57 ].   

Selective laser sintering
   Powder bed fusion, one of the 7 classifications of 3D printing 
recognized by the American Society for Testing and Materials, 
centers on the selective solidification of powder particles into 
3D solids by means of a heat source focused on a specific area 
[  64 ]. The process currently covers 4 main technology types: 
SLS, selective laser melting, electron beam melting, and multi-
jet fusion [  65 ]. The differences between these technologies are 
mainly in terms of material applicability, energy delivery meth-
ods (including light source type and energy intensity), and 
other aspects. Despite the different technological paths, all 
processes follow the principle of “thermally driven layer-by-
layer molding—a synergistic action of controlled temperature 
rise and light source energy to achieve solid construction from 
powdered materials [  66 ].

   Laser-selected sintered technology selectively scans and irra-
diates the surface of the powder material through a high-energy 
laser beam in a closed molding chamber, so that the powder 
particles are fused and bonded according to the preset trajectory, 
and 3D solids are directly prepared through layer-by-layer mold-
ing. After printing, the part is completely covered with powder 
that has not yet been sintered [  67 ]. The powder compartment 
needs to cool down for a while before the part can be removed, 
after which it needs to be further cleaned by sandblasting or using 
compressed air. Figure  2 D and E are the architecture of the SLS 
printer and the properties of the powder material, respectively 
[  68 ]. The melting mechanism of powder particles mainly includes 
4 types: solid state sintering, chemically induced bonding, liquid 
phase sintering, and complete melt consolidation. During the 
printing process, the setting of processing parameters such as 
temperature, laser beam wavelength, scanning speed, layer 
height, and particle size will have a substantial impact on the 
performance of the final molded object. In order to achieve the 
best use effect of the printed object, the parameters need to be 
optimized in a targeted manner according to the characteristics 
of the powder material and the actual application requirements, 
so that the process parameters can form a good match with the 
material characteristics and application scenarios [  69 ]. SLS is 
widely used as a printing material in aerospace, sports equip-
ment, biomedical engineering, and other fields [  70 ,  71 ].   

Fused deposition modeling
   FDM, also known as molten material extrusion, is an additive 
manufacturing technique that relies on thermoplastic filament 
extrusion [  72 –  74 ]. After melting into a semi-liquid state, the 
polymer filament is extruded through a heated nozzle. After 
being deposited on the build platform, the partially melted fila-
ments solidify, allowing the extruded filaments to layer in turn 
to form a 3D structure (Fig.  2 H and I) [ 30 , 56 ]. FDM is easy to 
use, simple to operate, and low cost, and is currently widely 
used in medical, mold design, engineering, and automotive, 
aviation, and semiconductor devices [  75 –  82 ].

   The print quality of FDM, a typical contact additive manu-
facturing process, is mainly affected by both machine parameters 
and process parameters. In terms of machine parameters, bed 
calibration and nozzle diameter are the most critical consid-
erations [  83 ,  84 ]. Among them, bed calibration is particularly 
important because the technique requires a constant nozzle-stage 
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spacing to be maintained throughout the printing process. If the 
calibration deviates, it not only will lead to uneven material depo-
sition and interlayer stress, but also may trigger warping and 
deformation of the prints and, in severe cases, even cause nozzle 
collisions. In terms of process parameters, nozzle temperature, 
bed temperature, extrusion width, and grating angle together 
determine the final printing effect. Particularly noteworthy is 
that the choice of nozzle diameter will directly affect the printing 
efficiency and quality. Although the use of large aperture nozzles 
can substantially speed up the production time of the part, it will 
reduce the surface quality at the same time. Therefore, in practice, 
the best balance between print speed and molding accuracy 
needs to be achieved according to specific needs [  85 ].

   Polymers commonly used in FDM printers are polylactic 
acid (PLA), acrylonitrile–butadiene–styrene (ABS), polyamide, 
polypropylene, polyethylene, and polycarbonate [  86 ]. In the 
FDM-based 3D printing process, PLA has become the most 
widely used raw material due to its biodegradable and environ-
mentally friendly properties. However, pure PLA polymers 
have weak mechanical properties and water-soluble defects, 
which limit their application in FDM printing to a certain 
extent [  87 –  89 ]. Therefore, the preparation of PLA composite 
materials by adding suitable additives has become an effective 
way to improve the performance of 4D-printed PLA compo-
nents with the help of FDM technology.    

Magnetically Responsive Materials
   Magnetically responsive materials are stimulated by magnetic 
fields to change their shapes, properties, or functions. For 
example, magnetic fields and magnetic nanoparticles (MNPs) 
can be used to establish remote control in miniature receivers 
made of hydrogels or silicones [  90 –  92 ]. Compared with other 
stimulus-responsive materials, magnetic smart materials have 
great advantages in the following aspects: (a) MNPs are remotely 
controlled by a magnetic field or magnetic force to deform the 
material without physical contact; (b) the response speed 
reaches the order of seconds and the magnetic field has a far 
range of action, which makes it easy to control the material; 
(c) parameters such as the magnetic field strength and direction 
can be precisely regulated by an electromagnetic coil system, 
which, in turn, enables the material to have precise control; and 
(d) the magnetic field has a strong penetrating force, and the 
magnetic field is safe and has a better prospect in the field of 
biomedicine. In the following, we will introduce the research 
of several kinds of magnetically responsive materials that have 
been studied more in recent years.  

Magnetic shape memory alloys
   Shape memory alloys are special metal materials that undergo 
plastic deformation within a certain temperature range and 
can recover their original macroscopic shape within another 
temperature range. Compared to other smart materials, shape 
memory alloys have a higher energy density, more precise con-
trol, greater durability, and reprogramming. In many emerging 
fields such as mobile robots, robotic hands, wearable devices, 
automotive/aerospace parts, and bio-medical devices, they also 
show broad application prospects (Fig.  3 A) [  93 ].        

   According to different types of external stimuli, shape mem-
ory alloys can be divided into 2 categories: temperature-respon-
sive shape memory alloys (TSMAs) and magnetically responsive 
shape memory alloys (MSMAs). When an external stress is 

applied to transform twin martensite into fixed martensite, a 
deformation cycle begins. When the temperature is higher than 
the austenite starting temperature (A s), the martensitic phase 
(twinning or solidification) begins to transform into the aus-
tenite phase, and when the austenite ending temperature (A f) 
is reached, the martensite becomes completely austenitic. By 
cooling SMA to the martensite initiation temperature (M s), the 
opposite transformation is achieved. The phase reversal is com-
pleted at the martensitic finish temperature (M f) [ 93 ].

   The actuation properties of MSMA have a similar material-
dependent mechanism to TSMA, and their properties are essen-
tially controlled by the composition and crystallinity of the 
material. It is worth noting that the operating temperature range 
of these alloys must be strictly controlled below the martensitic 
phase transition temperature point (typically <373 K) to prevent 
thermal perturbations from triggering austenite phase remodeling 
leading to failure of the actuation function [  94 ,  95 ]. Under the 
action of magnetic field-induced stress, the crystal structure of the 
martensitic phase (twin variant) of these materials is rearranged, 
resulting in large reversible magnetic field-induced strains [ 11 ,  96 ]. 
Compared to heat-activated shape memory alloys such as Ni-Ti, 
MSMA responds much faster (less than 1 ms compared to a few 
seconds) [  97 ]. Magnetic shape memory alloys are expected to be 
used in devices that require high response frequencies, large revers-
ible strains, and high energy efficiency, including micro-actuators, 
microfluidic pumps, energy conversion devices, and sensors.

   In recent years, ternary ferromagnetic Ni-Mn-Ga-Heusler 
alloys have attracted significant attention. In Ni-Mn-Ga, phase 
transition occurs from the highly symmetrical L21 austenitic 
phase to the lower symmetrical martensitic structure. During 
this phase transition, the arrangement of atoms inside the mate-
rial undergoes major reorganization. The highly symmetrical 
L21 phase has a more uniform atomic distribution, whereas the 
local order is gradually broken during cooling to the martens-
itic phase, forming an asymmetrical structural feature. This 
transformation not only affects the macroscopic mechanical 
properties of the material, such as its strength and toughness, 
but also substantially alters its thermal and electrical properties. 
Based on composition and thermal history, 3 different mar-
tensitic phases can be distinguished in Ni-Mn-Ga: a modulated 
pseudo-tetragonal lattice of 10M (c<a exhibiting 3 twin vari-
ants), a modulated orthogonal lattice of 14M (c<a exhibiting 
6 twin variants), and an unmodulated L10 tetragonal lattice of 
NM (c>a exhibiting 3 twin variants) [  98 ]. The martensitic 
phase transition is a diffusion-free primary structural transi-
tion, and the atomic arrangement of the martensitic phase is 
highly similar to that of the austenite; thus, the austenite crystal 
structure model is usually used to characterize it.

   However, monocrystalline Ni-Mn-Ga is difficult to synthe-
size and costly; polycrystalline Ni-Mn-Ga alloy materials are 
brittle and difficult to form, making them unsuitable for many 
engineering applications that currently require relatively high 
forces; and the magnetic field-induced strain (MFIS) effect of 
polycrystalline Ni-Mn-Ga bands is almost zero [  99 ,  100 ]. In order 
to solve the problem of Ni-Mn-Ga materials, 2 solutions have 
been proposed, one is to mix Ni-Mn-Ga powder with polyvi-
nylidene fluoride (PVDF) polymer to form bulk composites, and 
the other is to fabricate Ni-Mn-Ga metal foams using ceramic 
preforms with bimodal pore size distribution [  101 ,  102 ]. It has 
been found that porous Ni-Mn-Ga has good mechanical proper-
ties and large MFIS, which is suitable for engineering applications 
[  103 ]. Caputo et al. [ 104 ] studied the additive manufacturing 
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route of producing functional mesh parts using pre-alloyed 
magnetic shape memory alloy Ni-Mn-Ga powder by binder 
jet 3D printing and successfully prepared network porous 
structures with good mechanical strength (spring-like, 3D 
hierarchical lattice structure, etc.), proving the possibility of 
magnetic shape memory alloy 4D printing (Fig.  3 D). Laitinen 
et al. [ 105 ] constructed the MSMA Ni50.5Mn27.5Ga22.0 by laser 
powder bed fusion (L-PBF) using a gas-atomized powder 
doped with excess Mn, and the samples exhibited a wide 
austenite-martensitic transition (Fig.  3 B) and low saturation 
magnetization (Fig.  3 C). It was shown that stepwise chemical 
homogenization and atomically ordered heat treatment can 
substantially enhance their magnetic structural properties, and 
the analysis suggests that atomic disorder and stress quench-
ing introduced by the L-PBF process are the key factors lead-
ing to atypical properties of the initial samples. Future research 
should focus on the systematic optimization of the L-PBF 

process to prepare foamy lattice structures with enhanced crys-
talline weaving.   

Magnetic shape memory hydrogels
   Shape memory hydrogels are a class of smart polymer materials 
with unique stimulus response properties, and their structure is 
mainly composed of a permanent cross-linking network and a 
reversible molecular switch. The permanent cross-linking network 
determines the initial shape of the material, while the molecular 
switch is responsible for the fixation and release of the temporary 
shape [  106 ]. Hydrogels are hydrophilic materials. However, they 
are insoluble in water because of the cross-linking between poly-
mer chains. Thus, hydrogels can be submerged in water and absorb 
water until they reach saturation. When the hydrogel dries and is 
removed from water, the water will leave the polymer matrix and 
the hydrogel will return to its original shape. This reversible defor-
mation effect allows the use of hydrogels to create self-folding 

Fig. 3. (A) Shape memory alloys in various fields of application [93]. Copyright 2023, Wiley. Properties of a heat-treated sample (HT). (B) Magnetization intensity–temperature 
curve. (C) Heat flow versus temperature curve [105]. Copyright 2021, Elsevier. (D) Various network structures printed from Ni-Mn-Ga powders [104]. Copyright 2018, Elsevier.
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objects [  107 ]. To further expand the functionality of hydrogels, 
MNPs have been incorporated to create magnetically responsive 
composites. Viteri et al. [  108 ] synthesized Fe3O4 nanoparticles 
in situ within a chitosan-agarose dual-network hydrogel, resulting 
in a composite material with both catalytic and magnetic proper-
ties. The system achieved up to 94% degradation efficiency of 
organic pollutants under mild conditions (Fig.  4 B and C), with 
excellent magnetic recoverability and reusability. However, its 
application was primarily limited to environmental remediation, 
leaving its potential in biological systems unexplored. In order to 
address this limitation, Shen et al. [  109 ] developed gelatin/hyal-
uronic acid-based magnetic hydrogel micromotors (MMHMs) 
using microfluidic techniques (Fig.  4 A and E). These micromotors 
were actuated by an oscillating magnetic field, thereby generating 
controlled micromotion and enabling bone defect repair without 
the need for drug loading. This study demonstrated the biocom-
patibility and biodegradability of magnetic hydrogels in vivo, thus 
establishing their potential for use in regenerative medicine. As a 
result of the findings outlined above, Sillapawisut et al. [  110 ] con-
structed a porous magnetic composite adsorbent by embedding 
hyper cross-linked polymer-modified graphene oxide and Fe3O4 
nanoparticles into alginate hydrogel beads. The material was 
applied in dispersive liquid–solid phase extraction for the selective 
removal of phenylurea herbicides from food samples (Fig.  4 D). 
The composite demonstrated high adsorption capacity, rapid 
magnetic separation, and consistent performance across mul-
tiple cycles, underscoring its practical utility in food safety 
applications. Collectively, these studies highlight the broad 
versatility of magnetic hydrogels, which span applications in 
environmental remediation, biomedical engineering, and food 
analysis. This multifunctionality is made possible through tailored 
material design and the strategic integration of functional compo-
nents. In addition to these emerging uses, shape memory hydrogels 
have found promising applications in several fields, including elec-
tronic devices, sensors, and soft robots [  111 –  114 ]. Magnetic 
hydrogels are composed of composites driven by procedures and 
external magnetic fields by incorporating magnetic particles into 
precursor gels or solutions. The material demonstrates an ideal 
pore structure and excellent biocompatibility, while possessing 
precise magnetic field response properties for remote dynamic 
modulation in vitro [ 22 ,  115 ]. Common magnetic particles include 
ferrite, superparamagnetic iron nanoparticles, or neodymium 
particles [  116 –  118 ].           

Magnetic shape memory polymers and  
their composites
   Shape memory polymers (SMPs) are typically stimulus-responsive 
smart materials characterized by the ability to transform into a 
temporary shape when heated above the transition temperature 
and to fix that shape by applying an external force during cooling. 
When reheated above the transition temperature, the material 
can spontaneously return to its initial shape, thus completing a 
complete shape memory cycle [ 107 ,  119 –  121 ]. These materials 
combine high stiffness and fast response properties, and are 
capable of achieving substantial reversible deformation recovery 
in response to external stimuli [  122 ]. SMP composites are an 
emerging inelastic structural substance, composed of SMPs and 
other functional materials, with better mechanical properties that 
can be restored to their standard shape by changes in the external 
environment rather than elastic anomalies, and can be used 
in demanding applications such as medical, origami, sensors, 
and robotics, as well as aerospace structures such as solar arrays, 

deployable panels, batteries, booms, self-deploying structures, 
and reflective antennas [  123 ,  124 ].

