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ABSTRACT
Magnetic soft materials (MSMs) have garnered widespread attention due to their advantages in wireless control, rapid response,
and programmable anisotropy. Magnetically programmed MSM structures and devices have found extensive applications in
fields such as miniature robots, biomedical engineering, and flexible electronics. However, their further development faces
significant challenges inmanufacturing, especially the need to create complex three-dimensional (3D) structures with full degrees
of freedom (DoFs) magnetic programming. Traditional manufacturing approaches and 3D printing followed by post-magnetic
programming face multistep workflows, limited programming freedom, and restricted filler selection. Magnetic field-assisted 3D
printing (MF3DP) addresses these limitations by coupling fabrication with in situ magnetic programming, enabling the direct
manufacturing of MSM structures with programmable magnetic fillers orientations. In this paper, we first introduce magnetic
materials, matrix materials, and their composites, focusing on their fundamental properties and response mechanisms. Then, we
review traditional manufacturing approaches and 3D printing, followed by post-magnetic programming. Next, we systematically
reviewMF3DP technologies, providing a comprehensive discussion ofmagnetic field sources, field integration strategies,magnetic
programming mechanisms, programming capabilities, and overall manufacturing performance. Finally, we discuss the current
challenges and prospects of 3D printing of MSMs.
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Introduction

agnetic soft materials (MSMs) are smart materials where
agnetic particles are embedded into compliant matrices. Due to
heir capability of exhibiting large, rapid and reversible responses
pon applied magnetic fields [1, 2], as well as the mechanical
3], electrical [4], and thermal [5] anisotropies depending on the
rogrammed orientation of the magnetic particles, MSMs have
een used to develop enormous functional structures and devices
2026 Wiley-VCH GmbH
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for various applications such as miniature robots [6–10], flexi-
ble sensors [11–13], property reinforced composites [14–17], and
others [18, 19]. To meet these application demands, researchers
have developed numerous fabrication methods, including mold
casting [20–22], laser cutting [23–25], micro-assembly [26–28],
and injection molding [29–31]. However, these methods typically
involve multiple processes and extensive manual operations,
which make them inefficient, and incapable of producing MSM
structures with complex magnetic programming [32, 33]. Thus,
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FIGURE 1 Overview of 3D printing of MSMs: material founda-
tions, 3D printing technologies, magnetic field sources for magnetic
programming, and their relevant applications.
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hese traditional methods severely limit the achievable perfor-
ance and functionality of MSM structures and devices.

dditive manufacturing, also known as three-dimensional (3D)
rinting, is an advanced manufacturing technology that creates
omplex 3D structures in a layer-by-layer fashion [34–36]. Due
o its high design flexibility and capability of multimaterial
ntegration, 3D printing is competent to fabricate complex 3D
tructures with multifunctionality [37–42]. Mainstream 3D print-
ng methods include Fused Deposition Modeling (FDM) [43–46],
irect Ink Writing (DIW) [47–49], Inkjet [50–52], Stereolithog-
aphy (SLA) [53–56], Digital Light Processing (DLP) [57–63],
wo-Photon Polymerization (TPP) [64–66], and Selective Laser
intering (SLS) [67–69]. Among them, DLP andDIW are themost
ommonly used methods for creating 3D structures of MSMs as
hey are compatible with a wide variety of polymer matrices that
an incorporate magnetic particles, facilitating the fabrication
f diverse functional and even multifunctional structures and
evices [8, 70–73].

pplying an external magnetic field to control the orientation
f magnetic particles is key to endowing fabricated magnetic
tructures with unique behaviors or functionalities. Here, we
efer to such a process as “magnetic programming.” A 3D
agnetic structure without magnetic programming can be easily
rinted as long as the MSMs are printable. Then, the printed
tructure can be magnetically programmed by placing it in a
ulsedmagnetic field [1, 74, 75]. Here, we name suchmagnetically
rogramming process as “post magnetic programming” as it
s applied after the whole structure is printed. Although this
pproach has been used to fabricate somemagnetic 3D structures
20, 23], it is incompetent to achieve complex magnetization
rofiles in the printed structures, which limits the performance
nd functionality of printed magnetic structures for advanced
pplications [32, 33, 76–78]. Moreover, post-magnetic program-
ing is only applicable to hard-magnetic particles that can retain
heir magnetization after the external magnetic field is removed.
n contrast, the structures with soft-magnetic or paramagnetic
articles lose their magnetization once the field is withdrawn and
herefore, cannot be programmed using this method.

o overcome those limitations, the magnetic field-assisted 3D
rinting (MF3DP) has been proposed. During the 3D printing
rocess, external magnetic fields are applied through electro-
agnet coil, a permanent magnet, or a combination of them
32, 33, 79–81]. The applied magnetic fields can locally program
he magnetic properties of printed parts during 3D printing.
herefore, we name such programming process as “in situ mag-
etic programming.” Despite recent advances demonstrating that
F3DP has been used to successfully print numerous functional
tructures and devices [80, 82], substantial work still needs to be
one to improve the fidelity and complexity of printed magnetic
tructures in terms of geometric and magnetization profiles.

lthough several review articles have discussed the 3D printing
f magnetic materials and have partially covered MSMs [83–89],
ost of them are organized from broader perspectives such as
aterials, processes, or applications. To the best of our knowl-
dge, a systematic manufacturing-centered review specifically
ocused onMSMs remains lacking. In particular, the connections
mong magnetic particles, matrix materials, fabrication routes,
of 33
magnetic programming strategies, and manufacturing capabili-
ties have not been fully established within a unified framework.
Clarifying these connections is essential for understanding how
MSM structures can be designed, fabricated, and functionally
programmed, thereby helping identify the key challenges for
next-generation MSM structures and devices.

To address this gap, this review paper provides a systematic
overview of the latest progress in 3D printing of MSMs from
a manufacturing-centered perspective, highlighting the role of
magnetic fields in programmed structure fabrication across dif-
ferent techniques and outlining potential directions for future
development. Figure 1 presents an overview of 3D printing of
MSMs. In this review, we first introduce the material foundations
of MSMs, including the properties of magnetic particles, the
classification of matrix materials, their responsive behaviors
under a magnetic field, sensing mechanisms, and traditional
manufacturing approaches (Section 2). We then focus on 3D
printing of MSMs, beginning with strategies that rely on post
magnetic programming (Section 3.1), followed by DIW- (Sec-
tion 3.2) and DLP-based (Section 3.3) MF3DP. Finally, we outline
future directions for MSMmanufacturing, design, and functional
development, namely multi-material integration, computation-
ally guided design, and reconfigurable magnetic functionality
(Section 4).

2 Overview of MSMs and Their Traditional
Manufacturing Approaches

2.1 Classification of Magnetic Materials

Depending on magnetization characteristics, magnetic materials
can be classified into three categories: hard-magnetic, soft-
magnetic, and superparamagnetic materials. The key differences
Advanced Materials, 2026
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FIGURE 2 Magnetization curves of different magnetic materials: (a) hard-magnetic materials; (b) soft-magnetic materials; (c) superparamagnetic
materials.
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etween them can be quantified by their magnetization curves,
hich are presented in Figure 2.

igure 2a presents a typical magnetization curve for a hard-
agnetic material. A magnetic material is gradually magnetized
s the appliedmagnetic fieldH increases.WhenH reaches the sat-
ration field strength Hs, the magnetic material is magnetized at
he saturated stateMs (Ms is called saturation magnetization,Ms
Hs). In engineering, the saturation magnetization is quantified
y saturationmagnetic flux density Bs, which can be calculated as
s = μ0Ms, where μ0 is the vacuum permeability (μ0 = 4π × 10−7
/m). Once H is removed, most magnetization remains in the
ard-magnetic material, and remained magnetization is denoted
s remanent magnetization or remanence Mr. In engineering,
emanent magnetization is measured by remanent magnetic flux
ensity Br (Br = μ0Mr). To demagnetize the magnetic material,
n opposite H is required to be applied. When the opposite H
eaches Hc (Hc is denoted as coercivity, Hc < Hs), the overall
agnetization of the magnetic material is reduced to zero.
s listed in Table 1, typical hard-magnetic materials include
d2Fe14B, SrFe12O19, and SmCo5. The Hc of these hard-magnetic
aterials is usually greater than 400 kA/m. Since Mr and Hc
re high in hard-magnetic materials, the magnetization curve of
hem exhibits large hysteresis.

ifferent from hard-magnetic materials, as shown in Figure 2b,
oft-magnetic materials can be easily magnetized (Hs ≪ Ms),
nd have much smaller remanence Mr. Moreover, soft-magnetic
aterials have weak ability to resist demagnetization. Thus, the
oercivity (Hc) of them is usually less than 10 kA/m. SinceMr and
c are low, soft-magnetic materials exhibit low hysteresis. Table 1
lso lists the typical soft-magnetic materials such as Fe, Carbon
ron Powder (CIP), and FeSi.

n contrast to hard- and soft-magnetic materials, superparamag-
etic materials exhibit a magnetization curve (Figure 2c) without
emanence, coercivity, and hysteresis. They are highly responsive
o external magnetic fields and can be rapidly magnetized and
emagnetized. Compared with soft-magnetic materials, super-
dvanced Materials, 2026
paramagnetic materials have moderate magnetic susceptibility
χm, which is defined as the initial slope of the magnetization
curve. It is worth noting that superparamagnetic behavior is
highly size-dependent, typically emerging when the particle
size falls below a critical threshold, where thermal fluctuations
and relaxation dominate and coercivity approaches zero. As a
result, superparamagnetic particles are typically in the nanoscale
range and mainly composed of iron oxide nanoparticles, such as
magnetite (Fe3O4) and maghemite (γ-Fe2O3).

2.2 Classification of Matrix Materials

Matrix material acts as a carrier where magnetic particles are
embedded and provides elasticity to the corresponding MSM
composite. Upon applying external magnetic fields, forces and
torques acting on the individualmagnetic particles generate inter-
nal stresseswithin thematrixmaterial, leading to deformations of
the whole composite. Thus, the extent of deformation is primarily
determined by the mechanical properties of the matrix material.
Nevertheless, in addition to mechanical properties, many other
factors should be considered when selecting matrix materials,
including compatibility withmagnetic particles, processability, as
well as specific functionalities for target applications.

For bio-related applications, biocompatibility is another impor-
tant consideration in matrix selection. The biocompatibility of
MSMs is determined not only by the matrix material itself, but
also by the embedded magnetic components. On the matrix
side, factors such as chemical composition, crosslinking chem-
istry, residual monomers or initiators, solvent environment,
and long-term stability under physiological conditions may all
influence cytocompatibility and safety [95, 96]. On the magnetic-
component side, the particle composition, size, loading level,
surface chemistry, corrosion behavior, and possible particle leak-
age or ion release are also important considerations [85, 97].
To improve the biocompatibility of MSMs, reported strategies
have mainly included the use of more biocompatible matrices
and magnetic fillers [83, 85], surface coating [8, 29] or chemical
3 of 33
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TABLE 1 Magnetic properties of commonly used magnetic materials [90–94].

Material Bs (T) Br (T) Hc(A/m) χm

Hard-magnetic Nd2Fe14B 1.34 1.30 900k —
SrFe12O19 0.46 0.37 260k —
SmCo5 0.95 0.89 680k —
Sm2Co17 1.15 1.09 800k —
AlNiCo5 1.34 1.29 60k —

Soft-magnetic FeCrCo 1.4 1.5 60k —
Fe 2.16 — 4–80 10–50k
FeSi 2.0 — 6 500–5k

Ni50Fe50 1.4–1.6 — 4–20 70k
Ni78Fe17Mo5 0.65–0.82 — 0.25–0.64 100–800k
Mn-Zn ferrite 0.36–0.5 — 10–100 500–10k
Ni-Zn ferrite 0.25–0.42 — 14–1600 10–1k

Superparamagnetic
Fe3O4

nanoparticles
0.02–0.65 — — 0.003–

0.007
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odification [98] of magnetic particles to reduce direct exposure
nd improve interfacial stability, and encapsulation [99, 100] of
he magnetic phase to minimize leakage and enhance long-term
tability in biological environments.

he matrix materials used in MSMs can be broadly classified
nto passive and active matrices according to whether they only
rovide mechanical compliance or can also actively respond
o external physical stimuli other than magnetic fields. Tra-
itionally, matrix materials such as elastomers and gels are
onsidered passive matrices, which mainly provide elasticity to
he composites, while the actuation of the composites arises from
he embedded magnetic particles under applied magnetic fields.
n contrast, active matrices refer to soft matrix materials that
an actively respond to other physical fields, thereby introducing
dditional actuation or shape-fixing functionalities into the com-
osite system. Recently, active materials such as shape memory
olymers and liquid crystal elastomers have also been used as
atrix materials, which impart multifunctionality to magnetic
oft materials so that they exhibit not only magnetic actuation
ut also thermal or photothermal actuation. In the following
ections, we discuss some commonly used passive and active
atrix materials.

mong various matrix materials, thermosetting silicone elas-
omers are chemically crosslinked polymer networks with low
rosslinking density (Figure 3a), and have been the most widely
sed for the fabrication ofMSMs owing to their broad commercial
vailability. Representative products include Sylgard 184 (Dow
hemical), Ecoflex (Smooth-On, Inc), and Elastosil (Wacker
hemie AG). They are addition-curing type silicone elastomers
hose curing process can be accelerated by heating in the
resence of platinum-based catalysts. Unless heavily loaded, the
agnetic particles can be easily mixed into the uncured silicone
esin prior to catalyst addition. Then, the mixture can form
esired shapes through casting, molding, or printing, and the
iquid mixture with a catalyst solidifies upon thermal curing.
of 33
Thermoplastic elastomers such as thermoplastic polyurethane
(TPU) have also been used asmatrixmaterials for preparingMSM
composites. Different from chemically crosslinked silicone elas-
tomers, thermoplastic elastomers are block copolymers with rigid
crystalline segments that physically crosslink flexible segments
(Figure 3b). Thermoplastic elastomers melt upon heating, allow-
ing magnetic particles to be mixed into the molten thermoplastic
elastomers throughmelt blending in a twin-screw extruder. Then,
the molten blends can form desired shapes through manufac-
turing processes such as extrusion, injection, and compression
molding. Upon cooling, the thermoplastic elastomer solidifies
again, and the material regains its mechanical properties.

Gels are another type of matrix materials which have been widely
used. Different from elastomers, gels are semisolids composed
of loosely crosslinked polymer networks where liquid solvents
are entrapped (Figure 3c). Among all gels, hydrogels are the
most widely used and are composed of hydrophilic polymer
networks containing a large amount of water. Due to the excellent
biocompatibility, hydrogels with embedded magnetic particles
have shown great potential in biomedical applications [101–
103]. The hydrogels used for hosting magnetic particles include
synthetic polymers such as polyacrylamide [104–106], poly(vinyl
alcohol) [107–110], and poly(N-isopropylacrylamide) [103, 111,
112], and natural polysaccharides such as alginate [113, 114],
scleroglucan [115], and carrageenan [116–119].

Passive matrices offer elasticity to the MSMs, which deform
reversibly under applied magnetic fields. However, the defor-
mation cannot be maintained after the removal of the applied
magnetic fields. Thus, in order to maintain the deformed shape
without continuously applying magnetic fields, active materials
such as shape memory polymers (SMPs) [120–123] and liquid
crystal elastomers (LCEs) [124, 125] have been used as matrix
materials for MSMs. As shown in Figure 3d, SMPs exhibit shape
memory (SM) behavior through a SM cycle: it is deformed at
high temperature (Th), which is above its transition temperature
Advanced Materials, 2026
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FIGURE 3 Classification of polymer matrices used in MSMs. (a–c) Passive polymer matrices, including (a) thermosetting elastomers, (b)
thermoplastic elastomers, and (c) solvent-swollen gels. (d, e) Active polymer matrices, including (d) shape memory polymers, which undergo thermally
induced temporary shape fixation and recovery around a transition temperature 𝑇trans, and (e) liquid crystal elastomers, which respond to thermal
stimuli via reversible mesogen alignment transitions.

Advanced Materials, 2026 5 of 33
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Ttrans: glass transition temperature for amorphous SMP and
rystallization temperature for crystalline SMP); the SMP sample
s cooled to a low temperature state (Tl) while keeping the external
oad; after removing the external load, the temporary shape is
ixed; the SMP recovers to its original shape. If hard- or soft-
agnetic particles are embedded into the SMP matrix, the MSM
omposite can be deformed by an applied magnetic field when
t is heated at Th. The deformation can be maintained if even
he magnetic field is removed when the SMP is cooled down
o Tl. When superparamagnetic particles are embedded into the
MP matrix, the shape recovery of the SMP can be triggered by
pplying alternating magnetic fields.

iquid crystal elastomers (LCEs) are another type of thermo-
esponsive active materials that have been used as matrices for
SMs. As illustrated in Figure 3e, within the loosely linked poly-
er network, there are rod-like rigid molecules called mesogens,
hich are covalently attached to the network. At low temperature
Tl), the LCE is in the nematic state, in which the mesogens
an be programmed to align along a common direction. Upon
eating to a high temperature (Th), which is above the transition
emperature (Ttrans), the mesogens undergo a transition from
he ordered nematic state to the randomly distributed isotropic
tate. Accompanied by this transition, contraction occurs in the
CE sample. When cooled back to Tl, the LCE returns to the
ematic state and recovers its original length. Therefore, LCEs
xhibit reversible actuation upon heating and cooling. When
uperparamagnetic particles are embedded into the LCE matrix,
uch reversible actuation can be remotely controlled by applying
lternating magnetic fields.

.3 Responsive Behaviors of MSMs Under
agnetic Fields

ard-magneticmaterials such as Nd2Fe14B, SrFe12O19, and SmCo5
re characterized by high coercivity, which allows them to
e relatively insensitive to external magnetic fields, and more
esistant to demagnetization when compared with soft-magnetic
aterials. Hence, hard-magnetic materials can maintain their
igh remanent magnetization even under external magnetic
ields as long as they are below the coercivity of the hard-magnetic
aterials.

s shown in Figure 4a, due to the dipole moment resulting
rom the remanent magnetization, themagnetic torque of a hard-
agnetic particle can be readily achieved when it is placed in a
patially uniform magnetic field. Once the hard-magnetic parti-
les with remanent magnetization are embedded into an elastic
atrix, the magnetic torques generated from a uniformmagnetic
ield would lead to bending actuation of the matrix. Figure 4b
llustrates an elastic beam where the magnetization profile of the
ard-magnetic particles is along the longitudinal direction of the
eam. Under a spatially uniform magnetic field perpendicular to
he beam, the embedded hard-magnetic particles tend to align
heir remanent magnetization with the applied magnetic field
ue to the magnetic torques, which results in bending actuation
f the beam. As shown in Figure 4c, under spatially nonuniform
agnetic fields, both magnetic torque and force act on the
ard-magnetic particle, which tends to rotate and move toward
he direction where the field strength increases. Accordingly,
of 33
for the magnetization profile illustrated in Figure 4b,d, the
magnetic force and magnetic torque act cooperatively, leading to
a larger bending deformation in the nonuniform field than in
the uniform field. However, this enhancement is not universal.
Depending on the magnetization profile, field distribution, and
boundary conditions, the effects of magnetic torque and force
may also compete with each other. For example, if the magne-
tization directions in the two halves of the beam are reversed
compared with the configuration illustrated in Figure 4b,d,
the magnetic force may weaken the overall deformation or
even dominate over the magnetic torque, thereby reversing the
deformation.

Compared with hard-magnetic materials, soft-magnetic materi-
als such as Fe, FeSi, and Ni50Fe50 are characterized by lower
remanence and coercivity but higher magnetic susceptibility
and saturation magnetization (Figure 2b). Thus, soft-magnetic
materials are easily magnetized, but also easily demagnetized
by relatively weak magnetic fields. When a magnetic field is
applied to a spherical soft-magnetic particle that is magneti-
cally isotropic, there is no torque but only force acting on the
particle (Figure 5a), since the induced magnetic moment is
always aligned with the applied field. Therefore, it is easier to
generate elongation or compression (Figure 5b) than bending
in an MSM composite where spherical soft-magnetic particles
are embedded. To produce magnetic torques on soft-magnetic
materials, magnetic anisotropy needs to be introduced by either
forming anisotropic soft-magnetic particles with nonspherical
shapes (e.g., rods, spheroids, platelets) or chains of isotropic
particles to generate magnetic asymmetry (Figure 5c). As a
result, the application of a magnetic field leads to bending
actuation of the MSM composite with embedded chains of
isotropic soft-magnetic particles on which magnetic torques act
(Figure 5d).