   Magnetic SMPs and their composites are mainly composed 
of an SMP matrix and magnetic fillers, particularly Ni, Fe, and 
Fe3O4 nanoparticles, which can change their shape under the 
stimulation of magnetic fields and maintain a new shape after 
the stimulation disappears. This material has a shape memory 
function, which is able to restore its original shape under cer-
tain condition. Compared to other advanced materials with 
stimulus-responsive behavior, magnetic SMPs and their com-
posites have unparalleled properties, such as higher recyclable 
strain, low density, multiple activation methods, easy process-
ing, and customizable properties, and have received extensive 
attention in the fields of biomedicine, aerospace, and flexible 
electronics. Yousefi et al. [  125 ] developed a biodegradable 
nanocomposite with excellent mechanical properties and shape 
memory function by melt blending PLA-PBAT with Fe3O4 
nanoparticles. This material can rapidly recover its shape under 
thermal and magnetic stimulation, exhibiting multi-trigger 
shape memory capability (Fig.  5 D and E). This work provides 
a new idea for the design of smart materials. However, the addi-
tion of high concentrations of Fe3O4 to the material has been 
observed to result in nanoparticle agglomeration, which, in 
turn, leads to a degradation of the material’s properties and an 
associated reduction in print quality. To address these issues, 
Mirasadi et al. [  126 ] investigated a PETG-ABS-Fe3O4 nano-
composite material, which effectively resolved the printing dif-
ficulties caused by high nanoparticle content by employing 
direct particle-based FDM printing technology and regulat-
ing the melt flow through a pneumatic system. The material 
exhibits exceptional 3D and 4D printing capabilities, in addi-
tion to its capacity for remote stimulation through a tem-
perature-induced magnetic field. This property signifies its 
advanced shape memory properties, particularly in response 
to direct thermal stimulation and magnetic field application. 
Consequently, it presents a novel alternative for remotely actu-
ated smart materials. In light of the observations derived from 
the initial 2 materials, Rahmatabadi et al. [  127 ] proceeded to 
investigate the shape memory effect of PLA-TPU blends. Their 
findings indicated that the attainment of distinct properties 
was contingent upon the modulation of the PLA content and 
the programming temperature. For instance, the PLA70 sam-
ples exhibited the most pronounced shape recovery values and 
stress recovery properties. These findings suggest that the ratio-
nal design and regulation of smart materials composition and 
processing can yield shape memory properties, providing a 
theoretical foundation and practical guidelines for the imple-
mentation of 4D printing in biomedical and smart structure 
domains. In addition, the composite shape memory structure 
of the spine bone shape was 4D printed, showing the shape 
unfolding process under a magnetic field. The complex struc-
ture of 4D printing has great potential functions in biology 
and medicine, including but not limited to bone tissue repair. 
Wu et al. [  128 ] proposed an MF-DLP 4D printing technique to 
fabricate multilayer electrical/magnetic dual-driven shape mem-
ory composites (ML-EMSMCs). Carbon nanotubes (CNTs) and 
Fe3O4 particles were embedded as conductive and magnetic 
fillers in shape memory resins (Fig.  5 A to C). The multimaterial 
printing process is then used to print the conductive and mag-
netic layers alternately until the entire composite part is com-
pleted. Finally, the printed composites have excellent shape 
memory properties and provide valuable insights for future 
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sensor/actuator applications by demonstrating the selective 
driving capabilities of printed structures, such as biomimetic 
petals and fingers.           

Magnetically active soft materials
   Magnetically active soft materials (MASMs) are soft elastic 
composite materials filled with magnetic particles with shape 
programmability, which are capable of programmable shape 
transformation and controlled object movement in an uncon-
strained manner under a magnetic drive [  129 –  131 ]. In particu-
lar, magnetic fields can easily and harmlessly penetrate most 
materials, providing a safe and effective method of actuation. 
Magnetic materials can be easily fabricated by simply combin-
ing magnetic particles with soft polymers for the unrestricted 
control of shape changes and movements. Polydimethylsiloxane 
(PDMS), as a representative silicone elastomer, serves as an 
ideal matrix material due to its outstanding mechanical proper-
ties and chemical stability. When combined with magnetic 
particles possessing distinct characteristics, such as high-
permeability iron (Fe) or high-coercivity neodymium-iron-
boron (NdFeB), the composite can meet diverse application 
requirements for magnetic responsiveness [  132 –  134 ]. Zhu et al. 
[ 135 ] developed a composite ink system composed of PDMS 
and iron nanoparticles (Fig.  5 F). Among them, PDMS is the 
flexible matrix component in the composite ink, and the soft 

magnetic Fe particles can immediately gain or lose their high 
magnetization strength by turning on or off the external mag-
netic field owing to their low coercivity and high permeability. 
The structural evolution of the magnetic response 3D struc-
ture printed with PDMS/Fe composite ink has a fast response 
time under an external magnetic field, and the printed square 
strip structure can be deformed under the action of a small 
force, showing the fast response time of the ink under the 
magnetic field (Fig.  5 G to J). In the future, they will have great 
application prospects in the fields of biomedicine and intel-
ligent manufacturing.

   The programmable deformation control of 3D MASM com-
ponents mainly relies on the spatially encoded arrangement of 
magnetic particles in the flexible polymer matrix, and the pre-
cise shape regulation is achieved by constructing a 3D hetero-
geneous magnetization field [ 134 ,  136 ,  137 ]. In the 4D printing 
process, the magnetically sensitive particles in the polymer are 
directed by an external magnetic field to give the pattern mag-
netic polarity [ 132 ,  138 ,  139 ]. However, when a printed magnetic 
field is introduced, the magnetic particles may be locally clus-
tered because of magnetic attraction, thus affecting the mag-
netic strength of the printed structure; this situation has a 
substantial impact on driving efficiency. In the context of uni-
formly dispersed particles, the external magnetic field has the 
capacity to establish a coherent magnetic flux path through the 

Fig. 4. (A) Photographs of the defect area with micro-CT reconstruction (orange dashed line marking the defect) [109]. Copyright 2025, Wiley. (B) Determination of the 
magnetic attraction distance under static/dynamic conditions and schematic diagram of the device. (C) Degradation rate of S20 and Cl30 hydrogels to XO over 5 cycles 
[108]. Copyright 2025, Elsevier. (D) Homemade microsphere-dispersed liquid–solid extraction procedure [110]. Copyright 2025, Elsevier. (E) Schematic diagram of bone 
repair with MMHMs [109]. Copyright 2025, Wiley.
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synergistic interplay among the particles. This ensures the uni-
formity of the material’s overall magnetic response. A notable 
example is the formation of a uniform magnetic dipole array 
composed of single-domain NdFeB nanoparticles within a gel, 
which contributes to the maintenance of stable residual flux 
density and coercive force. This also facilitates the realization 
of rapid and intricate shape transformation under low magnetic 
fields. Conversely, particle agglomeration has been shown to 
induce sudden changes in local permeability, leading to mag-
netic field distortion and the destruction of uniformity. This, 
in turn, results in inconsistent response amplitude and speed 
in different regions. A notable example of this phenomenon 
is the agglomeration of carbonyl iron powder in magneto-
rheological elastomers (MREs), which causes abrupt changes 
in local stiffness and affects the controllability of structural 
deformation. Additionally, agglomerates generate additional 
hysteresis loss when the magnetic field undergoes changes, 
thereby reducing the energy conversion efficiency, particularly 
under conditions of high-frequency magnetic field drive. The 
hysteresis of the magnetic response caused by agglomerates 
leads to a substantial increase in energy consumption. To avoid 
this problem, Zhang et al. [ 140 ] developed a non-magnetized 
3D injection printing ink containing NdFeB hard magnetic 

particles, which can effectively avoid the local agglomeration 
of NdFeB particles under the action of magnetic fields. By 
combining traditional 3D injection printing with origami 
magnetization technology, MASM objects with 3D pattern 
magnetization profiles can be easily manufactured. The printed 
structure quickly returned to its initial shape after the compres-
sion and tensile cycling tests, exhibited good elastic properties, 
and exhibited excellent ferromagnetic properties (Fig.  5 L to N). 
By simulating the flapping process of a bionic butterfly over a 
certain period, reversible magneto-induced deformation was 
demonstrated (Fig.  5 K). Magnetic soft materials can be rapidly 
deformed under the remote driving of magnetic fields, showing 
potential application prospects in flexible electronics, biomedi-
cine, and other fields. Kim et al. [ 134 ] reported tether-less 
3D-printed soft materials that rapidly transition by magnetic 
fields. A magnetic field was applied to the dispensing nozzle 
when the DIW printed elastomer composites containing fer-
romagnetic particles. The ferromagnetic particles redirected 
along the applied magnetic field give the printed filament pat-
tern magnetic polarity, allowing programming of ferromagnetic 
domains in complex 3D-printed soft materials. The ferromag-
netic domains programmed in the printed soft material enable 
fast transitions between complex 3D shapes using a direct 

Fig. 5. (A) Overall design of ML-EMSMCs. (B) MF-DLP 4D printing equipment and (C) processes [128]. Copyright 2024, Wiley. (D) Hot-water recovery vs. time. (E) Magnetic 
field recovery vs. time [125]. Copyright 2024, Wiley. (F) Preparation of composite ink and its printing. (G) Relationship between magnetization strength and external magnetic 
field strength. (H) Schematic of the deformation of a printed square bar under the action of a magnetic field. (I) Horizontal force (Fy) as a function of the bending angle of a 
square bar. (J) Combined force (Fm) as a function of the bending angle of the square bar [135]. Copyright 2018, American Chemical Society. (K) Wing-vibrating behavior of a 
bionic butterfly driven by a magnetic field. (L) Stress–strain curve of a cylindrical printed object at 1,000 cycles. (M) Stress–strain curve of a dog-bone-shaped printed object 
at 1,000 cycles. (N) Hysteresis loops for 4D-printed objects [140]. Copyright 2021, American Chemical Society.
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magnetic drive. Wajahat et al. [  141 ] developed a novel 4D print-
ing strategy to successfully prepare a variety of MSM 3D struc-
tures of different shapes by using DIW printing techniques to 
construct the structure of the material using a DIW printing 
technique using an ink composed of NdFeB and styrene-iso-
prene block copolymer (SIS) at room temperature, and then 
programming and reconstructing the magnetization curves of 
the printed structures using an origami magnetization method 
to the desired shape. The results indicated that this strategy has 
great potential for the fabrication of multifunctional, deformed, 
and reprogrammable magnetically active devices for advanced 
soft actuator applications.    

Applications of 4D Printing Magnetically 
Responsive Materials
   In recent years, 4D printing technology has attracted a lot of 
attention in many research fields, including smart devices, 
metamaterials, biomedical engineering, and other fields, show-
ing a wide range of potential applications [  142 –  145 ].

   In the field of intelligent devices, such as soft robots, Wehner 
et al. prepared the robot with the help of combinatorial manu-
facturing techniques. First, they built the robot’s body using a 
molding process. Then, they used soft lithography to build 
microfluidic logic. Finally, a network of pneumatic actuators, 
an on-board fuel depot, and a catalytic reaction chamber were 
fabricated through multimaterial embedded 3D printing. After 
these steps, an autonomous robot composed entirely of soft 
bodies is prepared [  143 ]. In the field of functional devices, 4D 
printing has great potential for use in sensing, energy harvest-
ing, and storage [  146 –  156 ]. For example, 4D-printed actuators 
are perfect for creating stimulus-responsive soft robots that can 
excel in energy storage and harvesting [  157 ]. In biomedical 
engineering, customized sutures, therapeutic devices for isch-
emic stroke, vascular repair devices, and thermo clamps can 
be realized with 4D printing, leading to more innovative solu-
tions in the medical field [  158 –  161 ].

   4D printing technology based on magnetically responsive 
smart materials is becoming a research hotspot in the field of 
smart materials, which realizes precise deformation control of 
complex structures through non-contact magnetic field regula-
tion. The technology utilizes the synergistic control of magnetic 
field strength and frequency to realize unconstrained and high-
precision remote operation, showing unique advantages in 
minimally invasive medical treatment, special robotics (extreme 
environment operation), and other fields. Compared with tra-
ditional driving methods, magnetically responsive 4D printing 
has substantial safety advantages, especially for in vivo medical 
scenarios. However, this technology still faces challenges such 
as material properties and imperfect multi-field coupling the-
ory [ 22 ]. Therefore, this section will systematically describe the 
innovative applications of magneto-responsive smart material 
4D printing in biomedical, robotics, and other fields.  

Biomedical tissue engineering
   As a cutting-edge manufacturing technology, 3D printing has 
revolutionized the biomedical field owing to its breakthrough 
spatial resolution and unprecedented design freedom. It enables 
the precise customization of a range of biomedical devices, such 
as scaffolds, implants, prostheses, and surgical tools, to meet 
individual needs in clinical practice [  162 –  165 ]. 3D bioprinting 
is a major breakthrough and advancement in traditional 3D 

printing technology. At its core, it aims to encapsulate living 
cells directly into the architecture of tissues such as the liver, 
heart, and blood vessels in an attempt to create biologically 
active structures by mimicking the way the human body builds 
its natural tissues. This technological leap is expected to reshape 
the future direction of biomedical engineering by providing 
potential solutions for organ transplantation, tissue repair, and 
many other challenges. The application of 3D printing technol-
ogy in the biomedical field enables the customization and per-
sonalization of tissues, pharmaceuticals, and medical devices. 
However, a significant number of biomedical applications 
necessitate dynamic shape modifications, a feat that conven-
tional 3D printing techniques are incapable of achieving. 
Although 3D printing technology can use biological materials 
and living cells to build heterogeneous tissues and organs, static 
3D printing structures are difficult to match the dynamic char-
acteristics of natural tissues, nor can they meet the functional 
requirements of practical applications. Because biological tis-
sues have dynamic properties and are in a continuous trans-
formation process, more complex manufacturing techniques 
are required. In response to this demand, 4D printing technol-
ogy came into being, expanding the traditional 3D space to a 
fourth dimension that includes the time dimension. 4D print-
ing uses shape memory smart materials, which are able to 
respond to external stimuli by undergoing reversible deforma-
tions under predetermined conditions and, thus, are uniquely 
suited for a wide range of complex applications. In particular, 
in the field of biomedical tissue engineering, 4D printing is 
capable of applying forces to biological tissues and cells to 
enable precise control and therapeutic manipulation where 
biocompatibility is required [  166 ].

   The biocompatibility of materials is a primary consideration 
in biomedical applications, especially where in vivo use is involved. 
This makes magnetically responsive smart materials a highly inter-
esting research direction, as they are capable not only of remote 
manipulation through magnetic fields in non-contact situations 
but also of precise adjustment and deformation of target objects 
through magnetic stimulation. The advantage of magnetically 
responsive materials is that they can be rapidly and reproducibly 
actuated in in vivo or in vitro environments by changing the exter-
nal magnetic field without the limitations of traditional electrical 
or mechanical control methods. Therefore, the potential of mag-
netic materials in the biomedical field, particularly in applications 
such as endoscopy, stent therapy, robotic surgery, and cellular 
regulation, shows an extremely promising future. The multifunc-
tionality of magnetically responsive materials can be further 
enhanced by compositing them with other smart materials (e.g., 
SMPs and liquid metal hydrogels), which can drive the progress 
of precision and personalization of smart medical devices. Table 
 2  presents part of the research status of magnetically responsive 
materials in biomedical tissue engineering. 

   By compounding MNPs with biocompatible polymers, the 
researchers have developed a series of smart scaffolds that can 
be remotely manipulated to optimize the functionality of the 
entire process, from minimally invasive implantation to tissue 
regeneration.

   At the material design level, the synergy between magnetic 
responsiveness and bio-adaptability has become a key break-
through. For example, Tobias Kuhnt et al. constructed a rigid 
structure of PCTAc and a flexible hydrogel of PEGDA with het-
erogeneous actuation capability by aligning anisotropic iron 
oxide MNPs by magnetic field orientation and combining it with 
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DLP printing technology. The orientation of the rigid structure 
can show characteristic attraction or repulsion depending on the 
direction of the magnetic field, and the flexible hydrogel enables 
complex deformation to prepare scaffolds with heterogeneous 
and complex motions (Fig.  6 C and D). In terms of biocompatibil-
ity, they exposed human mesenchymal stem cells (hMSCs) to 
different concentrations of MNPs and cultured them for 4 and 
24 h, and found that the cytotoxicity of the MNPs at the low-
concentration dose was negligible, which fulfills the actual scaf-
folding requirements and demonstrates excellent biocompatibility 
(Fig.  6 A and B) [ 167 ]. Similarly, Simińska-Stanny et al. [ 168 ] 
achieved multimodal motions such as rolling and bending by 
multimaterial printing using patterned magnetic hydrogels, pro-
viding new ideas for minimally invasive surgical instruments. 
Wei et al. [ 169 ] demonstrated shape-changing structures with 
active shape changes through ultraviolet (UV) cross-linked 
poly(lactic acid)/Fe3O4 composite inks for thermally and remotely 
driven SMP, utilizing the hysteresis effect to remotely heat Fe3O4 
nanoparticles under an alternating magnetic field. The printed 
3D scaffolds provide magnetically guided and remotely actuated 
behavior (Fig.  6 E) and can be used as endovascular scaffolds (Fig. 
 6 F) with potential biomedical applications.        

   In clinical application scenarios, the combination of magneto-
thermal synergistic effect and bionic structure substantially 
improves the therapeutic effect. In tumor therapy, Sun et al. inno-
vatively hybridized magnetic Fe3O4 nanoparticles, heat-sensitive 
liposomes loaded with Adriamycin (Dox), and biodegradable 
polymers to successfully prepare a smart composite scaffold. The 

scaffold adopts the dual-function design of “simultaneous activa-
tion of magneto-thermal therapy and chemotherapy” and “in situ 
tissue regeneration”, which can not only realize the effect of 
magneto-thermal therapy by raising the temperature under the 
action of an applied alternating magnetic field, but also trigger 
the release of Adriamycin to play the chemotherapeutic effect 
(Fig. 6G). This achievement provides a brand-new solution for 
the postoperative treatment of solid tumors such as breast cancer 
[ 170 ]. In addition to this, Wang et al. constructed a hierarchical 
porous shape memory scaffold consisting of hydroxyapatite, 
silica, poly(D,L-propylidene-co-tri-methylene carbonate), and 
Fe3O4 (HSP-Fe3O4) by 4D printing, which can provide effective 
photothermal conversion for photothermal therapy under near-
infrared laser irradiation as well as magnetothermal therapy at 
an alternating magnetic field, providing positive insights into the 
prevention of tumor recurrence and promote bone regeneration 
after osteosarcoma surgery, providing positive insights [ 171 ]. In 
the field of trachea repair, inspired by glass sponges, Zhao et al. 
[ 172 ] 4D-printed PLA/Fe3O4 bionic trachea scaffolds are both 
torque-resistant and magneto-thermally responsive, with in vivo 
shape restoration in 35 s, and their helical ridge structure further 
optimizes the mechanical support performance. In terms of bone 
repair, the Fe3O4@SiO2 composite bone scaffold developed by 
Zhang et al. can precisely match irregular bone defects through 
the dual-response mechanism of near-infrared light/static mag-
netic field and activate the phosphatidylinositol 3-kinase/protein 
kinase B (PI3K/AKT) pathway to promote bone regeneration 
(Fig.  7 A), resulting in a substantial increase in osteogenic 

Table 2. 4D printing of magnetically responsive materials for medical tissue engineering applications

Materials
Printing  

technology Response mechanism Limitations Applications Reference

 Magnetic  
hydrogel

 DLP  Oriented arrangement of 
magnetic nanoparticles

 Complex process  Heterogeneous sports 
brackets

[167]

 Magnetic  
hydrogel

 DIW  Gradient distribution of 
magnetic nanoparticles

 Low accuracy and weak 
stability.

 Bionic “hand-waving” 
structures

[168]

 Magnetic  
polymer 
composites

 DIW  Thermal effects in Fe3O4 
nanoparticles

 Deformation temperature 
may damage cells

 Endovascular stents [169]

 Magnetic  
polymer 
composites

 FDM  Thermal effects in Fe3O4 
nanoparticles

 High-temperature deforma-
tion may damage cells

 Bionic tracheal stent [172]

 Magnetic  
polymer 
composites

 DIW  Near-infrared/ 
alternating magnetic field 
triggered shape recovery

 Degradation rate not matched 
to osteogenesis rate

 Bone regeneration 
scaffold

[173]

 Magnetic  
Polymer 
composites

 /  Heat generation in Fe3O4 
nanoparticles

 Degradation rate not 
matched to osteogenesis rate

 Composite stents 
(tumor therapy)

[170]

 Mineralized 
composites

 Microfluidic  
3D printing

 Heating promotes osteogenic 
differentiation

 Complex and costly process  Bionic mineralized bone 
scaffold

[174]

 Magnetic  
hydrogel

 DIW  External static magnetic field 
activates Fe3O4@CS

 Mechanism remains unclear  Ear cartilage scaffolds [175]

 Magnetic  
polymer 
composites

 DIW  Near-infrared/ 
alternating magnetic field 
triggered shape recovery

 Long wet irradiation time  Bone repair and 
anti-tumor

[171]
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efficiency. The excellent biocompatibility of the scaffolds with 
4 wt.% Fe3O4 was also demonstrated by evaluating the con-
centration of nanoparticles on the cells, and cell viability on 
the scaffolds using the Live/Dead staining kit (Fig.  7 B) [ 173 ].        

   In addition, material functionalization modification further 
expands the therapeutic dimension. Shang’s team introduced 
MgSiO3@Fe3O4 nanoparticles into polycaprolactone (PCL) scaf-
folds, which, combined with the bionic mineralized (MZ) layer 
technology (Fig.  7 C), not only enhanced cell adhesion (Fig.  7 D 
and E), but also synergistically promoted osteogenic differentia-
tion through the magneto-thermal effect, which provides a new 
way to provide bone repair. “Material–structure–function” inte-
grated solution for bone repair [ 174 ]. Zhang et al. proposed a 
“multifunctional composite system” as a scaffold suitable for ear 

cartilage tissue engineering. By combining in vitro cultivated 
chondrocytes with magnetic hydrogel, a new magnetic hydrogel 
scaffold was printed, which addresses 3 key aspects of cartilage 
tissue regeneration: chondrocyte proliferation, inhibition of graft-
associated inflammation, and external regulation of cartilage 
tissue. To evaluate the biocompatibility of Fe3O4, chondrocytes 
were cultured by placing hydrogel precursors containing different 
concentration gradients of Fe3O4 in petri dish species, which did 
not show substantial cytotoxicity after 48 h, and are expected to 
provide new opportunities for the application of ear cartilage 
tissue engineering (Fig.  7 F) [ 175 ].

   Through the triple advantages of magnetic field driving, 
structure bionic design, and bioactivity regulation, 4D-printed 
magnetic smart materials promote the development of tissue 

Fig. 6. (A) Lactate dehydrogenase (LDH) release (toxicity) and Fe uptake of hMSCs after 4- and 24-h exposure to different concentrations of MNPs. (B) Live (green)/dead 
(red) staining of humandermal fibroblast cultured on composites with 5 wt.% nanoparticle loadings. (C) Schematic diagram of the principle of stent deformation driven by 
magnetic field. (D) Oriented magnetic nanoparticles can drive nanocomposites to move in different directions [167]. Copyright 2022, Wiley. (E) Schematic of shape recovery 
of a printed stent under an alternating magnetic field. (F) Potential application of stents in blood vessels [169]. Copyright 2017, American Chemical Society. (G) Preparation of 
composite scaffolds and schematic illustration of their application to magneto-thermal therapy and controlled chemotherapy [170]. Copyright 2024, Elsevier.
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engineering in the direction of minimal invasiveness, person-
alization, and functionalization. In the future, by optimizing 
the suitability of material components and printing processes, 
such materials are expected to achieve precision medical appli-
cations in more complex pathological environments.   

Robotics area
   The employment of 4D-printed magnetically responsive mate-
rials in the domain of bionic robots has demonstrated their 
remarkable capacity to emulate biological movement patterns 
and augment the adaptability of robots. These robots are capa-
ble of navigating complex and dynamic environments with 
ease, achieving operations that are both efficient and precise by 
emulating the movement and behavioral patterns of organisms 
found in nature.  

Bionic robot
   Among the many research results, the preparation technology 
of 4D-printed bionic snake-like soft robot designed by Prof. 
Liu Tianx’s team at Jiangnan University is particularly outstand-
ing [  176 ]. The team prepared a gel-like magnetically responsive 
smart ink with shear-thinning and shear-thickening properties 
by uniformly mixing NdFeB magnetic particles with uncured 

polymer (Fig.  8 A). Using a self-developed open-source DIW 
3D printing system, the ink was deposited layer by layer along 
a predefined path, and subsequently cured and molded at room 
temperature. The critical magnetization step was performed by 
a capacitive pulse magnetization device, which enabled the 
robot to achieve saturation magnetization. Under the precise 
control of the dynamic magnetic field generated by the custom 
3D Helmholtz coil system, the snake robot successfully achieved 
complex dynamic behaviors including straight-line swimming, 
turning, circling, and clustered cooperative motions. At a mag-
netic field strength of 14 mT and a frequency of 13 Hz, the 
robot achieved a straight-line swimming speed of 51.159 mm/s 
(1.705 BL/s) (Fig.  8 B). The experimental results further show 
that the robot maintains its initial deformation capability after 
more than 30,000 deformation cycles, demonstrating excellent 
durability.        

   In terms of the complexity of the preparation method, the 
4D printing technique of Prof. Tianxi Liu’s team, while capable 
of realizing complex structures and functions, requires higher 
equipment and processes. In contrast, the template-free magnetic 
assembly method used by the research team led by Jaakko V. I. 
Timonen and Robin H. A. Ras is simpler (Fig.  8 D) [ 177 ]. They 
mixed micron-sized ferromagnetic particles with elastomeric 

Fig. 7. (A) Micro-CT images of new bone regeneration from in vivo scaffolds. (B) Cell viability testing of samples [173]. Copyright 2024, Elsevier. (C) Fabrication of PCL&NP@
MZ scaffold from microfluidic 3D printing. Hydrophilicity and cell activity test of PCL@MZ scaffold. (D) The cell growth behavior during 1 to 7 days’ culture on the PCL@MZ 
scaffold. (E) The cell activity on the PCL@MZ scaffold from day 1 to day 7 [174]. Copyright 2025, Wiley. (F) Cell survival under culture conditions with different concentrations 
of MNPs [175]. Copyright 2025, Wiley.
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polymers and dried them in an external magnetic field to form 
magnetic cilia that are mechanically stable even in the absence 
of an external magnetic field and a solvent, with lengths of up 
to millimeters, aspect ratios of more than 100, and adjustability 
by magnetic field gradient and particle size. Experiments have 
shown that these magnetic cilia are capable of reversible bend-
ing in response to a magnetic field, generating a bending drive 
force sufficient for translation of macroscopic non-magnetic 
objects and mixing of highly viscous liquids (Fig.  8 E). The 
mechanical properties of the magnetic cilia can be easily tuned 
by varying the polymer type, showing promise for a wide range 
of applications, such as microfluidics. This facile preparation 
method lowers the technological threshold and opens up the 
possibility of a wide range of applications for magnetically 
driven micro- and nanorobotics.

   Further analyzed, the template-less approach of Timonen 
and Ras’s team, while simplifying the preparation process, has 
limitations in terms of structural complexity and functional 
diversity. In contrast, the monolithic molded folded diaphragm 
proposed by a joint team from Xi’an Jiao tong University, City 

University of Hong Kong, and the Max Planck Institute for 
Intelligent Systems, Germany, compensates for this deficiency 
to a certain extent (Fig.  8 F) [ 178 ]. They used NdFeB magnetic 
particles mixed with silicone elastomer at a mass ratio of 1:1, 
and through specific mold casting, removal of air bubbles, and 
pulsed-field magnetization treatment, the diaphragm achieved 
a structure with radial magnetization under a uniform mag-
netic field of 40 mT, demonstrating 3D, bidirectional large 
deformations as well as the ability to substantially change the 
internal volume (Fig.  8 G). Based on the folded diaphragm, the 
research team designed 3 application systems: a diaphragm 
pump, an earthworm-like crawling robot, and a squid-like 
swimming robot. Among them, the single-chamber diaphragm 
pump can achieve a maximum flow rate of 178.1 ± 3.5 ml/min 
under a ±40-mT magnetic field, and the dual-chamber pump 
can achieve a maximum flow rate of 61,394 ± 748 ml/min/kg 
under a magnetic field of −15 to 15 mT, 5 Hz, demonstrating 
excellent lightweight and high-power output performance (Fig. 
 8 C). The earthworm-like robot can crawl at a speed of 30 mm/s 
in a 150- to 40-mm pipe under a −40- to 40-mT, 2-Hz magnetic 

Fig. 8. (A) Snake-robot fabrication schematic. (B) Swimming speed rises with field strength and peaks at medium frequency [176]. Copyright 2025, Springer Nature. (C) Ideal 
in-/out-flow curves of a diaphragm pump under varied conditions [178]. Copyright 2023, Springer Nature. (D) Dilute magnetic–levitation assembly. (i) Mixed, (ii) field-induced 
phase separation, (iii) post-solvent, and (iv) functional at any field angle. (E) 450 mT/20 T m−1 gradient yields bent magnetic cilium, erects at 90°, bends at 45° or 0°, recovers 
after field-off, and re-erects on re-application [177]. Copyright 2010, American Chemical Society. (F) Single-diaphragm pump layout. (G) Pump delivers unidirectional flow at 
1 Hz, ±40 mT [178]. Copyright 2023, Springer Nature.
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field. Folded diaphragms and their application systems have 
promising applications in soft-body robotics due to their simple 
preparation method and excellent magnetic actuation perfor-
mance. This approach substantially increases the functional 
diversity and complexity while maintaining a relatively simple 
preparation process.

   In conclusion, the 2-step molding process used by Guo Zhan 
Lum’s team reaches new heights of structural precision and 
functional integration. They mixed NdFeB particles with sili-
cone rubber to form the active component, and mixed aluminum 
powder with silicone rubber to form the passive component. The 
negative mold is processed by a computer numerical control 
machine tool and poured into the passive component for cur-
ing, and then the non-uniform width area is cut by laser and 
poured into the active component for replacement, forming 
a composite structure with uniform thickness. Finally, a laser 
cutting jig is used to bend/fold the beams during magnetiza-
tion, giving the directional profile of the magnetic moment. 
The jellyfish robot is able to achieve propulsion at the oil–
water interface through oscillating tentacles with an average 
speed of 1.8 mm/s and can be steered by changing the direc-
tion and gradient of the magnetic field, demonstrating good 
directional control. This 2-step molding process not only 
achieves precise structural control, but also enhances the 
functional integration of the robot through the combination 
of active and passive components.