Superparamagneticmaterials such as iron oxide nanoparticles are
characterized by the near absence of remanence and coercivity
as well as high magnetic susceptibility. Similar to soft-magnetic
materials, superparamagnetic materials cannot produce mag-
netic torques if the particles are not imparted with magnetic
anisotropy. Moreover, as the superparamagnetic nanoparticles
tend to aggregate, the maximum concentration of superparam-
agnetic nanoparticles in the polymer matrix is much lower than
that of hard- or soft-magnetic microparticles. Due to the above
limitations, superparamagnetic nanoparticles are not ideal for
producing actuation for MSMs but have a unique capability of
converting electromagnetic energy into heat through thermal
relaxation under alternating magnetic fields, which is more
effective and efficient than soft- or hard-magnetic microparticles
that mainly generate heat through magnetic hysteresis. There-
fore, when superparamagnetic nanoparticles are embedded into
a thermally responsive polymer matrix, such as SMPs, LCEs,
or others, the shape changes of these MSM composites can
be achieved by applying alternating magnetic fields. As shown
in Figure 6a, an SMP MSM composite recovers from the bent
temporary shape to its straight original shape due to internal
heating through the released energy from the superparamagnetic
nanoparticles under an alternating magnetic field. Figure 6b
shows that reversible actuation of an LCE MSM composite with
superparamagnetic nanoparticles can be readily achieved by
tuning the alternating magnetic field.
Advanced Materials, 2026
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FIGURE 4 Magnetic field responsive behaviors of hard-magnetic particles and MSM composites. In uniform magnetic fields, hard-magnetic
particles with remanent magnetization generate magnetic torques, enabling (a) particle rotation and (b) torque-driven bending of the MSM composite.
In non-uniformmagnetic fields, both magnetic torque and force act on the hard-magnetic particles, resulting in (c) combined torque and force response
and (d) enhanced deformation of the MSM composite.
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.4 Sensing Mechanisms of MSM-Based Sensors

eyond actuation, the coupled magneto-mechanical response of
SMs can also be exploited for sensing [11, 99, 100, 126–129]. In
his case, external mechanical stimuli, such as pressure, shear,
ending, or compression, first perturb the internal magnetic
tate of the material, and the resulting magnetic variation is
hen converted into a measurable electrical signal. From this
erspective, MSM-based sensing can be regarded as the reverse
se of magneto-mechanical coupling: rather than usingmagnetic
ields to drive deformation, deformation or displacement is used
o reconfigure the magnetic state and generate readable outputs.
s illustrated in Figure 7, two representative sensing mecha-
isms are commonly adopted in MSM-based sensors, namely
all-effect-based sensing and electromagnetic-induction-based
ensing.

n Hall-effect-based sensing, deformation or displacement of
he magnetic component alters the local magnetic field around
he Hall sensor, and the resulting magnetic variation is then
ead out by the sensor. In practical devices, the Hall sensor
nternally converts the Hall voltage into calibratedmagnetic-field
omponents, such that the quantities directly used for subsequent
ignal processing are typically the local magnetic flux density
omponents Bx, By, and Bz, rather than the raw Hall voltage
tself. This mechanism has been widely used in magnetic soft
actile sensors, where force-induced deformation modifies the
dvanced Materials, 2026
magnetic field distribution beneath a flexible support layer and
enables the sensing of normal, shear, or multidirectional loads
[128, 129]. In particular, by appropriately designing the magnetic-
field distribution of the magnetic component, Hall-based MSM
sensors can further achieve decoupled sensing of two-axis [128]
or even three-axis [129] force components.

In electromagnetic-induction-based sensing, the governing
mechanism is flux variation through a coil. Under applied
loading, deformation of a hard- or soft-magnetic MSM structure
alters the magnetic field distribution and thereby changes the
magnetic flux threading the surrounding or integrated coil.
According to Faraday’s law, this time-varying magnetic flux
induces an electromotive force, producing an electrical output
without requiring an external power source. Compared with
Hall-effect-based sensing, the directly accessible signal in this
route is usually the induced voltage Vi associated with overall
flux variation, rather than a spatially resolved magnetic-field
vector. Therefore, existing devices are mainly used to detect
overall strain- or stress-related changes through electrical
signal variations, rather than anisotropic sensing of different
loading conditions [11, 99, 100, 126, 127]. Owing to the simple
readout requirement that only a nearby coil is needed for signal
collection, this sensing route is particularly attractive not only
for stress/strain sensing [11, 126, 127], but also for biomedical
devices with integrated sensing capability, such asmagnetoelastic
vascular grafts [99] and magnetoelastic stents [100].
7 of 33

e C
reative C

om
m

ons L
icense



FIGURE 5 Magnetic field responsive behaviors of soft-magnetic particles and MSM composites. In non-uniform magnetic fields, soft-magnetic
particles experience magnetic force due to field gradients, causing (a) particle displacement and (b) force-driven actuation (e.g., shortening) of isotropic
soft-magnetic materials. In uniform magnetic fields, anisotropic particles (e.g., chains of isotropic particles) generate magnetic torque, enabling (c)
rotational alignment and (d) torque-driven deformation of the MSM composite.

FIGURE 6 Magnetic field responsive behaviors of superparamagnetic nanoparticle embedded MSM composites. (a) Superparamagnetic SMP-
based MSM composites: magnetothermal actuation enables recovery from a temporary shape to the original shape through thermally induced glass
transition. (b) Superparamagnetic LCE-basedMSMcomposites:magnetothermal actuation and cooling enable reversible deformation through thermally
induced phase transitions.
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FIGURE 7 Sensing mechanisms of MSM-based sensors. (a) In Hall-effect-based sensing, deformation or displacement of the hard-magnetic
component changes the local magnetic field around the Hall sensor, which is read out as Bx, By, and Bz. (b) In electromagnetic-induction-based sensing,
deformation of hard- or soft-magnetic components changes the magnetic flux through the coil and generates an induced voltage Vi.
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lthough the electrical readout mechanisms are different, both
ensing routes share the same physical origin: mechanical
oading modifies the magnetic state of the MSM, and the
esulting magnetic variation is converted into an electrical signal
hrough an appropriate transduction unit. This also implies
hat the sensing performance is not governed solely by the
eadout element but is strongly influenced by the magnetic
icrostructure established during fabrication. In particular, the
ype of magnetic materials, particle content, spatial distribution,
nd alignment state all determine how the local magnetic
ield or magnetic flux evolves under deformation. For Hall-
ffect-based sensing, these structural features mainly affect
he magnitude and distribution of the local magnetic field,
hereby influencing sensitivity, directional selectivity, and decou-
ling capability. For electromagnetic-induction-based sensing,
he orientation of magnetic particles and the spatial distribu-
ion of different magnetic particles within the structure may
roduce different voltage outputs under different loading con-
itions, thereby endowing the sensor with anisotropic sensing
apability.

.5 Traditional Approaches for Manufacturing
SMs Structures

s summarized in Figure 8, traditional approaches used to
anufactureMSMstructures can be broadly categorized into four
ypes: mold casting [10, 11, 20–22, 75, 128, 130, 131], laser cutting
23–25, 76, 132, 133], micro-assembly [26–28, 77, 134], and injection
olding [29–31, 135, 136].

mong them, mold casting remains the most straightfor-
ard approach. Figure 8a presents the steps of mold cast-
ng, where a liquid precursor containing magnetic particles
s poured into a mold and then cured into a solid structure,
hose geometry is determined by the mold. Subsequently,
agnetic programming of the MSM structure can be realized
ith the aid of a template. Due to its simplicity and low
ost, mold casting has been widely used to fabricate minia-
ure soft robots [20, 22], metamaterials [21, 130], and flexible
ensors [11, 128].
dvanced Materials, 2026
Laser cutting is another widely used approach to fabricate MSM
structures. As shown in Figure 8b, this approach generates
2D MSM patterns by using a high-power laser to cut MSM
thin sheets. Through template-assisted magnetic programming,
the 2D MSM patterns with spatially variable magnetic profiles
can be readily achieved. Due to its capability of achieving
2D MSM patterns with complex geometry and high resolu-
tion, laser cutting is particularly suitable for producing 2D
miniature soft robots [23, 132, 133] and origami structures [24,
25], where high-resolution patterns with complex designs are
essential.

The MSM structures fabricated through mold casting and
laser cutting are 2D films or sheets with designed patterns.
To achieve 3D MSM structures, micro-assembly is adopted.
As shown in Figure 8c, small magnetic cubic voxels (typi-
cally ranging from tens of micrometers to a few millimeters)
are first achieved through mold casting or laser cutting, and
each individual magnetic voxel is magnetically programmed.
Then, these small magnetic voxels are assembled into larger
3D constructs. This approach enables a high degree of design
freedom through locally defining the magnetization as well as
the mechanical property of each voxel. However, the method
is technically demanding. Assembling sub-millimeter compo-
nents requires intensive manual handling, which makes the
process laborious and inconsistent. Even so, thanks to the
advantages mentioned above, this approach has been used to
fabricate miniature soft robots with diverse functions such as
targeted drug delivery [26], complex shape-morphing [77], mul-
timodal motion [27], liquid sampling [28], and flow-powered
locomotion [134].

Injection molding is another casting-based approach. As shown
in Figure 8d, in this process, an MSM precursor is injected
into a tubular mold (like helical or linear shapes). The MSM
precursor is then cured throughUV irradiation or heating to form
a 3D solid structure whose geometry is defined by the tubular
mold. Then, the 3D structure is magnetically programmedwithin
the mold. Afterward, the MSM 3D structure is achieved after
demolding, which is realized by cutting open the tubular mold.
Injection molding is an efficient and relatively low-cost process,
9 of 33
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FIGURE 8 Traditional approaches for manufacturing MSM structures, including (a) mold casting, (b) laser cutting, (c) micro-assembly, and (d)
injection molding.
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articularly suitable for producing slender 3D MSM structures
ith complex shapes. Therefore, it is widely used to fabricate
elical microfibers that can serve as microswimmers in fluidic
nvironments [20, 30, 135].

igure 9 compares the above four traditional approaches under
unified set of capability criteria, including geometric complex-
ty (Geo. Comp.), resolution, process simplicity (Proc. Simp.),
conomy, as well as magnetic programming capability (MP
ap.). Here, in the Structural Configuration/Geo. Comp. dimen-
ion, “3D” refers to structures with regular geometric shapes
r relatively simple three-dimensional features, such as solid
uboid-like geometries or simple helical forms,whereas “complex
D” refers to structures with higher geometric and topological
omplexity, such as hollow lattice architectures represented by
ctet-truss structures or complex geometries represented by triply
eriodic minimal surface (TPMS) structures. As summarized in
igure 9, the traditional approaches for manufacturing MSM
tructures exhibit distinct advantages and limitations across these
imensions, and a clear trade-off can be observed between
eometric complexity and process simplicity.
0 of 33
Mold casting is the simplest and most cost-efficient approach,
suitable for producing 2D to simple 3D structures from the
centimeter to millimeter scales, but it offers limited freedom
in magnetization programming and structural complexity. Laser
cutting, by contrast, enables rapid and precise generation of
intricate 2D geometries without mold design, making it advanta-
geous in process simplicity. However, its scope remains restricted
to planar configurations, and the requirement of specialized
laser systems makes it relatively costly compared with other
approaches. Micro-assembly stands out for its ability to construct
complex 3D architectures with discrete magnetization profiles,
even integrating multiple materials, yet its heavy reliance on
manual intervention renders the process time-consuming, tech-
nically demanding, and less cost-efficient. Injection molding
is particularly effective for producing filamentary MSMs such
as helical microfibers, balancing relatively low cost and repro-
ducibility, though its process simplicity remains modest. Overall,
this comparison shows that traditional MSM manufacturing
methods remain useful for selected structures and applications,
but their capability boundaries also clearly motivate the develop-
ment ofmore advancedmanufacturing routes forMSMstructures
Advanced Materials, 2026
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FIGURE 9 Comparison of the manufacturing capability of traditional approaches for MSM structures. The radar plots compare geometric
complexity (Geo. Comp.; 1D to complex 3D), resolution (cm to µm), process simplicity (Proc. Simp.; hard to easy), economy (low to high), and magnetic
programming capability (MP Cap.; 1D to discrete 3D).
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ith higher geometric complexity and more integrated magnetic
rogramming.