   To summarize, these research teams have successfully devel-
oped a variety of magnetically driven bionic robots through 
their distinctive preparation techniques and methods. From 
the 4D-printed snake robot by Prof. Tianxi Liu’s team, to the 
template-free magnetic assembly of artificial cilium by Timonen 
and Ras’s team, to the folded diaphragm and its application 
system by the joint team, and the 2-step molded jellyfish robot 
by Lum’s team, these results not only have their own innova-
tions in preparation process, but also show great potentials in 
function realization and application expansion. The successful 
development of these magnetically driven bionic robots pro-
vides a solid technological foundation and broad imagination 
for future applications in biomedicine, microfluidics, envi-
ronmental monitoring, and many other fields. From complex 
4D printing technology to easy template-less assembly to 
precise 2-step molding process, these researches not only pro-
mote the development of magnetically driven soft robotics, 
but also provide diversified solutions for different application 
scenarios.   

Medical microrobots
   The use of 4D-printed, magnetically responsive materials in 
medical microrobotics has revolutionized medical technology. 
These microrobots can perform tasks in the complex physio-
logical environment of the human body and precisely localize 
and treat diseased areas through precise control of external 
magnetic fields. In today’s rapidly developing field of medical 
technology, medical microrobots are emerging as cutting-edge 
innovations. The clever application of 4D-printed, magneti-
cally responsive materials is undoubtedly an influential break-
through in this field, providing a powerful impetus for upgrading 
medical technology as a whole. In the complex and sophisti-
cated internal physiological environment of the human body, 
medical microrobots perform critical tasks. With precise con-
trol of an external magnetic field, they can act like precision-
guided missiles, striking directly at diseased areas and enabling 

precise positioning and treatment of diseases. This greatly enhances 
the relevance and effectiveness of medical interventions.

   The spiral-shaped microrobot developed by Tottori et al. 
[  179 ] excels in this field (Fig.  9 A). The innovative design real-
izes flexible control of swimming movements and cargo trans-
portation process in an alternating magnetic field through the 
synergistic working mechanism of a miniature scaffold and a 
spiral structure. The entire transportation process can be 
regarded as a carefully choreographed dance, going through 4 
key stages in sequence: approaching the target area, loading the 
cargo accurately, transporting the cargo stably, and releasing 
the cargo in a timely manner as needed (Fig.  9 B). These phases 
are closely intertwined to ensure that the therapeutic substance 
is delivered to the exact location of the lesion.        

   However, although the helical microrobots pioneered by 
Tottori et al. have achieved milestones in magnetically driven 
navigation and cargo delivery, their carrier materials are still 
based on light-curing resins, which are inevitably recognized 
and cleared by the immune system during long-term in vivo 
cycling, thus greatly limiting the therapeutic time window. To 
overcome this bottleneck of immune interception, Lee et al. 
[ 180 ] introduced an amphiphilic hydrogel system for the first 
time in a 4D printing framework and constructed an “invisible” 
helical microrobot in a single step through 2-photon polymer-
ization. The material programmatically embedded superpara-
magnetic iron oxide nanoparticles in the cross-linked network, 
which reproduced the helical swimming pattern of the Tottori 
robot under an alternating magnetic field. More importantly, 
the amphiphilic surface was hardly phagocytosed in macro-
phage co-cultures for more than 90 h (phagocytosis rate <2%), 
whereas the conventional group was close to 100% (Fig.  9 C to 
E). With the “time–response” dimension of 4D printing, the 
research team also encapsulated biologically active molecules 
such as Adriamycin and fluorescent proteins inside the robot 
in the same printing step, and realized on-demand release of 
near-infrared through the photocleavage linkage arm, completing 
the transition from invisibility to precision. This has completed the 
closed-loop upgrade from invisibility to precise treatment.

   Building on this foundation, Cabanach et al. [ 181 ] have fur-
ther integrated the magnetic response concept of 4D printing 
with the “mechanical anchoring” strategy to develop a needle-
like microrobot. The structure capitalizes on the programmable 
shape memory effect inherent in 4D printing, utilizing this 
effect to approach tumor microtissues with a flexible movement 
guided by a magnetic field. Subsequently, the structure triggers 
local hardening, which serves to “pierce” the lesion as a 
microneedle and anchor it for sustained drug release (Fig.  9 F 
to H). In comparison to Cabanach’s “total invisibility” approach, 
Choi’s design emphasizes the integration of “reach–anchor–
treat”. The microneedle material is a biodegradable magnetic 
alloy/polymer composite ink, which gradually degrades after the 
task is completed, thus avoiding long-term retention. In this 
manner, 4D printing confers upon microrobotics the spatial and 
temporal control of “when–where–how” to act. Furthermore, it 
solves the 3 major problems of immune escape, precise localiza-
tion, and controlled degradation through the synergistic design 
of materials, structures, and functions.

   It is evident that 4D printing technology has facilitated sig-
nificant advancements in the field of microrobotics, enabling 
the realization of complex functionalities that were previously 
unattainable. For instance, the integration of magnetically 
driven helical structures, amphiphilic ion cloaking platforms, 
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and needle-like anchoring systems has enabled microrobots to 
achieve the 3-stage transition of “able to move, able to hide, and 
able to anchor”. This remarkable development underscores the 
potential of 4D printing technology in shaping the future of 
microrobotic applications. The core of the project lies in the 
deep integration of the spatial dimension, the temporal dimen-
sion, and the material dimension (invisible hydrogel and degrad-
able magnetic composite ink). In the future, with the further 
expansion of 4D printing ink to multi-stimulus response, multi-
scale gradient, and biodegradation, the microrobot is expected 
to realize the ultimate vision of “long flight time, zero immu-
nity, and accurate treatment” in real physiological environ-
ments, which will truly open up the 4.0 era of non-invasive or 

minimally invasive medical treatment. Advances in related 
technologies have been continuous and marked by substantial 
improvement. It is anticipated that the development of medical 
microrobotics will have a considerable impact on biomedical 
technology, with the potential to substantial enhance human 
health and promote the growth of the medical industry. The 
future of medical technology is expected to be characterized 
by increased accuracy, efficiency, and intelligence. As related 
technologies continue to progress and improve, medical micro-
robots will undoubtedly advance biomedical technology to new 
heights, creating more miracles for human health and promot-
ing the development of the medical industry toward greater 
accuracy, efficiency, and intelligence.    

Fig. 9. (A) Process flow for the preparation of spiral-shaped swimming microrobots. (B) Schematic diagram of transportation using a spiral-shaped micromachine with a 
micromount [179]. Copyright 2012, Wiley. (C) ATP contents of the HCT116 MTs. Results are presented as means ± standard deviation (*p < 0.05; ns, p > 0.05; n = 3). MR, 
microrobot. Scale bar: 300 μm. (D) Bright-field and fluorescence images of the HCT116 MTs under perfusion conditions in a gravity flow system at DIV0 and 2. (E) Relative 
diameter of the MT at DIV2 [180]. Copyright 2020, Wiley. (F) Macrophages, (G) monocytes, and (H) splenocytes interacting with arrays of zwitterionic (S30) stealth microrobots 
for 24 h [181]. Copyright 2020, Wiley.
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Smart structures and devices
   By introducing the “time dimension” into additive manufactur-
ing, 4D printing enables structures to dynamically evolve under 
external stimuli, while magnetically responsive materials become 
the core carrier of smart structures and devices by virtue of their 
non-contact manipulation, millisecond response, and deep tissue 
penetration. Driven by magnetic field, 4D-printed magnetically 
controlled smart structures can break through the limitations of 
traditional static devices to realize adaptive deformation, variable 
stiffness regulation, and self-awareness function integration, 
bringing breakthroughs in the fields of flexible sensors and func-
tional devices [  182 –  185 ].  

Flexible sensors
   Flexible sensors are flexible, stretchable, and bendable sensors 
that can adapt to different shapes and surfaces, and can be used 
to measure a wide range of physical quantities such as strain, 
pressure, temperature, humidity, and so on [  186 ,  187 ]. Adding 
magnetically responsive materials to flexible sensors can make 
the sensors responsive to magnetic fields, thus enabling detec-
tion of magnetic fields, magnetic field-driven deformation or 
motion, etc. The combination of magnetically responsive mate-
rials and 4D printing technology makes it possible to integrate 
multiple sensing functions into a single flexible structure and 
give it smart response properties, which presents great potential 
for applications in wearable devices, environmental monitor-
ing, and other fields.

   In recent years, considerable attention has been focused on 
smart materials as a pivotal factor influencing the performance 
of flexible sensors. Zhou et al. developed a composite resin by 
mixing CNTs, liquid molding agent, and micron-sized iron 
powder with Ecoflex 00-10. The uncured resin was shaped into 
the desired form by DIW and subsequently cured through the 
application of heat. It is evident that, with effective management 

of the composition, a distinctive equilibrium of high sensitivity, 
stability, and versatility can be accomplished. This, in turn, 
allows sensors to fully realize their potential in multifunctional 
sensing devices. The incorporation of iron particles gives the 
material magnetic response properties, thus integrating strain, 
temperature, magnetic field detection, and other sensing func-
tions within a single highly flexible structure. When strain sens-
ing and magnetic sensing functions are combined in a thermally 
stabilized elastomer material, the material can demonstrate 
excellent versatility and environmental adaptability in diverse 
application scenarios (Fig.  10 C) [  188 ]. Wu et al. successfully 
developed a soft magnetic resin using a 4D printer to achieve 
high flexibility and stretchability. Cyclic tensile tests showed 
that the prepared flexible anisotropic soft-magnetic composite 
had excellent mechanical properties and durability, as well as 
good magnetic properties (Fig.  10 D and E) and robustness, 
providing insights into the external field-assisted additive 
manufacturing of anisotropic soft magnetic materials, which 
is a key material basis for building high-performance sensors 
[  189 ]. Shi et al. [  190 ] developed a multifunctional biocompat-
ible hydrogel based on poloxamer micelles via DLP 4D printing 
technology, which not only possesses good biocompatibility, 
but also has sensing properties that make it an ideal candidate 
for customized wearable health monitoring devices.        

   From the perspectives of structural components and print-
ing process, Xiao et al. prepared a flexible sensor consisting 
of a sensing unit based on CNT/elastomer (MWCNT/EA) 
composites, interconnectors and amplifier circuits of silver 
nanowires on positive-charged substrate (Ag NWs@PCS). The 
sensitivity of the DLP-3D-printed MWCNT/EA sensing cell 
with stacked structure was 15.04 MPa−1, much higher than the 
solid counterpart with solid structure (1.62 MPa−1) (Fig.  10 F 
and G). The sensitivity of the interconnectors with a serpentine 
configuration to external deformation is greatly suppressed 

Fig. 10. The deformation response time (orange) and average deformation response speed (green) of the EMA for 4D-printed scaffolds’ different (A) cell shape and (B) cell 
number [3]. Copyright 2024, Wiley. (C) Multi-functionality of 4D-printed sensors [188]. Copyright 2025, Wiley. (D) Hysteresis lines of samples. (E) Saturation magnetization 
of samples at different CIP concentrations [189]. Copyright 2023, Taylor & Francis. (F) Relative resistance versus pressure for a stacked structure sensing cell. (G) Relative 
resistance versus pressure for a solid structure sensing cell [191]. Copyright 2022, Wiley.
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compared to the straight Ag NW@PCS interconnectors. The 
interface between the sensing unit and the interconnect is 
mechanically robust due to the formation of chemical bonds 
under UV radiation. Fully 3D-printed 4 × 4 sensor arrays with 
integrated amplification circuits show their ability to detect 
pressure distributions [ 191 ]. Su et al. present a 4D-printed elec-
tromagnetic architecture (EMA) with ultrafast shape defor-
mation and high-sensitivity detection. The EMA consists of 
4D-printed polymer scaffolds with magnetic and conductive 
portions along the EMA. The EMA combines an ultrashort 
deformation response time as low as 7 ms and a high sensitivity 
detection capability of 0.4 Pa high sensitivity stress detection 
limit (Fig.  10 A and B). By integrating the EMA with a micro-
controller unit (MCU) and an external power supply, an intel-
ligent capture device capable of sensing and responding to a 
variety of external stimuli is obtained, which can be used to 
recognize and capture target objects of a specific quality. This 
work realizes the efficient integration of ultra-fast shape defor-
mation capability and ultra-low stress sensing function in 
4D-printed architectural structures, which provides a feasible 
technological path for smart devices in the field of integrated 
deformation-sensing development [ 3 ].

   The combination of smart material innovation and advanced 
structure/process makes it possible to realize multi-physical 
quantity sensing, intelligent response, and system-level integra-
tion on a single flexible platform. This synergistic effect greatly 
enhances the performance boundaries and functional diversity 
of flexible sensors, and these research results not only promote 
the development of flexible sensor technology, but also lay a 
solid technological foundation for their wide application in 
cutting-edge fields such as human body detection and envi-
ronmental detection, and are expected to achieve more sub-
stantial breakthroughs in the future in terms of the optimization 
of the performance of the magnetically responsive materials, 
the improvement of the manufacturing process of flexible sen-
sors, and the expansion of the application scenarios of their 
integration.   

Functional device
   Nowadays, as the core support of many fields, the optimization 
of the performance and fabrication process of functional devices 
has been a research hotspot. Especially for millimeter-scale 
functional devices with complex structures, breakthroughs 
in fabrication technology are of great importance in promot-
ing miniaturization and integration. The rise of magnetically 
responsive materials has injected new vigor into the fabrication 
of functional devices. Although traditional 3D printing based 
on projection light curing can fabricate millimeter-scale com-
plex structures, frequent switching of materials or processes is 
often required to achieve synergy between magnetic responsive-
ness and electrical conductivity in the fabrication of magnetic–
electrical dual-functional devices, which leads to inefficiencies 
and limited precision, and becomes a key bottleneck in restrict-
ing the performance of the devices and the promotion of their 
applications. In recent years, through the deep integration of 
magneto-responsive materials and advanced printing processes, 
researchers have developed a variety of single-material, single-
process integrated fabrication strategies, which have substan-
tially improved the fabrication efficiency of bifunctional devices.

   Li et al. proposed a new single-material PSL process (using 
chemical deposition to modify graphene nanosheets [GNs] with 
Fe3O4 magnetic particles and doping them into photosensitive 

resins to develop new bifunctional printed materials with mag-
netic and localized conductive properties) for the fabrication 
of millimeter-scale bifunctional with magnetic and localized 
conductive properties by electric field-assisted oriented con-
struction of a magnetic–electrical bifunctional material (Fig. 
 11 B and C). During the printing process, the deflection and 
alignment of the modified magnetic graphene nanosheets 
(mGN) were precisely controlled by applying an electric field, 
which led to the smooth formation of conductive pathways in 
the alignment direction of the mGN, realizing local electrical 
conductivity in a specific direction and ensuring that the printed 
structure as a whole maintains good magnetic properties. In 
order to verify the effectiveness of this process, they fabricated 
magnetically driven circuit switches and signal encoding devices, 
which substantially improved the fabrication efficiency and pre-
cision of millimeter-scale bifunctional devices, and strongly 
promoted their application in miniaturized and integrated device 
fabrication [  192 ].        

   On the other hand, Zhang et al. innovatively proposed an 
SMP-based 4D printing process (Fig.  11 A), which realizes mul-
tifunctional integration through structural design. Specifically, 
using electric field-driven micro 3D printing, stretchable heat-
ing circuits based on the fractal principle are cleverly integrated 
into the initial planar shape deformation structure. The overall 
resistance and area coverage of the circuits can be precisely 
adjusted by flexibly controlling the fractal order, printing 
parameters, and post-processing conditions, resulting in highly 
efficient and homogeneous heating performance and good 
stretchability of the structure [ 193 ].

   Wajahat et al. developed an innovative 4D printing strategy 
for the fabrication of super-stretched MASM architectures. 
They fabricated the 3D structure of MSM using the DIW tech-
nique and programmable magnetization of the printed archi-
tecture using an origami-inspired magnetization method. Up 
to 1,000% stretchability was achieved using NdFeB-SIS com-
posite ink (Fig.  11 D). Under a highly pulsed magnetic field of 
2.7 T, the magnetization distribution was designed to enable 
the structure to be folded into a predefined shape, and shape 
deformation and restoration were achieved under the action 
of an external magnetic field (Fig.  11 E). This strategy was suc-
cessfully applied to fabricate multi-finger magnetic soft grippers 
and soft 3D electrical switches with conductive and magnetic 
functions, demonstrating the potential for a wide range of appli-
cations in the field of soft actuators [ 141 ].

   Functional devices serve as a fundamental component 
across numerous fields; consequently, the ongoing optimization 
of their performance and manufacturing processes remains a 
persistent research priority. Especially with the complex struc-
ture of millimeter-scale functional devices, its breakthrough in 
manufacturing technology to promote miniaturization and 
integration process is of great importance. The rise of magneti-
cally responsive materials has injected new vitality into the 
manufacturing of functional devices. By integrating magneti-
cally responsive materials into the manufacturing process, it is 
expected to give functional devices unique magnetic properties 
and greatly expand their functional scope. Based on 4D print-
ing technology and other advanced manufacturing means, the 
application of magnetically responsive materials in functional 
devices provides a realization path. However, there are still 
many dilemmas in the use of magnetically responsive materials 
in the manufacture of functional devices, such as the efficiency 
and precision problems caused by frequent switching between 
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multiple materials or processes, which seriously impede the 
large-scale application and popularization of magnetically 
responsive materials in the manufacture of functional devices, 
and innovative technologies and processes are urgently needed 
to break this deadlock.    

Other
   In addition to the abovementioned findings, magnetically 
responsive materials also have potential applications in other 
fields. For example, in acoustic regulation, Xue’s team prepares 
magnetic shape memory composite honeycomb film through 

Fig. 11. (A) SMP-based 4D printing process embedding stretchable heating circuits with fractal patterns [193]. Copyright 2021, American Chemical Society. (B) Magnetic 
properties of printed building blocks containing different contents of magnetic graphene nanosheets. (C) Electrical conductivity of printed building blocks containing 
different contents of magnetic graphene nanosheets [192]. Copyright 2024, Wiley. (D) Stress–strain curve of the 4D-printed dog-bone-shaped MSMs. (E) Various printed 
MSM architectures driven in magnetic fields [141]. Copyright 2023, American Chemical Society. (F) Solvent casting and (G) 4D printing for the preparation of MRE feedstocks 
[195]. Copyright 2025, Wiley. Stable maintenance of both morphologies is achieved by means of the synergistic effect of the Joule thermal effect and magnetic field excitation. 
(H) Attraction. (I) Repulsion [196]. Copyright 2023, Elsevier.
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light-curing 4D printing and utilizes the deformation of the 
structure triggered by heat generation of magnetic particles 
under the alternating magnetic field to realize dynamic adjust-
ment of honeycomb height, which overcomes the difficulties 
of traditional acoustic materials in band fixation and poor flex-
ibility [  194 ]. Sukarman’s innovative combination of solvent 
casting and 4D printing simplifies the MRE manufacturing 
process (Fig.  11 F and G), giving the material programmable 
mechanical properties [ 195 ]. Lalegani Dezaki and Bodaghi 
[ 196 ] designed an MRE-based bistable electroactive actuator 
(Fig.  11 H and I), which integrates a conductive SMP and MRE 
through 4D printing, realizing the programmed drive of the 
magnetic field and the self-locking position function, which 
substantially reduces energy consumption. Yang et al. [  197 ] 
used this technology to develop geometrically reconfigurable 
lightweight metamaterials, breaking through the limitations of 
traditional mechanical metamaterial structures with solidified 
functions, and providing a new paradigm for adaptive cushion-
ing interfaces and deformed space structures. These technolo-
gies integrate a magnetic–thermal force multi-field coupling 
drive and a bistable energy-saving design, and promote the 
evolution of acoustic systems, drives, and space structures 
toward dynamic programmability.    

Conclusion and Perspective
   4D printing technology introduces the dimension of “time”, 
enabling the printed structure to undergo dynamic changes 
under external stimuli such as magnetic fields. Magnetic respon-
sive materials have become a research focus due to their charac-
teristics of large deformation, rapid response, and non-contact 
manipulation, and have important applications in fields such as 
biomedicine and robotics. However, current magnetically respon-
sive materials still face challenges including limited magnetic 
strain and low printing precision for complex structures.

   In the future, material innovation needs to develop materi-
als with higher magnetic strain and biocompatibility, optimize 
the processability of magnetic shape memory materials, con-
struct a “magnetic–electric–thermal” multi-field coupling 
response system, and realize the leap of deformation accuracy 
from the millimeter level to the micrometer level. Printing 
technology should realize multimaterial synergy and micro-
nano scale printing, and combine calculation to optimize 
parameters to improve accuracy and efficiency. In terms of 
application, it is necessary to deepen the application in inter-
disciplinary fields and bring changes to fields such as intelli-
gent manufacturing.   

Acknowledgments
   Funding: This work was supported by the National Science Fund 
for Distinguished Young Scholars (grant no. 52025034), the 
National Natural Science Foundation of China (grant nos. 
22205182 and 52203101), the National Key Research and 
Development Program of China (grant no. 2022YFB3807100), 
the China Postdoctoral Science Foundation (grant nos. 2022M
722594 and 2024T171170), and the Guangdong Basic and 
Applied Basic Research Foundation (grant no. 2024A1515011516). 
This research is also financially supported by the Innovation 
Team of Shaanxi Sanqin Scholars.
   Competing interests:﻿ The authors declare that they have no 
competing interests.  

References

	 1.	 Wan X, Xiao Z, Tian Y, Chen M, Liu F, Wang D, Liu Y, 
Bartolo PJDS, Yan C, Shi Y, et al. Recent advances in 4D 
printing of advanced materials and structures for functional 
applications. Adv Mater. 2024;36(34):2312263.

	 2.	 Ren L, He Y, Wang B, Xu J, Wu Q, Wang Z, Li W, Ren L, 
Zhou X, Liu Q, et al. 4D printed self-sustained soft crawling 
machines fueled by constant thermal field. Adv Funct Mater. 
2024;34(33):2400161.

	 3.	 Zhang S, Xu Y, Li Z, Li Y, Lu Z, Chen X, Chen P, Chen M, 
Zhang P, Cai C, et al. Ultra-fast shape-deformation and 
highly-sensitive detection of 4D printed electromagnetic 
architectures. Adv Funct Mater. 2024;34(38):2402563.

	 4.	 Tang Y, Li M, Wang T, Dong X, Hu W, Sitti M. Wireless 
miniature magnetic phase-change soft actuators. Adv Mater. 
2022;34(40):2204185.

	 5.	 Heiden A, Preninger D, Lehner L, Baumgartner M, Drack M,  
Woritzka E, Schiller D, Gerstmayr R, Hartmann F, 
Kaltenbrunner M. 3D printing of resilient biogels for 
omnidirectional and exteroceptive soft actuators. Sci Robot. 
2022;7(63):2119.

	 6.	 Zhan Z, Chen L, Duan H, Chen Y, He M, Wang Z. 3D printed 
ultra-fast photothermal responsive shape memory hydrogel 
for microrobots. Int J Extreme Manuf. 2022;4(1):015302.

	 7.	 Wan X, Wei H, Zhang F, Liu Y, Leng J. 3D printing of shape 
memory poly(d,l-lactide-co-trimethylene carbonate) by 
direct ink writing for shape-changing structures. J Appl Polym 
Sci. 2019;136(44):48177.

	 8.	 Wang Z, Zhu H, Li H, Wang Z, Sun M, Yang B, Wang Y, 
Wang L, Xu L. High-strength magnetic hydrogels with 
photoweldability made by stepwise assembly of magnetic-
nanoparticle-integrated aramid nanofiber composites. ACS 
Nano. 2023;17(10):9622–9632.

	 9.	 Cooper CB, Root SE, Michalek L, Wu S, Lai J-C, Khatib M, 
Oyakhire ST, Zhao R, Qin J, Bao Z. Autonomous alignment 
and healing in multilayer soft electronics using immiscible 
dynamic polymers. Science. 2023;380(6648):935–941.

	 10.	 Shinde S, Mane R, Vardikar A, Dhumal A, Rajput A. 4D 
printing: From emergence to innovation over 3D printing. 
Eur Polym J. 2023;197:112356.

	 11.	 Mahmood A, Akram T, Shenggui C, Chen H. Revolutionizing 
manufacturing: A review of 4D printing materials, 
stimuli, and cutting-edge applications. Compos Part B. 
2023;266:110952.

	 12.	 Ahmed A, Arya S, Gupta V, Furukawa H, Khosla A. 
4D printing: Fundamentals, materials, applications and 
challenges. Polymer. 2021;228:123926.

	 13.	 Zhang JL, Huang WM, Lu HB, Sun L. Thermo-/chemo-
responsive shape memory/change effect in a hydrogel and its 
composites. Mater Des. 2014;53:1077–1088.

	 14.	 Sitti M, Wiersma DS. Pros and cons: Magnetic versus optical 
microrobots. Adv Mater. 2020;32(20):1906766.

	 15.	 Huang C, Xu T, Wu X. Leader–follower formation control of 
magnetically actuated millirobots for automatic navigation. 
IEEE/ASME Trans Mechatron. 2024;29(2):1272–1282.

	 16.	 Wu Y, Dong X, Kim J-K, Wang C, Sitti M. Wireless soft 
millirobots for climbing three-dimensional surfaces in 
confined spaces. Sci Adv. 8(21):eabn3431.

	 17.	 Ren Z, Sitti M. Design and build of small-scale magnetic 
soft-bodied robots with multimodal locomotion. Nat Protoc. 
2024;19(2):441–486.

https://doi.org/10.34133/research.0847


Bai et al. 2025 | https://doi.org/10.34133/research.0847 22

	 18.	 Zhang W, Zhou J, Jia Y, Chen J, Pu Y, Fan R, Meng F, Ge Q, 
Lu Y. Magnetoactive microlattice metamaterials with highly 
tunable stiffness and fast response rate. NPG Asia Mater. 
2023;15(1):45.

	 19.	 Zhang Y, Zhang Y, Tao Y, Dai X, Van Tittelboom K, Lesage K,  
De Schutter G. Active rheology control of cementitious 
materials containing hard magnetic particles: Sustained 
response after magnetic intervention. Cem Concr Compos. 
2025;160:106024.

	 20.	 Cui J, Huang T-Y, Luo Z, Testa P, Gu H, Chen X-Z,  
Nelson BJ, Heyderman LJ. Nanomagnetic encoding of  
shape-morphing micromachines. Nature. 2019;575(7781): 
164–168.

	 21.	 Suhail M, Alamgir A, Wahab T, Eggers Z, Ahmad K,  
Shehzad MZ, Iqbal MZ. Magnetically responsive hydrogel 
systems: Fundamental features, emerging applications, and 
future horizons. Coord Chem Rev. 2025;543:216916.

	 22.	 Wang H, Zhao J, Luo Z, Li Z. Recent research developments 
of 4D printing technology for magnetically controlled smart 
materials: A review. Magnetochemistry. 2023;9(8):204.

	 23.	 Niu F, Xue Q, Cao Q, He X, Wang T, Wang H, Hao C, 
Li X, Li Y, Yang H, et al. Magneto-soft robots based on 
multi-materials optimizing and heat-assisted in-situ 
magnetic domains programming. Int J Extreme Manuf. 
2025;7(5):055506.

	 24.	 Zhang X, Hu H, Tang D, Zhang C, Fu J, Zhao P. Magnetic 
flexible tactile sensor via direct ink writing. Sensors Actuators 
A Phys. 2021;327:112753.

	 25.	 Chung G, Quang HL, Kim JH, Yoo J, Seol SK, Park Y. Rapidly 
responsive magnetically tunable stiffness metamaterials. Adv 
Mater. 2025;2505880.

	 26.	 Nisar M, Santos LMD, Ullah H, Galland GB, Geshev J,  
Bergmann C, Quijada R. Poly(lactide) and Ni 
nanoparticles supported thermally reduced graphene oxide 
nanoarchitecture for magnetic stimuli-responsive material. 
Polym Compos. 2025.

	 27.	 Hanif M, Zhang L, Shah AH, Chen Z. Mechanical analysis 
and biodegradation of oxides-based magneto-responsive 
shape memory polymers for material extrusion 3D printing 
of biomedical scaffolds. Addit Manuf. 2024;86:104174.

	 28.	 Wu S, Liu Y, Zhang Y, Zeng L, Fang J, Chen C, Zhang C, Wu D,  
Lao Z, Xia H. High-load shape memory microgripper with 
embedded resistive heating and magnetic actuation. Adv Funct 
Mater. 2025;35(25):2421798.

	 29.	 Zheng H, Fang M, Long F, Jing H, Wang B, Fan X, Guo J, 
Cheng Y, Sun A. 4D printing of programmable liquid–vapor 
phase change composites for multi-responsive flexible 
actuators. J Mater Chem A. 2025;13(24):18473–18483.

	 30.	 Bajpai A, Baigent A, Raghav S, Brádaigh CÓ, Koutsos V, 
Radacsi N. 4D printing: Materials, technologies, and future 
applications in the biomedical field. 2020;12(24):10628.

	 31.	 Rafiee M, Farahani RD, Therriault D. Multi-material 3D and 
4D printing: A survey. Adv Sci. 2020;7(12):1902307.

	 32.	 Kuang X, Roach DJ, Wu J, Hamel CM, Ding Z, Wang T, 
Dunn ML, Qi HJ. Advances in 4D printing: Materials and 
applications. Adv Funct Mater. 2019;29(2):1805290.

	 33.	 Jamróz W, Szafraniec J, Kurek M, Jachowicz R. 3D printing 
in pharmaceutical and medical applications—Recent 
achievements and challenges. Pharm Res. 2018;35(9):176.

	 34.	 Shen A, Caldwell D, Ma AWK, Dardona S. Direct write 
fabrication of high-density parallel silver interconnects. Addit 
Manuf. 2018;22:343–350.

	 35.	 Tsang ACH, Zhang J, Hui KN, Hui KS, Huang H. Recent 
development and applications of advanced materials via 
direct ink writing. Adv Mater Technol. 2022;7(7):2101358.

	 36.	 Wang Y, Cui H, Esworthy T, Mei D, Wang Y, Zhang LG. 
Emerging 4D printing strategies for next-generation 
tissue regeneration and medical devices. Adv Mater. 
2022;34(20):2109198.

	 37.	 Balani SB, Ghaffar SH, Chougan M, Pei E, Şahin E. Processes 
and materials used for direct writing technologies: A review. 
Res Engineering. 2021;11:100257.

	 38.	 Smay JE, Gratson GM, Shepherd RF, Cesarano J, Lewis JA. 
Directed colloidal assembly of 3D periodic structures. Adv 
Mater. 2002;14(18):1279–1283.