3D Printing of MSM Structures

.1 3D Printing of MSM Structures Followed by
ost Magnetic Programming

ompared with the above traditional approaches, 3D printing is
n advancedmanufacturing technology that can readily fabricate
omplex 3D structures through a single step, thereby enabling
iverse MSM applications spanning miniature robotics, flexible
ensors, structural materials, and functional devices. As illus-
rated in Figure 10a, 3D printing has been used to fabricate
SM structures once the feedstock materials (filament, ink, or
esin) are loadedwithmagnetic particles. Once anMSM structure
s printed, post-magnetic programming needs to be applied to
efine the magnetic profile within the 3D-printed structure.
ommonly used 3D printing techniques include FDM [137–141],
LS [12, 127, 142–144], TPP [9, 145–148], DIW [72, 149–158], and
LP [8, 16, 17, 70, 71, 73, 159–163].

s shown in Figure 10b, Cao et al. employed FDM with thermo-
lastic rubber and carbonyl iron particles to fabricate biomimetic
agnetic actuators capable of reversible flower- and butterfly-
nspired shape transformations under magnetic fields [138]. In
igure 10c, Wu et al. employed SLS to fabricate NdFeB/TPU-
ased liquid metal-coated magnetoelectric sensors with complex
SM architectures that are capable of multidirectional force
etection and deformation response [127]. In Figure 10d, Ceylan
dvanced Materials, 2026
et al. fabricated a biodegradable microswimmer via TPP, which
is magnetically driven for in vivo drug delivery and theranostic
applications [145].

In Figure 10e, Li et al. used multimaterial cryogenic DIW to
fabricate an MSM turbine robot that can transport a capsular-
like cargo through a Y-shaped tube by steering its rotational
axis and switching between sweeping and dragging modes [149].
In Figure 10f, Zhang et al. used coaxial DIW technology to
manufacture a magnetic-mechanical-electrical gripper that can
perform various tasks, including object grasping, identification,
transferring, and releasing [150]. In Figure 10g, Hwang et al.
used DIW technology to manufacture an MSM capsule that can
undergo shape programming and recovery with local shape-
morphing capability, which allows it to open its cap and release
liquid on-demand in response to NIR irradiation [152].

In Figure 10h, Huang et al. used DLP technology to manufacture
an MSM gear that can rotate under an alternating magnetic
field, with its angular velocity increasing as the magnetic field
frequency rises [70]. In Figure 10i, Zhou et al. used DLP tech-
nology to manufacture a jellyfish-shaped MSM robot that can
swim by flapping its tentacles in an alternating magnetic field,
achieving underwater locomotion [71]. In Figure 10j, Su et al.
used DLP technology to manufacture a modularized microrobot
that can be magnetically navigated through a bile duct model,
performing tasks such as targeted cell delivery, on-demand CS
module release, and MA module retrieval [8].

Even though it has achieved numerous demonstrations and appli-
cations, the approach that fabricates MSM structures through 3D
11 of 33
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FIGURE 10 3D printing of MSM structures with post magnetic programming for various applications. (a) Schematic of 3D printing with
post-magnetic programming. (b) FDM-based biomimetic magnetic actuators inspired by flower blooming and butterfly flapping. (Reproduced with
permission [138]. Copyright 2021, American Chemical Society). (c) SLS-fabricated liquid metal-coated magnetoelectric sensors with force detection
and deformation response. (Reproduced with permission [127]. Copyright 2024, Wiley-VCH). (d) TPP-fabricated biodegradable, magnetically powered
microswimmer for targeted drug delivery. (Reproduced under the CC BY 4.0 license [145]. Copyright 2019, The Authors, published by Springer Nature).
(e) Cryogenic DIW-fabricated MSM turbine robot for transporting cargo through a Y-shaped tube. (Reproduced under the CC BY-NC-ND 4.0 license
[149]. Copyright 2025, The Authors, published by Springer Nature). (f) Coaxial DIW-fabricated MME gripper for object grasping, identification, transfer,
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rinting followed by post magnetic programming has obvious
onstraints. As the magnetic programming can only be applied
fter the whole MSM structure is printed, it is incapable of
efining local magnetization within a structure. More impor-
antly, such post-magnetic programming can only be applied to
SM structures loaded with hard-magnetic particles, which can
aintain theirmagnetization after the removal ofmagnetic fields.
n contrast, the post-magnetic programming is not applicable
o the MSM structures with soft-magnetic or paramagnetic
articles, which lose their magnetization once the magnetic field
s withdrawn. To overcome the constraints, the magnetic field-
ssisted 3D printing (MF3DP) has been proposed to realize in
itu magnetic programming by applying a magnetic field during
he 3D printing process. To date, the 3D printing technologies
uitable for MF3DP mainly include DIW and DLP. Therefore,
he following section reviews the recent progress on DIW- and
LP-based MF3DP.

.2 Magnetic Field Assisted DIW 3D Printing

IW is a nozzle extrusion-based 3D printing technique that
orms 3D structures by extruding viscoelastic inks onto a printing
latform. The success of DIW printing relies on the shear-
hinning behavior of the viscoelastic inks. Under high shear
tress during extrusion, the ink undergoes a sharp decrease
n both modulus and viscosity, allowing it to flow smoothly
hrough the nozzle. After extrusion, the ink rapidly recovers its
igh elastic modulus, facilitating shape retention of the printed
tructures. To print magnetic structures through DIW, magnetic
articles need to be homogeneously mixed into the inks. To
recisely define the orientation of magnetic particles during
he 3D printing process, magnetic fields should be added to
he DIW printer. As shown in Figure 11, depending on the
osition where the magnetic fields are applied, the DIW-based
F3DP can be categorized as: magnetic programming on ink
Figure 11a–c) and magnetic programming on printed filament
Figure 11d,e).

igure 11a illustrates a typical DIW-based MF3DP system where
agnetic programming occurs on ink. An electromagnetic coil
s placed around the dispensing nozzle to generate a magnetic
ield along (or opposite to) the flow direction of the ink, which
ligns the initially randomly oriented magnetic particles. Shear-
hinning behavior makes the ink recover to its high viscosity
fter extrusion, so that the aligned magnetic particles are well
reserved within the printed filaments or structures. To prevent
he magnetic field from affecting the magnetic programming
rofiles of the already printed structures, magnetic shielding is
laced beneath the field source. Once a magnetic soft structure
s printed, further thermal or UV curing can permanently fix the
lignment of the magnetic particles within the printed structure.
nd releasing. (Reproduced under the CC BY 4.0 license [150]. Copyright 2023
apsulewith shape programming and on-demand liquid release viaNIR irradia
LP-fabricatedMSMgearwith rotation under an alternatingmagnetic field. (R
ublished by IOP Publishing). (i) DLP-fabricated jellyfish-shaped MSM robot f
022, Wiley-VCH). (j) DLP-fabricated modularized microrobot for magnetic na
he CC BY-NC 4.0 license [8]. Copyright 2023, The Authors, published by Ame

dvanced Materials, 2026
Since the magnetic particles are aligned along the extrusion (or
filament) direction, the magnetic programming profiles within
the printed structure can be easily programmed by altering the
local directions of the printed filaments.

In Figure 11a, the magnetic field is generated by an electromag-
netic coil, enabling real-time modulation of the magnetic field
and dynamic switching of the alignment direction of themagnetic
particles within the filament (either aligned with or opposite
to the printing direction). However, electromagnetic coils suffer
from the overheating issue during prolonged operation, which
limits their applicability for long-duration 3D printing processes.
As shown in Figure 11b, using a permanent magnet avoids
the overheating issue, although the direction of the magnetic
field cannot be dynamically switched. Additionally, rather than
magnetic programming only along the filament direction through
uniaxial magnetic fields in Figure 11a,b, the application of multi-
axial magnetic fields enables magnetic programming inside the
printed filament just extruded from the printing nozzle. As
shown in Figure 11c, a multi-axial magnetic field is generated
by orthogonal electromagnetic coils, which are localized at the
nozzle tip. This multi-axial magnetic field ensures that the
programming direction of the magnetic particles is determined
solely by the direction of the applied magnetic field rather than
the printing direction.

Compared with the DIW-based MF3DP with magnetic pro-
gramming on ink, which requires tremendous efforts to add
permanent magnets or electromagnetic coils to the printing noz-
zle, magnetic programming on filament can be simply achieved
by placing a permanent magnet or parallel permanent magnets
near the freshly extruded filament to realize in situ magnetic pro-
gramming. (Figure 11d,e). Since the extruded filament has amuch
higher viscosity than the ink during extrusion, programming
the magnetic particles within the extruded filament becomes
difficult. To ensure that magnetic particles within the printed
filaments can be effectively magnetically programmed, soft-
magnetic or superparamagnetic materials are used as magnetic
particles for preparing the magnetic inks, as they are easier to
align with magnetic fields.