	 39.	 Wang Z, Zhang QE, Long S, Luo Y, Yu P, Tan Z, Bai J, Qu B, 
Yang Y, Shi J, et al. Three-dimensional printing of polyaniline/
reduced graphene oxide composite for high-performance 
planar supercapacitor. ACS Appl Mater Interfaces. 
2018;10(12):10437–10444.

	 40.	 Tagliaferri S, Panagiotopoulos A, Mattevi C. Direct ink 
writing of energy materials. Mater Adv. 2021;2(2):540–563.

	 41.	 M’Barki A, Bocquet L, Stevenson A. Linking rheology and 
printability for dense and strong ceramics by direct ink 
writing. Sci Rep. 2017;7:6017.

	 42.	 Farahani RD, Dubé M, Therriault D. Three-dimensional 
printing of multifunctional nanocomposites: Manufacturing 
techniques and applications. Adv Mater. 2016;28(28): 
5794–5821.

	 43.	 Li C, Feng C, Zhang L, Zhang L, Wang L. Direct ink writing 
of polymer-based materials—A review. Polym Eng Sci. 
2025;65(2):431–454.

	 44.	 Chen M, Zhang D, Hsu Y-C, Dunand DC. Microstructure 
and properties of high-entropy-superalloy microlattices 
fabricated by direct ink writing. Acta Mater. 2024;275:120055.

	 45.	 Yang W, Gao Y, Hu R, Li M, Zhao F, Jiang H, Zhang X. 
Construction of smart propellant with multi-morphologies. 
Def Technol. 2024;33:180–185.

	 46.	 Belgin Paul DL, Praveen AS, Golcha U. Printability study 
of bioactive tricalcium phosphate ink for direct ink writing 
technique. Trans Indian Inst Metals. 2023;76(2):381–388.

	 47.	 Yang L, Zeng X, Zhang Y. 3D printing of alumina ceramic 
parts by heat-induced solidification with carrageenan. Mater 
Lett. 2019;255:126564.

	 48.	 Xu C, Zhang H, Yu S, Wu W, Zhang L, Liu Q, Ren L. Direct 
ink writing of porous Fe scaffolds for bone implants: Pore 
size evolution and effect on degradation and mechanical 
properties. J Mater Res Technol. 2023;25:4901–4912.

	 49.	 Xu C, Xu Y, Chen H, Han Q, Wu W, Zhang L, Liu Q, Wang J,  
Ren L. Novel-ink-based direct ink writing of Ti6Al4V 
scaffolds with sub-300 μm structural pores for superior 
cell proliferation and differentiation. Adv Healthc Mater. 
2024;13(10):2302396.

	 50.	 Cárcamo-Gutiérrez AY, Ávila-López MA, Lara-Ceniceros TE,  
Bonilla-Cruz J. 3D-printable scaffolds via DIW from 
ceramic pastes of ZnO nanoparticles without organic 
binders and their application as reusable photocatalysts 
for the degradation of bisphenol A. J Eur Ceram Soc. 
2025;45(15):117578.

	 51.	 Chen Q, Qiang D, Lin JA, Jia S, Xu L, Ye E, Jiang W, Li H,  
Sun D. Polymer-derived ceramics phosphor thin-film sensors 
for extreme environment. Ceram Int. 2025.

	 52.	 Mo G, Wu S, Guo R, Qu W, Shen P. Camphene-based metallic 
ink for 3D-printed medical implants: Effect of hierarchical 

https://doi.org/10.34133/research.0847


Bai et al. 2025 | https://doi.org/10.34133/research.0847 23

porous structure on mechanical and biological properties.  
J Mater Sci Technol. 2025;248:55–68.

	 53.	 Krisnadi F, Sakorikar T, Vong MH, Dickey MD. Improved 
direct ink writing of liquid metal foams via liquid additives. 
Adv Electron Mater. 2025;2500009.

	 54.	 Andreu A, Su P-C, Kim J-H, Ng CS, Kim S, Kim I, Lee J,  
Noh J, Subramanian AS, Yoon Y-J. 4D printing materials 
for vat photopolymerization. Addit Manuf. 2021;44(Part 
B):102024.

	 55.	 Zhang F, Zhu L, Li Z, Wang S, Shi J, Tang W, Li N, Yang J. The 
recent development of vat photopolymerization: A review. 
Addit Manuf. 2021;48(Part B):102423.

	 56.	 Ng WL, Lee JM, Zhou M, Chen Y-W, Lee K-XA, Yeong WY,  
Shen Y-F. Vat polymerization-based bioprinting—
Process, materials, applications and regulatory challenges. 
Biofabrication. 2020;12(2):022001.

	 57.	 Quan H, Zhang T, Xu H, Luo S, Nie J, Zhu X. Photo-curing 
3D printing technique and its challenges. Bioact Mater. 
2020;5(1):110–115.

	 58.	 Wang J, Goyanes A, Gaisford S, Basit AW. Stereolithographic 
(SLA) 3D printing of oral modified-release dosage forms. Int 
J Pharm. 2016;503(1–2):207–212.

	 59.	 Ge L, Dong L, Wang D, Ge Q, Gu G. A digital light processing 3D 
printer for fast and high-precision fabrication of soft pneumatic 
actuators. Sensors Actuators A Phys. 2018;273:285–292.

	 60.	 Pan Y, Zhou C, Chen Y. A fast mask projection 
stereolithography process for fabricating digital models in 
minutes. J Manuf Sci Eng. 2012;134(5):051011–051019.

	 61.	 Melchels FPW, Feijen J, Grijpma DW. A review on 
stereolithography and its applications in biomedical 
engineering. Biomaterials. 2010;31(24):6121–6130.

	 62.	 Wan X, Luo L, Liu Y, Leng J. Direct ink writing based 
4D printing of materials and their applications. Adv Sci. 
2020;7(16):2001000.

	 63.	 Pagac M, Hajnys J, Ma Q-P, Jancar L, Jansa J, Stefek P, Mesicek J.  
A review of vat photopolymerization technology: Materials, 
applications, challenges, and future trends of 3D printing. 
Polymers. 2021;13(4):598.

	 64.	 Aho J, Bøtker JP, Genina N, Edinger M, Arnfast L, Rantanen J.  
Roadmap to 3D-printed oral pharmaceutical dosage forms: 
Feedstock filament properties and characterization for fused 
deposition modeling. J Pharm Sci. 2019;108(1):26–35.

	 65.	 Gibson I, Rosen D, Stucker B. Powder bed fusion processes. 
New York (NY): Springer New York; 2015.

	 66.	 Goodridge R, Ziegelmeier S. 7—Powder bed fusion of 
polymers. In: Laser additive manufacturing: Materials, 
design, technologies, and applications. Woodhead Publishing; 
2017;181–204.

	 67.	 Sillani F, Kleijnen RG, Vetterli M, Schmid M, Wegener K. 
Selective laser sintering and multi jet fusion: Process-induced 
modification of the raw materials and analyses of parts 
performance. Addit Manuf. 2019;27:32–41.

	 68.	 Ligon SC, Liska R, Stampfl J, Gurr M, Mülhaupt R. Polymers 
for 3D printing and customized additive manufacturing. 
Chem Rev. 2017;117(15):10212–10290.

	 69.	 Awad A, Fina F, Goyanes A, Gaisford S, Basit AW. 3D 
printing: Principles and pharmaceutical applications of 
selective laser sintering. Int J Pharm. 2020;586:119594.

	 70.	 Valino AD, Dizon JRC, Espera AH, Chen Q, Messman J, 
Advincula RC. Advances in 3D printing of thermoplastic 
polymer composites and nanocomposites. Prog Polym Sci. 
2019;98:101162.

	 71.	 Wu H, Fahy WP, Kim S, Kim H, Zhao N, Pilato L, Kafi A, 
Bateman S, Koo JH. Recent developments in polymers/
polymer nanocomposites for additive manufacturing. Prog 
Mater Sci. 2020;111:100638.

	 72.	 Garzon-Hernandez S, Garcia-Gonzalez D, Jérusalem A, Arias A.  
Design of FDM 3D printed polymers: An experimental-
modelling methodology for the prediction of mechanical 
properties. Mater Des. 2020;188:108414.

	 73.	 Zanjanijam AR, Major I, Lyons JG, Lafont U, Devine DM. 
Fused filament fabrication of PEEK: A review of process-
structure-property relationships. Polymers. 2020;12(8):1665.

	 74.	 Boydston AJ, Cao B, Nelson A, Ono RJ, Saha A, Schwartz JJ, 
Thrasher CJ. Additive manufacturing with stimuli-responsive 
materials. J Mater Chem A. 2018;6(42):20621–20645.

	 75.	 Liu Z, Wang Y, Wu B, Cui C, Guo Y, Yan C. A critical review 
of fused deposition modeling 3D printing technology in 
manufacturing polylactic acid parts. Int J Adv Manuf Technol. 
2019;102(9):2877–2889.

	 76.	 Centola M, Rainer A, Spadaccio C, De Porcellinis S, 
Genovese JA, Trombetta M. Combining electrospinning and 
fused deposition modeling for the fabrication of a hybrid 
vascular graft. Biofabrication. 2010;2(1):014102.

	 77.	 Melocchi A, Parietti F, Maroni A, Foppoli A, Gazzaniga A,  
Zema L. Hot-melt extruded filaments based on 
pharmaceutical grade polymers for 3D printing by fused 
deposition modeling. Int J Pharm. 2016;509(1):255–263.

	 78.	 Masood SH, Song WQ. Development of new metal/polymer 
materials for rapid tooling using fused deposition modelling. 
Mater Des. 2004;25(7):587–594.

	 79.	 Singh R, Singh S, Fraternali F. Development of in-house 
composite wire based feed stock filaments of fused deposition 
modelling for wear-resistant materials and structures. 
Compos Part B. 2016;98:244–249.

	 80.	 Ning F, Cong W, Qiu J, Wei J, Wang S. Additive 
manufacturing of carbon fiber reinforced thermoplastic 
composites using fused deposition modeling. Compos Part B. 
2015;80:369–378.

	 81.	 Tekinalp HL, Kunc V, Velez-Garcia GM, Duty CE, Love LJ, 
Naskar AK, Blue CA, Ozcan S. Highly oriented carbon fiber–
polymer composites via additive manufacturing. Compos Sci 
Technol. 2014;105:144–150.

	 82.	 Zang Z, Nakamura A, Temmyo J. Single cuprous oxide films 
synthesized by radical oxidation at low temperature for PV 
application. Opt Express. 2013;21(9):11448–11456.

	 83.	 Syrlybayev D, Zharylkassyn B, Seisekulova A, Akhmetov M,  
Perveen A, Talamona D. Optimisation of strength properties 
of FDM printed parts—A critical review. Polymers. 
2021;13(10):1587.

	 84.	 Parulski C, Jennotte O, Lechanteur A, Evrard B. Challenges 
of fused deposition modeling 3D printing in pharmaceutical 
applications: Where are we now? Adv Drug Deliv Rev. 
2021;175:113810.

	 85.	 Sukindar NA, Ariffin MKA, Hang Tuan Bahaduin BT,  
Jaafar CNA, Ismail MIS. Analyzing the effect of nozzle 
diameter in fused deposition modeling for extruding 
polylactic acid using open source 3D printing. Jurnal 
Teknologi. 2016;78(10):6252.

	 86.	 Tümer EH, Erbil HY. Extrusion-based 3D printing 
applications of PLA composites: A review. Coatings. 
2021;11(4):390.

	 87.	 Van den Eynde, Van Puyvelde. 3D printing of poly(lactic acid). 
Cham: Springer International Publishing; 2018. 

https://doi.org/10.34133/research.0847


Bai et al. 2025 | https://doi.org/10.34133/research.0847 24

	 88.	 Wickramasinghe S, Do T, Tran P. FDM-based 3D printing of 
polymer and associated composite: A review on mechanical 
properties, defects and treatments. Polymers. 2020;12(7):1529.

	 89.	 Baran EH, Erbil HY. Surface modification of 3D printed PLA 
objects by fused deposition modeling: A review. Colloids 
Interfaces. 2019;3(2):43.

	 90.	 Zhang Z, Demir KG, Gu GX. Developments in 4D-printing: 
A review on current smart materials, technologies, and 
applications. Int J Smart Nano Mater. 2019;10(3):205–224.

	 91.	 Breger JC, Yoon C, Xiao R, Kwag HR, Wang MO, Fisher JP, 
Nguyen TD, Gracias DH. Self-folding thermo-magnetically 
responsive soft microgrippers. ACS Appl Mater Interfaces. 
2015;7(5):3398–3405.

	 92.	 Lalegani Dezaki M, Bodaghi M. Soft magneto-responsive 
shape memory foam composite actuators. Macromol Mater 
Eng. 2022;307(11):2200490.

	 93.	 Kim M-S, Heo J-K, Rodrigue H, Lee H-T, Pané S, Han M-W,  
Ahn S-H. Shape memory alloy (SMA) actuators: The 
role of material, form, and scaling effects. Adv Mater. 
2023;35(33):2208517.

	 94.	 Pérez-Checa A, Feuchtwanger J, Barandiaran JM, Sozinov A,  
Ullakko K, Chernenko VA. Ni-Mn-Ga-(Co, Fe, Cu) high 
temperature ferromagnetic shape memory alloys: Effect of 
Mn and Ga replacement by Cu. Scr Mater. 2018;154:131–133.

	 95.	 Pagounis E, Chulist R, Szczerba MJ, Laufenberg M. High-
temperature magnetic shape memory actuation in a Ni–Mn–
Ga single crystal. Scr Mater. 2014;83:29–32.

	 96.	 Bonifacich FG, Lambri OA, Recarte V, Sánchez-Alarcos V,  
Pérez-Landazábal JI. Magnetically tunable damping 
in composites for 4D printing. Compos Sci Technol. 
2021;201:108538.

	 97.	 Milleret A. 4D printing of Ni–Mn–Ga magnetic shape memory 
alloys: A review. Mater Sci Technol. 2022;38(10):593–606.

	 98.	 Acet M, Mañosa L, A planes. In: Buschow KHJ, editor. 
Handbook of magnetic materials. Elsevier; 2011. Vol. 19,  
pp. 231–289.

	 99.	 Mohd Jani J, Leary M, Subic A, Gibson MA. A review of 
shape memory alloy research, applications and opportunities. 
Mater Des. 2014;56:1078–1113.

	100.	 Lázpita P, Rojo G, Gutiérrez J, Barandiaran JM, O’Handley RC.  
Correlation between magnetization and deformation in a 
NiMnGa shape memory alloy polycrystalline ribbon. Sens Lett. 
2007;5(1):65–68.

	101.	 Zeng M, Or SW, Chan HLW. Magnetic field-induced 
strain and magnetoelectric effects in sandwich composite 
of ferromagnetic shape memory Ni-Mn-Ga crystal and 
piezoelectric PVDF polymer. IEEE Trans Ultrason Ferroelectr 
Freq Control. 2010;57(10):2147–2153.

	102.	 Chmielus M, Zhang XX, Witherspoon C, Dunand DC,  
Müllner P. Giant magnetic-field-induced strains in polycrystalline 
Ni–Mn–Ga foams. Nat Mater. 2009;8(11):863–866.

	103.	 Dunand DC, Müllner P. Size effects on magnetic actuation  
in Ni-Mn-Ga shape-memory alloys. Adv Mater. 
2011;23(2):216–232.