Moreover, in situ curing (usually UV curing) is applied to the
printed filament, which has been magnetically programmed to
fully fix the orientation of themagnetic particles embedded in the
filament and avoid them being reoriented by magnetic program-
ming on the subsequent segment of the filament. Additionally,
to mitigate the forces exerted on the magnetic particles which
are resulted from the non-uniform magnetic field generated by
a stationary permanent magnet, it is necessary to adjust the
distance between the programming magnet and the printed
filament or rotate the permanent magnet at high speed to create
a nearly uniform magnetic field [164].
, The Authors, published by Springer Nature). (g) DIW-fabricated MSM
tion. (Reproducedwith permission [152]. Copyright 2025,Wiley-VCH). (h)
eproduced under theCCBY4.0 license [70]. Copyright 2023, TheAuthors,
or underwater locomotion. (Reproduced with permission [71]. Copyright
vigation, cell delivery, and module release/retrieval. (Reproduced under
rican Association for the Advancement of Science).
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FIGURE 11 Schematic illustration of DIW-based MF3DP systems with two magnetic programming strategies: (a–c) Magnetic programming
on ink—magnetic programming is applied directly to the extruded ink during deposition, enabling in situ orientation of magnetic particles.
(a) Electromagnetic coil system with magnetic shielding for localized field generation; (b) permanent magnet-based system for continuous filler
alignment; (c) orthogonal electromagnetic coils combined with soft-magnetic materials for programmable multidirectional alignment. (d–e) Magnetic
programming on printed filament—magnetic programming is applied after filament deposition. (d) Localized reorientation using a rotating permanent
magnet; (e) alignment control using parallel permanent magnets. Colored filaments represent programmed filaments with tailored magnetization
distributions or particle orientations.
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oth approaches of magnetic programming on ink and on fila-
ent enableDIW-basedMF3DP tomanufacture variousMSM3D
tructures and even devices. Benefiting from the shear-thinning
ehavior, the viscosity of the MSM ink is significantly reduced
nside the nozzle during extrusion. At the low-viscosity state,
he applied magnetic field can effectively align the magnetic
articles within the ink. This makes it possible to program
ard-magnetic particles such as NdFeB, which are otherwise
ifficult to align, thereby endowing the printed structures with
ermanent remanent magnetization and enabling deformation
r locomotion under external magnetic fields. Owing to these
dvantages, DIW-based MF3DP with magnetic programming on
nk has been widely employed in the fabrication of magnetically
ctive structures [32, 165], metamaterials [153, 166], and even
iniature robots [82, 167].

im et al. developed a DIW-based MF3DP system where an
lectromagnet or a permanent magnet ring is integrated around
he nozzle (Figure 12a) [32]. A uniaxial magnetic field (∼50mT) is
pplied at the nozzle to align the NdFeB microparticles (size of 5
m, 20 vol.%) within the shear-thinnedMSM ink. Once extruded,
he ink retains the aligned orientation of the magnetic particles,
esulting in a printed filament with a predefined magnetization
irection. To realize programmable actuation behaviors, various
n-plane magnetization profiles (Figure 12b) can be designed
ased on geometry and magnetic alignment. Under actuation
agnetic fields, these patterns guide the desired deformation
athways. For example, Figure 12c presents a Miura-origami
heet and auxetic lattices that undergo folding or contraction in
esponse to magnetic stimuli.

xpanding toward multifunctionality, Ma et al. further devel-
ped a multi-material DIW-based MF3DP system (Figure 12d),
n which a permanent magnet ring is integrated around the
ozzle to generate a uniaxial magnetic field (∼180 mT) [166].
SMs and magnetic shape memory polymers (M-SMPs) are
o-printed to form hybrid metamaterials where MSMs and M-
MPs are precisely designed and printed (Figure 12e). Through
ooperating the thermal andmagnetic actuations (Figure 12f), the
rinted metamaterial achieves tunable physical properties such
s Poisson’s ratio, tunable shear, and bending deformation.

o enrich the design freedom and achievemore complex 3Dmag-
etization profiles, Ansari et al. developed a DIW-based MF3DP
ystem with a triaxial electromagnet (Figure 12g) [82]. Unlike the
forementioned systems, the magnetic field (∼20 mT) is applied
irectly at the nozzle outlet rather than around the nozzle itself.
his applied field aligns the NdFeB microparticles (size of 5 µm,
0 wt.%) while the ink remains in a low-viscosity state during
xtrusion. This configuration decouples the magnetization direc-
ion from the printing path, enabling voxel-level 3D magnetic
rogramming. Based on this capability, Figure 12h presents a soft
ibbon robot with sinusoidal magnetization that achieves wave-
ike locomotion under rotating magnetic fields. Furthermore,
igure 12i demonstrates a magnetic folding cube robot, which
chieves sequential face closure and object encapsulation based
n precisely designed magnetization orientations on each face.

ne key challenge in DIW-based MF3DP with magnetic pro-
ramming on filament is the difficulty of realigning magnetic
articles under an applied field due to the high viscosity of the
dvanced Materials, 2026
filaments after extrusion from the printing nozzle. This limi-
tation is commonly addressed by using low-viscosity inks with
highly responsive soft-magnetic particles (e.g., Fe3O4 nanopar-
ticles) to enable efficient magnetic programming. Importantly,
unlike hard-magnetic particles that form stable magnetization
profiles after magnetic programming, soft-magnetic particles
exhibit negligible remanent magnetization and therefore only
develop orientation profiles after magnetic programming. Under
an applied magnetic field, these particles align quickly along the
field direction, imparting anisotropic mechanical, electrical, and
biological properties to the printed structures. Figure 13 presents
several DIW-based MF3DP systems enabled by the magnetic
programming on filament approaches as well as the relevant
applications.

Kokkinis et al. developed a multi-material DIW-based MF3DP
system that integrates multiple nozzles and utilizes a rotating
permanent magnet to generate an applied magnetic field (∼40
mT) (Figure 13a) [164]. This system is capable of producingmulti-
material MSM structures composed of anisotropic reinforced
materials (alumina platelets coated with Fe3O4 nanoparticles,
4.4 vol.%), rigid materials, soft materials, and support materials.
As shown in Figure 13b, the magnetic programming process
involves depositing the MSM ink onto the printing platform,
applying a magnetic field to locally align the alumina platelets
within the deposited filament, and subsequently curing the
programmed regions using UV light. The final structure exhibits
region-specific orientation distributions of alumina platelets
(Figure 13c).

Ma et al. proposed a dual-material DIW-based MF3DP system
where the applied field is provided by a rotating permanent
magnet (Figure 13d) [168]. This system facilitates the fabrication
of flexible sensors composed of silicon nitride (Si3N4)-modified
liquid metal and magnetic PDMS ink (consisting of 0.15 vol.%
Fe3O4@SiO2 nanochains). As shown in Figure 13e, through mag-
netic programming, the orientation of the magnetic nanochains
(NCs) in each printed layer is precisely controlled. Figure 13f
presents a wear performance comparison, where the SEM images
show that the multilayer NCs at a 60◦ rotation exhibit cleaner
surfaces and reduced material migration compared with regular
multilayer NCs, demonstrating the enhanced durability and
performance of the printed structures with controlled magnetic
particle alignment.

Additionally, the orientation of NCs can impart anisotropic
biological properties. As shown in Figure 13g, Pardo et al. devel-
oped a magnetization-on-filament DIW-based MF3DP system
utilizing a pair of parallel permanent magnets (14 mT) to induce
applied fields [169]. Bioinks composed of gelatin-methacryloyl
(GelMA) and short magnetically responsive microfibers (sMRFs,
with 5% magneitc nanoparticles loaded into electrospun poly-
caprolactone microfibers) are printed using this system. In
Figure 13h, confocal fluorescence images show the alignment
of sMRFs under parallel (left) and perpendicular (right) mag-
netic fields, clearly demonstrating distinct orientation patterns.
Finally, Figure 13i illustrates the alignment of human adipose-
derived stem cells (hASCs) embedded in printed sMRFs, where
magneto-mechanical stimulation during maturation activates
YAP/TAZ signaling pathways, promoting cell proliferation and
differentiation.
15 of 33
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FIGURE 12 Representative systems, magnetization profile designs, and applications of DIW-based MF3DP systems with magnetic programming
on ink. (a–c) A DIW-based MF3DP system with a magnetic field generated by an electromagnet (a) enables the design of magnetization profiles (b) and
the realization of complex shape transformations under magnetic actuation (c). (Reproduced with permission [32]. Copyright 2018, Springer Nature).
(d–f) Amulti-material DIWMF3DP systemwith amagnetic field generated by a permanentmagnet (d) allows the fabrication of structures with designed
magnetization profiles and tailoredMSM/SMPdomains (e), enabling printed chiralmetamaterials to exhibit temperature- andmagnetic-field-dependent
deformation behaviors (f). (Reproduced with permission [166]. Copyright 2021, American Chemical Society). (g–i) A DIW-based MF3DP system with
a magnetic field generated by a triaxial electromagnet (g) enables multidirectional magnetic programming, demonstrated by a ribbon robot showing
sequential deformations (h) and a folding cube robot achieving shape morphing guided by pre-designed magnetization profiles (i). (Reproduced under
the CC BY-NC 3.0 license [82]. Copyright 2023, The Authors, published by Wiley-VCH).
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rea
s summarized in Figure 14, the representative DIW-based
F3DP systems using different magnetic sources exhibit distinct
rade-offs among structural configuration, programming DoFs,
agnetic field strength, magnetic field uniformity, and program-
ing area. Electromagnetic-coil-based systems are advantageous
n field controllability and relatively high field uniformity, but
re often constrained by limited programming area and struc-
ural complexity. Ring permanent magnets can provide stronger
rogramming fields without overheating, but their programming
6 of 33
freedom and field uniformity remain comparatively limited.
Orthogonal coils improve programming DoFs by enabling mul-
tidirectional alignment, although they also increase system
complexity and energy demand. Rotating permanentmagnets are
favorable for strong field strength and high programming DoFs,
yet their field non-uniformity and slow mechanical adjustment
reduce programming efficiency. Parallel permanent magnets are
beneficial for enlarging the programming area and simplify-
ing system design, but their weak field strength and limited
Advanced Materials, 2026
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FIGURE 13 Representative systems, orientation strategies, and applications of DIW-based MF3DP systems with magnetic programming on
filament. (a–c) A multi-material DIW-based MF3DP system equipped with a rotating permanent magnet (a) enables the step-by-step fabrication of
a disc structure with region-specific magnetic alignment (b), where SEM images of the top and bottom layers (c) confirm controlled platelet orientation
and concentration across different regions. (Reproduced under the CC BY 4.0 license [164]. Copyright 2015, The Authors, published by Springer Nature).
(d–f) A DIW-based MF3DP system utilizing a rotating permanent magnet for in situ nanochain alignment (d) allows horizontal-to-perpendicular
reorientation of NCs during layer-by-layer printing (e), leading to multilayer structures with 60◦ rotation that exhibit cleaner surfaces and less material
migration compared to unrotated samples (f). (Reproduced with permission [168]. Copyright 2024, Wiley-VCH). (g–i) A DIW-based MF3DP system
employing a pair of parallel permanent magnets (g) directs the alignment of sMRFs within bioinks during printing, as verified by confocal images
showing distinct alignment under parallel and perpendicular magnetic fields (h) and cytoskeletal alignment of hASCs along the printed sMRFs in
anisotropic bioinks (i). (Reproduced with permission [169]. Copyright 2022, Wiley-VCH).
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 articles are governed by the applicabl
rogramming freedom confine them mainly to soft-magnetic
omposites. These comparisons indicate that no single DIW-
ased MF3DP configuration simultaneously maximizes all capa-
ilities, and future system development should focus on balanc-
ng programming flexibility, field performance, andmanufactura-
ility according to the target application.
dvanced Materials, 2026
3.3 Magnetic Field Assisted DLP 3D Printing

While DIW-based MF3DP relies on the extrusion of viscoelastic
magnetic inks and enables localized magnetic programming
during or after filament deposition, its printing resolution
and geometric complexity are often limited by the rheological
17 of 33
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FIGURE 14 Comparison of manufacturing capabilities and programming field performance of DIW-based MF3DP systems using different
magnetic sources. The radar plots compare structural configuration (Struct. Config.; 1D to complex 3D), programming area (Prog. Area; small to large),
programming degrees of freedom (Prog. DoFs; 1D to discrete 3D), magnetic field strength (MF Strength; weak to strong), and magnetic field uniformity
(MF Uniformity; poor to excellent).
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ehavior of the ink and the nozzle size. In contrast, DLP-based
F3DP employs photocurable resins and voxel-level projection
uring, which significantly enhances printing precision and
calability. By integrating external magnetic fields into the DLP
rocess, magnetic particle alignment can be achieved through-
ut the entire resin vat prior to photopolymerization, enabling
niform magnetic programming and the fabrication of complex
agnetically functional structures. Accordingly, understanding
he characteristics of magnetic field sources and their influence
n particle orientation is essential for designing and optimizing
LP-based MF3DP systems.

nDLP-basedMF3DP,magnetic particles are uniformly dispersed
n the photocurable resinwithin the vat, and the appliedmagnetic
ield acts on the entire resin volume to orient the particles through
agnetic torque (or a combination of torque and force). Since the
fficiency of this particle orientation is determined by the char-
cteristics of the applied field, the choice of magnetic field source
ecomes critical. Different sources vary in terms of field strength,
niformity, programming freedom, and effective programming
rea, and these differences directly define the manufacturing
apabilities of DLP-based MF3DP systems. They affect not only
he efficiency and accuracy of magnetic programming but also
he uniformity of particle concentration in the printed MSM
tructures, the achievable programming freedom, the effective
uild area, and the structural complexity that can be fabricated.
s illustrated in Figure 15, DLP-based MF3DP systems can
herefore be divided into three categories according to the type
8 of 33
of field source: (a) magnetic programming via electromagnetic
coils [16, 17, 170, 171], (b–c)magnetic programming via permanent
magnets [33, 126, 163, 172–176], and (d) magnetic programming
via hybrid magnetic sources that combine Halbach arrays with
electromagnetic coils [80].

As shown in Figure 15a, the earliest DLP-based MF3DP systems
were developed using large orthogonal electromagnetic coils
(such asHelmholtz coils) positioned directly around the resin vat.
By adjusting the current magnitude and direction in each axis
coil, a 3D magnetic field with tunable orientation and intensity
can be applied. During printing, the appliedmagnetic field is first
aligned with the desired programming direction and maintained
for a period, allowing the initially randomly oriented magnetic
particles in the photocurable resin to gradually reorient. Once
particle alignment is achieved, the DLP projector projects UV
light to cure the resin, permanently locking the orientation of
the particles through the polymer crosslinked network. This
process is repeated to fabricate MSM domains with different
programming directionswithin the same layer, and layer-by-layer
stacking eventually yields the completeMSMstructure. Although
electromagnetic coils provide full 3D programming freedom, they
are limited in delivering high field strengths or sustaining long
printing durations, as high power or prolonged operation leads to
overheating.

Similar to DIW-based MF3DP systems, permanent magnets can
be used to overcome the overheating issue. As illustrated in
Advanced Materials, 2026
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FIGURE 15 Schematic illustration of DLP-based MF3DP systems categorized by magnetic field source. (a) Magnetic programming via
electromagnetic coils–orthogonal coils or Helmholtz coils provides a uniform magnetic field with a low gradient, allowing full 3D programming.
(b, c) Magnetic programming via permanent magnets, (b) a single rotating permanent magnet generates a non-uniform field with a high gradient,
enabling 3D programming; (c) parallel rotating permanent magnets produce a relatively uniform field with a high gradient and a large area, offering
only 2D programming. (d) Hybrid magnetic source, which integrates a Halbach array for strong, uniform in-plane fields (X–Y) with an electromagnetic
coil for out-of-plane fields (Z), achieving high uniformity and full 3D programming capability.
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igure 15b, in a DLP-based MF3DP system with magnetic pro-
ramming via a rotating permanentmagnet, a cubic or cylindrical
agnet is placed beneath the resin vat and rotated in space,
hereby providing full 3Dmagnetic programming freedom. Bene-
iting from themagnetic field distribution of a cubic or cylindrical
ermanent magnet, the strength of the applied field can be easily
ncreased by simply reducing the distance between the magnet
nd the vat bottom, thereby greatly improving programming
fficiency. However, decreasing this distance simultaneously
ncreases the gradient of the applied field, which induces particle
ggregation and sedimentation. Moreover, the gradient field
xerts both magnetic torque and force on previously printed
SM structures with programmed magnetization, often leading
o deformation of printed MSM structures. As a result, this type
f DLP-based MF3DP system is not well-suited for fabricating
omplex 3D MSM structures.

s shown in Figure 15c, placing a pair of parallel permanent
agnets around the resin vat is an effective way to reduce the
pplied field gradient, provided that the magnets are positioned
ufficiently far apart. Compared with a single rotating permanent
agnet, this type of DLP-based MF3DP system generates a more
niform magnetic field. However, the achievable field strength
emains relatively low (typically 10–20 mT), which means it
an only be used to program particles with strong magnetic
esponsiveness (such as soft-magnetic particles). In addition, this
ype of DLP-based MF3DP system only provides 2D magnetic
rogramming freedom, thereby limiting the complexity of MSM
tructures that can be fabricated.

nlike the aforementioned magnetic sources, hybrid sources
ombine their respective advantages while avoiding their short-
omings. As shown in Figure 15d, a Halbach array provides
D magnetic programming freedom in the X–Y plane, while
n electromagnetic coil supplies 1D magnetic programming
reedom in the Z direction, together achieving 3D magnetic
rogramming capability. Benefiting from the high field strength
nd high uniformity provided by both the Halbach array and
he electromagnetic coil, the combined magnetic field reaches
high intensity (∼80 mT) with excellent uniformity (gradient
5 mT), and it can operate continuously without overheating.
his enables this type of DLP-based MF3DP system to fabricate
omplex MSM structures with full 3D magnetic programming
reedom. Nevertheless, the applied field may still cause defor-
ation in previously printed MSM structures, requiring a large
umber of support structures to ensure stability. As a result, addi-
ional post-processing steps are needed to remove the supports,
hich increases the overall complexity of the fabrication process.

he representative DLP-based MF3DP systems differ mainly in
rientation speed, programming area, field strength, field gradi-
nt, sustainable working time, and energy consumption, which
n turn determine their programming capability and manufac-
uring performance. Their key characteristics are summarized in
able 2.

lectromagnetic coils are advantageous in DLP-based MF3DP
ecause they enable real-time control of field direction and
agnitude, thereby offering the highest magnetic programming
lexibility among the available field sources. The programming
ield direction and magnitude can be changed in real time by
0 of 33 Advanced Materials, 2026
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FIGURE 16 Representative systems, programmed MSM structures, and applications of DLP-based MF3DP systems incorporating magnetic
programming via electromagnetic coils. (a) A system integrated with externally orthogonal electromagnetic coils. (b) Bioinspired layered and helicoidal
architectures with ordered particle alignment. (c) Island–matrix design with locally contrasting orientations. (Reproduced under the CC BY 4.0 license
[170]. Copyright 2015, The Authors, published by Springer Nature). (d) A system integrated with nested Helmholtz coils and a rotary stage for uniform
3D fields. (e) Three- and six-arm flexible grippers. (f) Six-arm gripper capturing and returning target objects under magnetic actuation. (Reproduced
with permission [171]. Copyright 2024, Elsevier).
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rea
djusting the current in each axis coil, which allows rapid field
eorientation during printing. The programming area can be
nlarged by increasing the coil size, but this usually lowers
he field strength because of power limits. When the coils are
rranged in a Helmholtz configuration, they produce uniform
ields with low gradients, which help align magnetic particles
ccurately and reduce sedimentation. However, electromagnetic
oil systems consume large amounts of energy and heat up
uickly. As a result, they cannot operate stably for long periods,
hich limits the fabrication of complex 3D MSM structures. At
he same time, cooling equipment becomes necessary, adding
urther complexity and cost to the MF3DP system.

s shown in Figure 16a, Martin et al. introduced a DLP-based
F3DP system that integrates externally orthogonal electromag-
etic coils [170]. An acrylate-based photocurable resin was used
s the matrix, into which alumina platelets were incorporated
fter magnetic particles (Fe3O4) labeling, with a typical loading
f ∼15 vol.%. During printing, the particles were aligned under
xternal magnetic fields and subsequently fixed in place by UV
uring. As shown in Figure 16b, they successfully reproduced
atural bioinspired reinforcement structures, such as the layered
tructure of the abalone shell and the helicoidal structure of
he mantis shrimp’s dactyl club, both showing highly ordered
article alignment within the matrix. As illustrated in Figure 16c,
hey further designed “island–matrix” structures with locally
dvanced Materials, 2026
contrasting orientations, which redirected crack propagation
through a mechanism of crack steering. By forcing cracks to
deflect along programmed pathways, the printed composites
exhibited enhanced fracture resistance.

As shown in Figure 16d, Sun et al. developed aDLP-basedMF3DP
system that is integrated with nested Helmholtz coils and a
hollow rotary stage [171]. A flexible photocurable resin (RESIONE
F39T) was used as the matrix, into which oleic-acid-modified
NdFeB microparticles (size of 5 µm, 10 wt.%) were dispersed. The
particles were pre-magnetized under a strong external field (4 T)
prior to printing, ensuring maximum remanent magnetization.
As illustrated in Figure 16e, they fabricated multi-arm flexible
grippers in which programmed magnetization profiles enabled
rapid and controlled deformation. As shown in Figure 16f,
performance tests further confirmed that the six-arm gripper
could enclose, transport, and return target objectswithin seconds,
highlighting both stable actuation and practical functionality.