	104.	 Caputo MP, Berkowitz AE, Armstrong A, Müllner P,  
Solomon CV. 4D printing of net shape parts made from 
Ni-Mn-Ga magnetic shape-memory alloys. Addit Manuf. 
2018;21:579–588.

	105.	 Laitinen V, Sozinov A, Saren A, Chmielus M, Ullakko K. 
Characterization of as-built and heat-treated Ni-Mn-Ga 
magnetic shape memory alloy manufactured via laser powder 
bed fusion. Addit Manuf. 2021;39: 101854.

	106.	 Korde JM, Kandasubramanian B. Naturally biomimicked 
smart shape memory hydrogels for biomedical functions. 
Chem Eng J. 2020;379:122430.

	107.	 Aldawood FK. A comprehensive review of 4D printing: 
State of the arts, opportunities, and challenges. Actuators. 
2023;12(3):101.

	108.	 Viteri A, Laugé J, Lutz L, Ginebra M-P, García-Torres J.  
In situ synthesis of Fe3O4 nanocatalyst in chitosan-agarose 
hydrogel membranes for the sustainable and efficient 
degradation of organic compounds. Int J Biol Macromol. 
2025;319:145380.

	109.	 Shen J, He R, He J, Liao L, Huang Y, Min S, Feng X, Chen B,  
Wang B. Oscillating magnetic field induced bone injury 
repair by using drug-free micromotors. Adv Sci. 2025;  
doi.org/10.1002/advs.202503254

	110.	 Sillapawisut S, Nurerk P, Bunkoed O. A magnetic hydrogel 
adsorbent bead containing hyper-crosslinked polymer-
decorated graphene oxide for the dispersive liquid-solid phase 
extraction of phenylurea herbicides. Talanta. 2025;296:128538.

	111.	 Aggas JR, Abasi S, Smith B, Zimmerman M, Deprest M, 
Guiseppi-Elie A. Microfabricated and 3-D printed soft 
bioelectronic constructs from PAn-PAAMPSA-containing 
hydrogels. Bioengineering. 2018;5(4):87.

	112.	 Aggas JR, Abasi S, Phipps JF, Podstawczyk DA, Guiseppi-
Elie A. Microfabricated and 3-D printed electroconductive 
hydrogels of PEDOT:PSS and their application in 
bioelectronics. Biosens Bioelectron. 2020;168:112568.

	113.	 Peng H, Xin Y, Xu J, Liu H, Zhang J. Ultra-stretchable 
hydrogels with reactive liquid metals as asymmetric force-
sensors. Mater Horiz. 2019;6(3):618–625.

	114.	 Jing L, Hsiao L-Y, Li S, Yang H, Ng PLP, Ding M, Truong TV,  
Gao S-P, Li K, Guo Y-X, et al. 2D-material-integrated 
hydrogels as multifunctional protective skins for soft robots. 
Mater Horiz. 2021;8(7):2065–2078.

	115.	 Champeau M, Heinze DA, Viana TN, de Souza, Chinellato AC,  
Titotto S. 4D printing of hydrogels: A review. Adv Funct Mater. 
2020;30(31):1910606.

	116.	 Hann SY, Cui H, Nowicki M, Zhang LG. 4D printing 
soft robotics for biomedical applications. Addit Manuf. 
2020;36:101567.

	117.	 Kadiri VM, Bussi C, Holle AW, Son K, Kwon H, Schütz G, 
Gutierrez MG, Fischer P. Biocompatible magnetic micro- and 
nanodevices: Fabrication of FePt nanopropellers and cell 
transfection. Adv Mater. 2020;32(25):2001114.

	118.	 Bakenecker AC, von Gladiss, Schwenke H, Behrends A, 
Friedrich T, Lüdtke-Buzug K, Neumann A, Barkhausen J, 
Wegner F, Buzug TM. Navigation of a magnetic micro-robot 
through a cerebral aneurysm phantom with magnetic particle 
imaging. Sci Rep. 2021;11(1):14082.

	119.	 Lyu Z, Wang J, Chen Y. 4D printing: Interdisciplinary 
integration of smart materials, structural design, and new 
functionality. Int J Extr Manuf. 2023;5(3):032011.

	120.	 Leng J, Lan X, Liu Y, Du S. Shape-memory polymers and 
their composites: Stimulus methods and applications. Prog 
Mater Sci. 2011;56(7):1077–1135.

	121.	 Li W, Liu Y, Leng J. Selectively actuated multi-shape memory 
effect of a polymer multicomposite. J Mater Chem A. 
2015;3(48):24532–24539.

	122.	 Nelson A. Engineering interactions. Nat Mater. 2008;7(7):523–525.
	123.	 Lalegani Dezaki M, Bodaghi M. Sustainable 4D printing of 

magneto-electroactive shape memory polymer composites. 
Int J Adv Manuf Technol. 2023;126(1):35–48.

https://doi.org/10.34133/research.0847
https://doi.org/10.1002/advs.202503254


Bai et al. 2025 | https://doi.org/10.34133/research.0847 25

	124.	 Patadiya J, Gawande A, Joshi G, Kandasubramanian B.  
Additive manufacturing of shape memory polymer 
composites for futuristic technology. Ind Eng Chem Res. 
2021;60(44):15885–15912.

	125.	 Yousefi MA, Rahmatabadi D, Baniassadi M, Bodaghi M, 
Baghani M. 4D printing of multifunctional and biodegradable 
PLA-PBAT-Fe3O4 nanocomposites with supreme mechanical 
and shape memory properties. Macromol Rapid Commun. 
2025;46(2):2400661.

	126.	 Mirasadi K, Rahmatabadi D, Ghasemi I, Khodaei M, 
Baniassadi M, Bodaghi M, Baghani M. 3D and 4D printing of 
PETG–ABS–Fe3O4 nanocomposites with supreme remotely 
driven magneto-thermal shape-memory performance. 
Polymers. 2024;16(10):1398.

	127.	 Rahmatabadi D, Ghasemi I, Baniassadi M, Abrinia K, 
Baghani M. 4D printing of PLA-TPU blends: Effect of 
PLA concentration, loading mode, and programming 
temperature on the shape memory effect. J Mater Sci. 
2023;58(16):7227–7243.

	128.	 Wu P, Yu T, Chen M, Kang N, Mansori ME. Electrically/
magnetically dual-driven shape memory composites 
fabricated by multi-material magnetic field-assisted 4D 
printing. Adv Funct Mater. 2024;34(27):2314854.

	129.	 Qi S, Guo H, Fu J, Xie Y, Zhu M, Yu M. 3D printed shape-
programmable magneto-active soft matter for biomimetic 
applications. Compos Sci Technol. 2020;188:107973.

	130.	 Hu W, Lum GZ, Mastrangeli M, Sitti M. Small-scale 
soft-bodied robot with multimodal locomotion. Nature. 
2018;554(7690):81–85.

	131.	 Lum GZ, Ye Z, Dong X, Marvi H, Erin O, Hu W, Sitti M. 
Shape-programmable magnetic soft matter. Proc Natl Acad 
Sci USA. 2016;113(41):E6007–E6015.

	132.	 Zhao C-X, Liu J-N, Li B-Q, Ren D, Chen X, Yu J, Zhang Q.  
Multiscale construction of bifunctional electrocatalysts for 
long-lifespan rechargeable zinc–air batteries. Adv Funct 
Mater. 2020;30(36):2003619.

	133.	 Lyu Z, Koh JJ, Lim GJH, Zhang D, Xiong T, Zhang L, 
Liu S, Duan J, Ding J, Wang J, et al. Direct ink writing of 
programmable functional silicone-based composites for  
4D printing applications. Interdiscip Mater. 2022;1(4): 
507–516.

	134.	 Kim Y, Yuk H, Zhao R, Chester SA, Zhao X. Printing 
ferromagnetic domains for untethered fast-transforming soft 
materials. Nature. 2018;558(7709):274–279.

	135.	 Zhu P, Yang W, Wang R, Gao S, Li B, Li Q. 4D printing of 
complex structures with a fast response time to magnetic 
stimulus. ACS Appl Mater Interfaces. 2018;10(42): 
36435–36442.

	136.	 Zhao R, Kim Y, Chester SA, Sharma P, Zhao X. Mechanics 
of hard-magnetic soft materials. J Mech Phys Solids. 
2019;124:244–263.

	137.	 Xu T, Zhang J, Salehizadeh M, Onaizah O, Diller E. 
Millimeter-scale flexible robots with programmable 
three-dimensional magnetization and motions. Sci Robot. 
2019;4(29):aav4494.

	138.	 Ju Y, Hu R, Xie Y, Yao J, Li X, Lv Y, Han X, Cao Q, Li L. 
Reconfigurable magnetic soft robots with multimodal 
locomotion. Nano Energy. 2021;87: 106169.

	139.	 Yang X, Shang W, Lu H, Liu Y, Yang L, Tan R, Wu X, Shen Y. 
An agglutinate magnetic spray transforms inanimate objects 
into millirobots for biomedical applications. Sci Robot. 
2020;5(48): abc8191.

	140.	 Zhang Y, Wang Q, Yi S, Lin Z, Wang C, Chen Z, Jiang L. 
4D printing of magnetoactive soft materials for on-demand 
magnetic actuation transformation. ACS Appl Mater 
Interfaces. 2021;13(3):4174–4184.

	141.	 Wajahat M, Kim JH, Kim JH, Jung ID, Pyo J, Seol SK. 4D 
printing of ultrastretchable magnetoactive soft material 
architectures for soft actuators. ACS Appl Mater Interfaces. 
2023;15(51):59582–59591.

	142.	 Rus D, Tolley MT. Design, fabrication and control of soft 
robots. Nature. 2015;521(7553):467–475.

	143.	 Wehner M, Truby RL, Fitzgerald DJ, Mosadegh B,  
Whitesides GM, Lewis JA, Wood RJ. An integrated design 
and fabrication strategy for entirely soft, autonomous robots. 
Nature. 2016;536(7617):451–455.

	144.	 Park S-J, Gazzola M, Park KS, Park S, Di Santo, Blevins EL,  
Lind JU, Campbell PH, Dauth S, Capulli AK, et al. 
Phototactic guidance of a tissue-engineered soft-robotic ray. 
Science. 2016;353(6295):158–162.

	145.	 Bartlett NW, Tolley MT, Overvelde JTB, Weaver JC, 
Mosadegh B, Bertoldi K, Whitesides GM, Wood RJ. A 
3D-printed, functionally graded soft robot powered by 
combustion. Science. 2015;349(6244):161–165.

	146.	 Wei T-S, Ahn BY, Grotto J, Lewis JA. 3D printing of 
customized Li-ion batteries with thick electrodes. Adv Mater. 
2018;30(16):1703027.

	147.	 Deng J, Kuang X, Liu R, Ding W, Wang AC, Lai Y-C, Dong K,  
Wen Z, Wang Y, Wang L, et al. Vitrimer elastomer-based 
jigsaw puzzle-like healable triboelectric nanogenerator 
for self-powered wearable electronics. Adv Mater. 
2018;30(14):1705918.

	148.	 Liu R, Kuang X, Deng J, Wang Y-C, Wang AC, Ding W, Lai Y-C,  
Chen J, Wang P, Lin Z, et al. Shape memory polymers for body 
motion energy harvesting and self-powered mechanosensing. 
Adv Mater. 2018;30(8):1705195.

	149.	 Siegel AC, Phillips ST, Dickey MD, Lu N, Suo Z, Whitesides GM.  
Foldable printed circuit boards on paper substrates. Adv Funct 
Mater. 2010;20(1):28–35.

	150.	 Yan Z, Zhang F, Wang J, Liu F, Guo X, Nan K, Lin Q,  
Gao M, Xiao D, Shi Y, et al. Controlled mechanical buckling 
for origami-inspired construction of 3D microstructures in 
advanced materials. Adv Funct Mater. 2016;26(16): 
2629–2639.

	151.	 Dickey MD. Stretchable and soft electronics using liquid 
metals. Adv Mater. 2017;29(27):1606425.

	152.	 Guo S-Z, Qiu K, Meng F, Park SH, McAlpine MC.  
3D printed stretchable tactile sensors. Adv Mater. 
2017;29(27):1701218.

	153.	 Muth JT, Vogt DM, Truby RL, Mengüç Y, Kolesky DB,  
Wood RJ, Lewis JA. Embedded 3D printing of strain 
sensors within highly stretchable elastomers. Adv Mater. 
2014;26(36):6307–6312.

	154.	 Tian K, Bae J, Bakarich SE, Yang C, Gately RD, Spinks GM,  
in het Panhuis M, Z, Vlassak JJ. 3D printing of transparent 
and conductive heterogeneous hydrogel–elastomer systems. 
Adv Mater. 2017;29(10):1604827.

	155.	 Sun K, Wei T-S, Ahn BY, Seo JY, Dillon SJ, Lewis JA. 3D 
printing of interdigitated Li-ion microbattery architectures. 
Adv Mater. 2013;25(33):4539–4543.

	156.	 Zarek M, Layani M, Cooperstein I, Sachyani E, Cohn D, 
Magdassi S. 3D printing of shape memory polymers for 
flexible electronic devices. Adv Mater. 2016;28(22): 
4449–4454.

https://doi.org/10.34133/research.0847


Bai et al. 2025 | https://doi.org/10.34133/research.0847 26

	157.	 Truby RL, Wehner M, Grosskopf AK, Vogt DM, Uzel SGM,  
Wood RJ, Lewis JA. Soft somatosensitive actuators via 
embedded 3D printing. Adv Mater. 2018;30(15):1706383.

	158.	 Lendlein A, Langer R. Biodegradable, elastic shape-memory 
polymers for potential biomedical applications. Science. 
2002;296(5573):1673–1676.

	159.	 Maitland DJ, Metzger MF, Schumann D, Lee A, Wilson TS. 
Photothermal properties of shape memory polymer micro-
actuators for treating stroke. Lasers Surg Med. 2002;30(1):1–11.

	160.	 Kuang X, Chen K, Dunn CK, Wu J, Li VCF, Qi HJ. 3D 
printing of highly stretchable, shape-memory, and self-
healing elastomer toward novel 4D printing. ACS Appl Mater 
Interfaces. 2018;10(8):7381–7388.

	161.	 Malachowski K, Breger J, Kwag HR, Wang MO, Fisher JP, 
Selaru FM, Gracias DH. Stimuli-responsive theragrippers 
for chemomechanical controlled release. Angew Chem Int Ed 
Engl. 2014;53(31):8045–8049.

	162.	 Wang C, Huang W, Zhou Y, He L, He Z, Chen Z, He X, Tian S,  
Liao J, Lu B, et al. 3D printing of bone tissue engineering 
scaffolds. Bioact Mater. 2020;5(1):82–91.

	163.	 Wang X, Yang C, Yu Y, Zhao Y. In situ 3D bioprinting living 
photosynthetic scaffolds for autotrophic wound healing. 
Research. 2022;2022: 9794745.

	164.	 Liu X, Lu S, Wang T, Wang X, Yang K, Yang H. Advances 
and prospects of 3D printed antibacterial bone implants: A 
systematic review. J Mater Sci Technol. 2024;200:227–242.

	165.	 Thomas DJ, Singh D. 3D printing for developing patient 
specific cosmetic prosthetics at the point of care. Int J Surg. 
2020;80:241–242.

	166.	 Díaz-Payno PJ, Kalogeropoulou M, Muntz I, Kingma E, 
Kops N, D’Este M, Koenderink GH, Fratila-Apachitei LE, 
van Osch, Zadpoor AA. Swelling-dependent shape-based 
transformation of a human mesenchymal stromal cells-laden 
4D bioprinted construct for cartilage tissue engineering. Adv 
Healthc Mater. 2023;12(2):2201891.

	167.	 Kuhnt T, Camarero-Espinosa S, Takhsha Ghahfarokhi M, 
Arreguín M, Cabassi R, Albertini F, Nieto D, Baker MB, 
Moroni L. 4D printed shape morphing biocompatible 
materials based on anisotropic ferromagnetic nanoparticles. 
Adv Funct Mater. 2022;32(50):2202539.

	168.	 Simińska-Stanny J, Nizioł M, Szymczyk-Ziółkowska P, 
Brożyna M, Junka A, Shavandi A, Podstawczyk D. 4D 
printing of patterned multimaterial magnetic hydrogel 
actuators. Addit Manuf. 2022;49:102506.

	169.	 Wei H, Zhang Q, Yao Y, Liu L, Liu Y, Leng J. Direct-write 
fabrication of 4D active shape-changing structures based on 
a shape memory polymer and its nanocomposite. ACS Appl 
Mater Interfaces. 2017;9(1):876–883.

	170.	 Sun R, Chen H, Wang M, Yoshitomi T, Takeguchi M, 
Kawazoe N, Yang Y, Chen G. Smart composite scaffold to 
synchronize magnetic hyperthermia and chemotherapy for 
efficient breast cancer therapy. Biomaterials. 2024;307:122511.

	171.	 Wang J, Zhou J, Xie Z, Zhang Y, He M, Wei T, Wu S, Du C.  
Multifunctional 4D printed shape memory composite 
scaffolds with photothermal and magnetothermal effects for 
multimodal tumor therapy and bone repair. Biofabrication. 
2025;17(2):025032.

	172.	 Zhao W, Zhang F, Leng J, Liu Y. Personalized 4D printing of 
bioinspired tracheal scaffold concept based on magnetic stimulated 
shape memory composites. Compos Sci Technol. 2019;184:107866.

	173.	 Li Y, You J, Lv H, Wang C, Zhai S, Ren S, Liu X, Zhang Y,  
Zhou Y. 4D-printed dual-responsive bioscaffolds for 

treating critical-sized irregular bone defects. Chem Eng J. 
2024;489:151205.

	174.	 Yang L, Li W, Ding X, Zhao Y, Qian X, Shang L. Biomimetic 
mineralized organic–inorganic hybrid scaffolds from 
microfluidic 3D printing for bone repair. Adv Funct Mater. 
2025;35(1):2410927.

	175.	 Zhang H, Hua S, He C, Yin M, Qin J, Liu H, Zhou H, Wu S, Yu X,  
Jiang H, et al. Application of 4D-printed magnetoresponsive 
FOGS hydrogel scaffolds in auricular cartilage regeneration. 
Adv Healthc Mater. 2025;14(9):2404488.

	176.	 Ou X, Huang J, Huang D, Li X, Chen G, Yang Y, Bi R,  
Sheng Y, Guo S-Z. 4D-printed snake-like biomimetic soft 
robots. Bio-Des Manuf. 2025;8(1):55–67.

	177.	 Timonen JVI, Johans C, Kontturi K, Walther A, Ikkala O, 
Ras RHA. A facile template-free approach to magnetodriven, 
multifunctional artificial cilia. ACS Appl Mater Interfaces. 
2010;2(8):2226–2230.

	178.	 Lin D, Yang F, Gong D, Li R. Bio-inspired magnetic-driven 
folded diaphragm for biomimetic robot. Nat Commun. 
2023;14(1):163.

	179.	 Tottori S, Zhang L, Qiu F, Krawczyk KK, Franco-Obregón A,  
Nelson BJ. Magnetic helical micromachines: Fabrication, 
controlled swimming, and cargo transport. Adv Mater. 
2012;24(6):811–816.

	180.	 Lee S, Kim J-Y, Kim J, Hoshiar AK, Park J, Lee S, Kim J, Pané S,  
Nelson BJ, Choi H. A needle-type microrobot for targeted 
drug delivery by affixing to a microtissue. Adv Healthc Mater. 
2020;9(7):1901697.

	181.	 Cabanach P, Pena-Francesch A, Sheehan D, Bozuyuk U,  
Yasa O, Borros S, Sitti M. Zwitterionic 3D-printed 
non-immunogenic stealth microrobots. Adv Mater. 
2020;32(42):2003013.

	182.	 Spiegel CA, Hippler M, Münchinger A, Bastmeyer M, 
Barner-Kowollik C, Wegener M, Blasco E. 4D printing at the 
microscale. Adv Funct Mater. 2020;30(26):1907615.

	183.	 Pei E, Loh GH. Technological considerations for 4D printing: 
An overview. Prog Addit Manuf. 2018;3(1):95–107.

	184.	 Hippler M, Weißenbruch K, Richler K, Lemma ED,  
Nakahata M, Richter B, Barner-Kowollik C, Takashima Y,  
Harada A, Blasco E, et al. Mechanical stimulation of 
single cells by reversible host-guest interactions in 3D 
microscaffolds. Sci Adv. 2020;6(39):abc2648.

	185.	 Spiegel CA, Hackner M, Bothe VP, Spatz JP, Blasco E. 4D 
printing of shape memory polymers: From macro to micro. 
Adv Funct Mater. 2022;32(51):2110580.

	186.	 Wang L, Lou Z, Wang K, Zhao S, Yu P, Wei W, Wang D, 
Han W, Jiang K, Shen G. Biocompatible and biodegradable 
functional polysaccharides for flexible humidity sensors. 
Research. 2020;2020:8716847.

	187.	 Duan S, Lin Y, Wang Z, Tang J, Li Y, Zhu D, Wu J, Tao L, 
Choi C-H, Sun L, et al. Conductive porous MXene for bionic, 
wearable, and precise gesture motion sensors. Research. 
2021;2021:9861467.

	188.	 Hou Y, Zhang H, Zhou K. Ultraflexible sensor development 
via 4D printing: Enhanced sensitivity to strain, temperature, 
and magnetic fields. Adv Sci. 2025;12(7):2411584.

	189.	 Wu P, Yu T, Chen M. Magnetically-assisted digital light 
processing 4D printing of flexible anisotropic soft-magnetic 
composites. Virtual Phys Prototyp. 2023;18(1):2244924.

	190.	 Shi W, Jang S, Kuss MA, Alimi OA, Liu B, Palik J, Tan L, 
Krishnan MA, Jin Y, Yu C, et al. Digital light processing 
4D printing of poloxamer micelles for facile fabrication of 

https://doi.org/10.34133/research.0847


Bai et al. 2025 | https://doi.org/10.34133/research.0847 27

multifunctional biocompatible hydrogels as tailored wearable 
sensors. ACS Nano. 2024;18(10):7580–7595.

	191.	 Xiao T, Chen Y, Li Q, Gao Y, Pan L, Xuan F. All digital light 
processing-3D printing of flexible sensor. Adv Mater Technol. 
2023;8(2):2201376.

	192.	 Huang Z, Yu Z, Deng X, Mo Y, Qiao J, Li L. Simultaneous 
manufacture of magnetic and locally conductive millimeter 
scale bifunctional devices via single-material projection-based 
stereolithography. Adv Funct Mater. 2024;34(46):2406002.

	193.	 Zhang Y-F, Li Z, Li H, Li H, Xiong Y, Zhu X, Lan H, Ge Q. 
Fractal-based stretchable circuits via electric-field-driven 
microscale 3D printing for localized heating of shape 
memory polymers in 4D printing. ACS Appl Mater Interfaces. 
2021;13(35):41414–41423.

	194.	 Xue B, Huang S, Zhang H, Zhang Y, Qian Z, Sheng J, Zhang J,  
Agyenim-Boateng E, Zhu M. Magnetic-responsive shape 
memory performance of 4D-printed acoustic metamaterials. 
Smart Mater Struct. 2025;34(3): 035063.

	195.	 Sukarman AF, Mohd Yusuf S, Mazlan SA, Nordin NA, 
Patel DM, Johari MAF, Lazim NH, Kadir KAA. 4D-printed 
TPU-based magnetorheological elastomer using simplified 
feedstock preparation. Polym Eng Sci. 2025;65(4): 
1977–1987.

	196.	 Lalegani Dezaki M, Bodaghi M. Magnetorheological 
elastomer-based 4D printed electroactive composite 
actuators. Sensors Actuators A Phys. 2023;349:114063.

	197.	 Yang C, Boorugu M, Dopp A, Ren J, Martin R, Han D, 
Choi W, Lee H. 4D printing reconfigurable, deployable 
and mechanically tunable metamaterials. Mater Horiz. 
2019;6(6):1244–1250.

	198.	 Gueche YA, Sanchez-Ballester NM, Cailleaux S, Bataille BI, 
Soulairol I. Selective laser sintering (SLS), a new chapter in 
the production of solid oral forms (SOFs) by 3D printing. 
Pharmaceutics. 2021;13(8):1212.

	199.	 Gao W, Guo Y, Cui J, Liang C, Lu Z, Feng S, Sun Y, Xia Q, 
Zhang B. Dual-curing polymer systems for photo-curing 3D 
printing. Addit Manuf. 2024;85:104142.

	200.	 Pak K, Yang JC, Sim JY, Lee T, Lee DH, Lee S, Kang M, Oh B,  
Kim J-O, Park S. Fabrication of multifunctional wearable 
interconnect E-textile platform using direct ink writing 
(DIW) 3D printing. npj Flex Electron. 2025;9(1):48.

	201.	 Li D, Sun Y, Li X, Li X, Zhu Z, Sun B, Nong S, Wu J, Pan T,  
Li W, et al. 3D printing of near-ambient responsive liquid 
crystal elastomers with enhanced nematic order and 
pluralized transformation. ACS Nano. 2025;19(7): 
7075–7087.

	202.	 Asghar A, Rashid MS, Saqib M, Khan K, Liu Z, Liu C, Chen Z.  
Breaking barriers in energy storage: 3D printed SiOC/
Bi2O3 nanocomposites for high-performance asymmetric 
supercapacitors. Chem Eng J. 2025;505:159949.

	203.	 Asghar A, Rashid MS, Raza M, Hussain I, Liu C, Chen Z.  
Advanced Co3O4/CeO2 ink for 3D printing layered 
porous electrodes to boost energy density of solid-state 
supercapacitor. Adv Funct Mater. 2025;2501598.

	204.	 Yang J, Lu J, Han D, Zhou B, Du A. Direct ink writing 
of aerogels: Fundamentals, strategies, applications, and 
perspectives. Prog Mater Sci. 2025;152:101462.

	205.	 Huang B, Xu K, Zhang X, Zhang Y, Long Y-Z, Ge SS, Wei X.  
3D printing of self-powered triboelectric intelligent system 

with enhanced output performance for material identification 
via machine learning. Chem Eng J. 2025;515:163790.

	206.	 Du X, Liu Y, Zhao W, Fan L, Mo S, Zhai L, He M, Peng D, 
Mou Q, Wang G. 3D printing of heat-resistant thermosetting 
polyimide composite with high dimensional accuracy and 
mechanical property. Compos Part B Eng. 2025;298:112394.

	207.	 Yan Z, Deng Y, Huang L, Zeng J, Wang D, Tong Z, Fan Q, 
Tan W, Yan J, Zang X, et al. Biopolymer-based bone scaffold 
for controlled Pt (IV) prodrug release and synergistic 
photothermal-chemotherapy and immunotherapy in 
osteosarcoma. J Nanobiotechnol. 2025;23(1):286.

	208.	 Luo P, Li S, Xu H, Yu F, Zhou T. Biomimetic 
superhydrophobic metal layers on 3D-printed resin via laser 
for flexible electronics and magnetic droplet manipulation. 
Small. 2025;21(26):2502756.

	209.	 Yan G, Zhou M, Zhang J, Zhang W, He Y, Qiao X, Shi G,  
Pang X. Covalent crosslinker-free photo-curing 3D printing 
of liquid metal composite hydrogels based on SI-photoATRP. 
Small. 2025;21(24):2411688.

	210.	 Zhang T, Wang W, Zhang X, Zhang S, Wang L, Yu D, Wang Y. 
Multifunctional conductive porous substrate based on DLP 
3D printing and polymerization-induced phase separation. 
Chem Eng J. 2025;519:165203.

	211.	 Vigogne M, Aeschbach C, Bernhardt R, Kaufmann A, 
Thiele J. Step test for rapid screening of material and process 
parameters for resin development in DLP 3D printing. Angew 
Chem Int Ed. 2025: e202504154.

	212.	 He X, Shao Y, Xin Y, Pang Y, Jin Z, Guo D, Zou Y. 
Stereolithography 3D printing upon near-infrared 
photopolymerization. Chem Eng J. 2025;507:160857.

	213.	 Msallem B, Vavrina JJ, Beyer M, Halbeisen FS, Lauer G, 
Dragu A, Thieringer FM. Dimensional accuracy in 3D 
printed medical models: A follow-up study on SLA and SLS 
technology. Journal of. Clin Med. 2024;13(19):5848.

	214.	 Peng W, Xia H, Wu J, Fang Z, Zhang X. Dynamic boronate 
ester chemistry facilitating 3D printing interlayer adhesion 
and modular 4D printing of polylactic acid. Adv Funct Mater. 
2025;35(25):2503682.

	215.	 Fijoł N, Aguilar-Sánchez A, Ruiz-Caldas M-X, Redlinger-
Pohn J, Mautner A, Mathew AP. 3D printed polylactic acid 
(PLA) filters reinforced with polysaccharide nanofibers for 
metal ions capture and microplastics separation from water. 
Chem Eng J. 2023;457:141153.

	216.	 Jørgensen AK, Oh YC, Li H, Treffer D, Parhizkar M,  
Goyanes A, Basit AW. Expediting 3D printed medication 
development using vacuum compression moulding. J Control 
Release. 2025;383:113766.

	217.	 Han B, Wang Y, Liu C, Liu Z, Zhang Q. 3D printed 
continuous carbon fiber reinforced TPU metamaterials 
for flexible multifunctional sensors. Chem Eng J. 
2025;513:162767.

	218.	 Kang Z, Xi M, Li N, Zhang S, Wang Z. Anisotropic thermal 
conductivity of 3D printed graphene enhanced thermoplastic 
polyurethanes structure toward photothermal conversion. 
Carbon. 2025;234:120023.

	219.	 Pizzorni M, Benvenuto M, Lertora E, Mandolfino C. Adhesive 
bonding of CFRP with a 3D-printed short-fiber composite: An 
experimental study on the effects of geometry and adhesive 
system on joint performance. Compos Part B. 2025;294:112155.

https://doi.org/10.34133/research.0847

	4D Printing of Magnetically Responsive Materials and Their Applications
	Introduction
	Printing Technology
	Direct ink writing
	Light curing
	Selective laser sintering
	Fused deposition modeling

	Magnetically Responsive Materials
	Magnetic shape memory alloys
	Magnetic shape memory hydrogels
	Magnetic shape memory polymers and their composites
	Magnetically active soft materials

	Applications of 4D Printing Magnetically Responsive Materials
	Biomedical tissue engineering
	Robotics area
	Bionic robot
	Medical microrobots

	Smart structures and devices
	Flexible sensors
	Functional device

	Other

	Conclusion and Perspective
	Acknowledgments
	References