Single rotating permanent magnets are attractive in DLP-based
MF3DP because they can generate strong and stable magnetic
fieldswithout electrical input,making them suitable for program-
ming hard-magnetic particles. Because no current is required,
they avoid high energy consumption and overheating, allowing
continuous operation for long periods. The drawback is that
the programming field reorientation depends on mechanical
21 of 33
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FIGURE 17 Representative systems, programmed MSM structures, and applications of DLP-based MF3DP systems incorporating magnetic
programming via a single rotating permanent magnet. (a) A system integrated with a two-DoFs permanent magnet. (b) Magnetization profile and
image of a paddle-crawling microrobot. (c) Top-view images showing the locomotion of the robot in a microchannel filled with silicone oil. (Reproduced
with permission [33]. Copyright 2019, American Association for the Advancement of Science). (d) A multilayer and multimaterial system integrated
with a two-DoFs permanent magnet. (e) A capsule-like robot performing gripping, transporting, and releasing tasks. (f) A four-legged robot combining
HMM and SMMmaterials for stable bidirectional walking. (Reproduced under the CC BY 3.0 license [172]. Copyright 2024, The Authors, published by
Wiley-VCH). (g) A system integrated with a permanentmagnet. (h)Magnetic field-guided assembly of ferrite nanoparticles intomulti-scale spike arrays.
(i) Spiked footpads exhibiting hydrophobicity. (Reproduced with permission [173]. Copyright 2022, Mary Ann Liebert).
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otation, so the adjustment speed is relatively slow. The effective
rogramming area is limited to regions close to the magnet,
ince the field strength decreases rapidly with distance. At
he same time, the field shows steep gradients, which reduce
niformity, promote particle sedimentation, and may apply extra
orces and torques to printed MSM structures. These effects can
ause deformation or even printing failure, making it difficult to
abricate complex 3D MSM structures despite the advantage of
igh field strength and long operating time.

s shown in Figure 17a, Xu et al. introduced a DLP-basedMF3DP
ystem that integrates a two-DoFs permanent magnet [33]. The
rinting material consisted of a UV-curable elastomeric resin
atrix loaded with pre-magnetized NdFeBmicroparticles (size of
2 of 33
∼5 µm, pre-magnetized in a 1.1 T uniform magnetic field) at a 1:1
mass ratio, providing both strong magnetic response and reliable
printability. As illustrated in Figure 17b, they fabricated an eight-
legged paddle-crawling microrobot in which the legs carried
alternating magnetization profiles. As illustrated in Figure 17c,
experiments further confirmed its ability to move stably in liquid
environments and navigate confined microchannels.

As shown in Figure 17d, Li et al. developed a multilayer and mul-
timaterial DLP-based MF3DP system that integrates a two-DoFs
permanent magnet [172]. The materials included hard-magnetic
materials (HMM) made of flexible UV resin (Elastic 50A) loaded
with NdFeB microparticles (size of ∼5 µm, pre-magnetized in a
2.4 T uniformmagnetic field) and soft-magneticmaterials (SMM)
Advanced Materials, 2026

tive C
om

m
ons L

icense



p
T
d
F
t
a
i
l

A
M
t
r
m
w
b
u
d
t
A
f
h
∼

C
p
t
e
I
g
f
r
w
t
i
w
s
t
s

A
s
n
p
w
2
r
b
h
s
i
a
i
f

A
s
T
H
∼

s

A

 15214095, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.74024 by L
iuchao Jin - U

niversity O
f C

alifornia, L
os A

ngeles , W
iley O

nline L
ibrary on [07/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
rea
repared from a rigid UV resin (Clear V4) with iron particles.
his multimaterial strategy endowed the printed robots with
istinct mechanical and magnetic properties. As illustrated in
igure 17e, they fabricated capsule-like robots capable of gripping,
ransporting, and releasing cargo along complex pathways. In
ddition, as illustrated in Figure 17f, a four-legged walking robot
ntegrated HMM and SMM regions, enabling stable bidirectional
ocomotion under magnetic actuation.

s shown in Figure 17g, Joyee et al. introduced a DLP-based
F3DP system that integrates a permanentmagnet to induce par-
icle assembly during printing, enabling direct fabrication of soft
obot footpads with multi-scale spike arrays [173]. The printing
aterial consisted of a flexible UV resin (Spot E elastic) loaded
ith 60–80 wt.% ferrite nanoparticles (size of ∼10 nm), providing
oth strong magnetic responsiveness and the ability to align
nder an applied programming field. As illustrated in Figure 17h,
uring printing, the particles assembled into conical arrays under
he applied field and were locked in place by sequential curing.
s illustrated in Figure 17i, the resulting bioinspired spiked
ootpads drastically altered the surfacewettability, switching from
ydrophilic to hydrophobic with a measured contact angle of
132◦.

ompared with a single rotating permanent magnet, parallel
ermanent magnets provide a larger programming region (i.e.,
he central region) with reduced field gradients, which is ben-
ficial for improving field uniformity and alignment stability.
ncreasing the spacing between the magnets can further reduce
radients, but also decreases the field strength. The programming
ield reorientation speed is relatively fast, since only single-axis
otation is needed. However, the programming fields are much
eaker than those of single magnets, which means that the sys-
em can only program soft-magnetic particles. Another drawback
s that parallel magnets only provide 2D programming freedom,
hich greatly restricts the programming design flexibility ofMSM
tructures. In addition, the relatively low field strength limits
he choice of magnetic particles and makes this configuration
uitable mainly for soft-magnetic particles.

s shown in Figure 18a, Li et al. developed a DLP-based MF3DP
ystem that integrates parallel permanent magnets for aligning
anoparticle bundles within a polymer matrix [174]. The com-
osite material consisted of a photocurable resin (Eglass) loaded
ith carbonyl iron particles (size of 3–5 µm, mass ratios of 5–
5 wt.%) and iron oxide nanoparticles (size of < 50 nm, mass
atios of 0.25–3.25 wt.%), which assembled into vertically oriented
undles during curing.As illustrated inFigure 18b, inspired by the
ierarchical architecture of limpet teeth, this design enhanced the
trength and buckling resistance of microneedles. As illustrated
n Figure 18c, experiments showed that even with diameters
s small as 50 µm, the printed microneedles retained sharp,
ntact tips capable of penetrating PDMS artificial skin without
racture.

s shown in Figure 18d,Wu et al. developed a DLP-basedMF3DP
ystem that integrates parallel rotating permanent magnets [175].
he resin formulation consisted of 4-hydroxybutyl acrylate (4-
BA), heavily loaded with carbonyl iron powder (CIP, size of
7 µm, mass ratios up to 45 wt.%) and stabilized by fumed
ilica to avoid sedimentation. Under the applied field, the CIP
dvanced Materials, 2026
particles assembled into chain-like structures that were fixed
within the polymer. As illustrated in Figure 18e, they fabricated
an arrow-shaped sample with four different chain alignment
configurations (90◦, 45◦, 0◦, and−45◦). As illustrated inFigure 18f,
when floated on water and exposed to horizontal magnetic fields,
the arrows rotated according to their programmed alignment,
resulting in four distinct stable orientations.

With the same DLP-based MF3DP system setup as shown in
Figure 18g, Wu et al. further designed TPMS magnetic self-
powered sensors [126]. The composites used 4-HBA and acrylate-
based polyurethane diacrylate (AUD) as the matrix, with 20
wt.% carbonyl iron powder (CIP, size of ∼2.5 µm) serving as
the magnetic filler. Under the programming field, CIP particles
aligned uniformly, enabling stronger magnetic responsiveness
in the aligned direction. As illustrated in Figure 18h, this effect
was validated by comparing enhanced and non-enhanced TPMS
samples in an actuation test, where enhanced samples responded
more quickly under an external magnetic field. As illustrated
in Figure 18i, an S-type TPMS lattice was integrated into a
self-powered electromagnetic sensing setup, where compres-
sive loading induced coil voltage outputs, confirming stable
electromechanical conversion.

Pushing the DLP-based MF3DP system toward multifunctional-
ity, as shown in Figure 18j, Wu et al. developed a multimaterial
DLP-based MF3DP system that integrates parallel rotating per-
manent magnets [176]. The resin used a flexible acrylate-based
SMP matrix (2-hydroxyethyl methacrylate, HEMA/AUD/IBOA)
loaded with Fe3O4 microparticles (size of ∼1 µm, up to 20
wt.%) and a small amount of multi-walled carbon nanotubes
(MWCNTs, ≤0.5 wt.%). Fe3O4 imparted magnetic responsiveness
and inductive heating capability, while CNTs provided suffi-
cient electrical conductivity for Joule heating. As illustrated
in Figure 18k, they printed complex 3D architectures using
this system. As illustrated in Figure 18l, a flower-like actuator
with outer and inner petals of distinct compositions produced
sequential blooming under electrical stimulation.

Hybrid magnetic sources combine a Halbach array in the X–Y
plane with an electromagnetic coil along the Z-axis, integrating
the advantages of both permanent magnets and electromagnetic
coils. This setup provides high field strength, good field uni-
formity, low gradients, and a large programming area, making
it the most balanced DLP-based MF3DP configuration cur-
rently reported. Programming field reorientation can be adjusted
quickly: the Halbach array is rotated mechanically to reorient the
in-plane field, and the Z-axis component is tuned electrically. A
small single-axis electromagnetic coil is used only to generate the
Z-axis field, andheating can bemanaged effectivelywith standard
cooling, allowing stable long-term operation at amoderate energy
cost. With the combination of strong fields, low gradients, large
programming areas, and reliable working time, hybrid magnetic
source systems are particularly well suited for manufactur-
ing complex 3D MSM structures. The main drawback is the
higher system complexity and cost, but they currently represent
the most balanced solution for advanced DLP-based MF3DP
systems.

As shown in Figure 19a, Meng et al. developed a DLP-based
MF3DP system that combines a Halbach permanent magnet
23 of 33
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FIGURE 18 Representative systems, programmed MSM structures, and applications of DLP-based MF3DP systems incorporating magnetic
programming via parallel rotating permanent magnets. (a) A system integrated with parallel permanent magnets. (b) Oriented nanoparticle bundles
reinforcing microneedles against buckling. (c) Sharp, intact microneedle tips (50 µm) successfully penetrated PDMS skin models. (Reproduced with
permission [174]. Copyright 2021,Wiley-VCH). (d) A system integratedwith parallel permanentmagnets. (e) An arrow-shaped samplewith four different
chain alignment configurations. (f) Final alignment states of configurations I–IV under the same actuation field directions. (Reproduced under the CC
BY 4.0 license [175]. Copyright 2023, The Authors, published by Taylor & Francis). (g) A system integrated with parallel permanent magnets. (h) The
movement of the enhanced and non-enhanced cubic sample when the magnet is approaching. (i) An S-type TPMS-based sensor. (Reproduced under the
CC BY 4.0 license [126]. Copyright 2024, The Authors, published by Taylor & Francis). (j) A multimaterial system integrated with parallel permanent
magnets. (k) Printed multimaterial structures combining electric and magnetic SMPs. (l) Flower-like actuator showing sequential blooming under
electrical heating. (Reproduced with permission [176]. Copyright 2024, Wiley-VCH).
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rray with an electromagnetic coil to generate strong, highly
niform, and 3D magnetic programming fields [80]. The pho-
ocurable resin was based on a silicone elastomer, into which∼20
t.% NdFeB microparticles (size of 1–2 µm) were dispersed. To
ssess printing fidelity and magnetization control, the authors
uantified the angular deviation of particle alignment under
4 of 33
different printing conditions. As illustrated in Figure 19b, results
showed that the hybrid magnetic source system achieved high
alignment accuracy (directional errors lower than 1.3◦ ) and
high uniformity (field strength inhomogeneity lower than 5%),
confirming the robustness of the programming field control for
large-area fabrication.
Advanced Materials, 2026
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FIGURE 19 System setup and applications of a DLP-based MF3DP system incorporating magnetic programming via hybrid magnetic sources.
(a) System setup. (b) Uniformity and accuracy of the magnetic field strength and direction on the printing plane. (c) Thin-walled tubular structures with
removable supports. (d) One-way valves inspired by aortic valves. (e) Intestinal-inspired tubular actuator design. (f) Peristaltic pumping under moving
magnetic fields. (g) Biomimetic heart pump with magnetized valves. (h) Sequential images show fluid flow through the pump at different time points.
(i) Capsule-like robot with head–body magnetization profiles. (j) Capsule actuation showing rolling and payload release. (Reproduced under the CC BY
4.0 license [80]. Copyright 2024, The Authors, published by Springer Nature).
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s illustrated in Figure 19c, free-standing thin-walled tubular
tructures were printed with sacrificial supports, which could be
emoved after curing to yield cavity-rich architectures with high
orosity and structural integrity. These thin-walled geometries
ere further exploited to design several biomimetic machines. As
llustrated in Figure 19d, a trileaflet magnetic valve, mimicking
ardiac valves, was fabricated and tested. Both simulations and
xperiments demonstrated that the valve opened under forward
ctuation magnetic fields but closed rapidly under reverse fields,
hereby ensuring unidirectional liquid transport. As illustrated
n Figure 19e, inspired by intestinal peristalsis, the team also
esigned a soft tubular actuator with circumferential magnetic
omains programmed along its wall. When actuated by a mov-
ng magnetic field of ∼150 mT, sequential contraction waves
ropagated along the tube, transporting viscous liquid unidi-
ectionally. As illustrated in Figure 19f, experimental recordings
onfirmed effective peristaltic pumping, validating the concept as
biomimetic peristaltic machine.

s illustrated in Figure 19g, the DLP-based MF3DP system was
ext applied to create a biomimetic heart pump consisting of
conical thin-walled cavity with oppositely magnetized inflow
nd outflow valves. Subjected to alternating magnetic fields, the
avity exhibited cyclic expansion and contraction, resembling
entricular systole and diastole. As illustrated in Figure 19h, the
agnetic pump achieved cyclic filling and contraction, driving
nidirectional fluid flow that mimics a biological heartbeat.

s illustrated in Figure 19i, a capsule-like soft robot was fabri-
ated. The capsule was divided into head and body sections with
istinct programmed magnetization profiles. Under a rotating
agnetic field, the robot rolled controllably across surfaces,
nd under a strong localized field, the head section opened to
elease its internal payload. Figure 19j illustrates the robot’s ability
o navigate, activate, and perform targeted liquid delivery or
ampling, highlighting its potential in biomedical applications
uch as drug delivery and minimally invasive diagnostics.

verall, this set of demonstrations shows how a hybrid magnetic
ourcesDLP-basedMF3DP systemenables the fabrication of thin-
alled, cavity-rich magnetic soft machines with programmable
nisotropy, providing new opportunities for mimicking essential
iological functions, including flow control, peristaltic pumping,
ardiac circulation, and capsule-based transport.

n summary, the performance of DLP-based MF3DP is funda-
entally determined by the characteristics of the programming
agnetic source. As shown in Figure 20, electromagnetic coils
ffer the highest programming freedom and excellent field uni-
ormity, but their relatively weak field strength and high energy
onsumption restrict long-term stability. Rotating permanent
agnets provide strong fields and full 3D programming freedom,
et their limited programming area, poor uniformity, and slow
echanical adjustment reduce efficiency in fabricating complex
tructures. Parallel permanent magnets improve field uniformity
nd enlarge the programming area, but their weak field strength
nd restriction to 2D programming freedom confine them to soft-
agnetic systems. Hybrid magnetic sources combine relatively
igh field strength, high field uniformity, large programming
rea, and high programming DoFs, and therefore currently rep-
esent the most balanced solution for DLP-based MF3DP. Taken
6 of 33

a

together, these comparisons indicate that the manufacturing
capabilities of DLP-based MF3DP systems are governed by the
balance among field strength, field uniformity, programming
freedom, and effective programming area. Future development
should therefore focus on improving this balance to better support
the fabrication of complexMSM structures for diverse application
scenarios.

4 Perspective

In the preceding sections, we have provided a comprehensive
overview of recent advances in 3D printing of MSMs, covering
material foundations (magnetic particles, matrices, compos-
ites, and their responsive behaviors), traditional manufacturing
approaches, and 3D printing of MSMs followed by post magnetic
programming, while placing particular emphasis on MF3DP. For
MF3DP, we have discussed in depth the performance of program-
mingmagnetic fields, strategies formagnetic field integration, the
overallmanufacturing capabilities of different systems, and repre-
sentative structures and applications for each system. Numerous
3D printing systems have been used to fabricate various 3D
MSM structures for application in biomedical devices, flexible
sensors, and miniature robots. However, the broader develop-
ment of 3D-printed MSM structures and devices depends not
only on advances in manufacturing capability itself, but also on
progress in material integration, computationally guided design,
and reconfigurable magnetic functionality. As summarized in
Figure 21, three aspects appear to be particularly important for the
future development of 3D printing of MSMs: multi-material inte-
gration, computationally guided design that combines modeling,
inverse design, andML-assisted optimization, and reconfigurable
magnetization for dynamic andmultifunctional MSM structures.

4.1 Multi-Material Integration

Multi-material integration encompasses combinations such as
soft/hard materials, active/passive materials, and magnetic/non-
magnetic materials. This capability is crucial for creating mul-
tifunctional devices, yet two key challenges persist. First, low
interfacial bonding strength: In DIW, the prevailing method is
to over-extrude material at the interface to enhance mechanical
interlocking, which lacks precision and can lead to material
waste [156, 166]. In DLP, the light absorption of magnetic
fillers reduces crosslinking at the material interface, weakening
adhesion [70, 71]. As a result, current research has largely been
limited to interlayer multi-material integration rather than same-
layer integration [80, 154, 155, 176]. Future improvements may
include developing interface-bonding enhanced materials for
DIW to ensure strong adhesion between dissimilar materials,
and adopting overlapping exposure in DLP (where projection
patterns for different material regions in the same layer overlap
at their boundaries) to improve crosslinking density and interface
strength. Second, the lack ofmulti-material printing systems: cur-
rent multi-material DLP 3D printing workflows rely on manual
resin switching and part or vat cleaning, which are inefficient and
inconsistent [80, 176]. The development of automated material
switching and cleaning systems will be essential for enabling
high-efficiency, repeatable, and scalable multi-material DLP 3D
printing. In addition, future MF3DP systems may increasingly
Advanced Materials, 2026
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FIGURE 20 Comparison of manufacturing capabilities and programming field performance of DLP-based MF3DP systems using different
magnetic sources. The radar plots compare structural configuration (Struct. Config.; 1D to complex 3D), programming area (Prog. Area; small to large),
programming degrees of freedom (Prog. DoFs; 1D to discrete 3D), magnetic field strength (MF Strength; weak to strong), and magnetic field uniformity
(MF Uniformity; poor to excellent).
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enefit from in situ characterization and process monitoring
trategies, including real-time observation of particle alignment,
rinting geometry, and curing state during fabrication. Such capa-
ilities may provide valuable feedback for improving printing
eliability, magnetic programming accuracy, and manufactur-
ng consistency of complex MSM structures. As multi-material
SM structures become increasingly accessible, their structural,
aterial, and functional design space will also expand substan-
ially, thereby calling for more advanced computational design
trategies.

.2 Computational Modeling, Inverse Design,
nd ML-Assisted Optimization

s MSM structures are expected to integrate increasingly diverse
unctions and perform more complex tasks, their structural
nd functional complexity is also continuously increasing [27,
7, 134]. The field is moving beyond simple beams, films, and
ingle-function actuators toward more sophisticated structures
hat combine complex 3D geometries, heterogeneous material
dvanced Materials, 2026
distributions, and multiple coupled functionalities. Under such
circumstances, the design of MSM structures can no longer rely
mainly on empirical trial-and-error approaches. For relatively
simple structures and loading conditions, analytical models and
forward simulations are often sufficient to describe magnetic
actuation behaviors [32, 80]. However, for complex 3D struc-
tures, hybrid materials, and multifunctional devices, the overall
response is governed by the coupled effects of geometry, material
distribution, magnetization profile, and external magnetic fields,
which greatly increases the design complexity [26, 177]. There-
fore, establishing computational modeling frameworks that can
accurately predict the relationship among structural geometry,
magnetic programming, and functional response is becoming
increasingly important [77].

Beyond forward prediction, inverse design is expected to become
a key direction for future MSM research [46, 78, 178]. In such a
design paradigm, the desired deformed shape, actuationmode, or
functional output is specified first, and the corresponding struc-
tural geometry, material layout, and 3Dmagnetization profile are
then determined computationally. This strategy is particularly
27 of 33
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FIGURE 21 Perspective on the future development of 3D printing of MSMs for advanced structures and devices, highlighting three key directions:
multi-material integration, computationally guided design, and reconfigurable magnetic functionality, together with their enabling capabilities and
potential applications.
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aluable for 4D printing of MSMs, where structural geometry,
aterial distribution, magnetization profile, and external field
onditions often need to be determined in a coupled manner,
aking the design process much more complex than that of con-
entional soft actuators. In recent years, optimization algorithms
ndmachine-learning (ML)-assisted designmethods have shown
ncreasing potential in addressing such problems, especially for
tructures involving nonlinear deformation, multiple material
hases, or strongly coupled geometric, magnetic, and material
arameters [77, 78, 178]. Future research should therefore focus
n integrating computational modeling, inverse design, and data-
riven optimization with MSMmanufacturing processes, so that
omplex MSM structures and devices can be designed more
fficiently and realized more reliably.

.3 Reconfigurable Magnetization for Dynamic
ndMultifunctional MSM Structures

s MSM structures are being developed toward higher func-
ional integration and more demanding operational tasks, their
agnetic programming is also expected to evolve beyond fixed
agnetic configurations [10]. Most MSM structures reported
o date are based on fixed magnetization profiles established
ither after fabrication [1] or during printing [32]. This strategy
as enabled a wide range of magnetic actuation behaviors and
unctional device demonstrations [22, 29, 80]. However, once the
agnetization profile is fixed, the accessible deformation mode
nd device function are also largely predetermined, which limits
he adaptability, reusability, and task versatility of the structure
n changing environments. Therefore, beyond improving the
apability to fabricate structures with increasingly complex static
agnetic patterns, amore forward-looking direction is to develop
SM structures whose magnetic states can be reconfigured after
abrication in a controllable and reversible manner [10, 76, 101,
39, 179, 180].
8 of 33
The combination of 3D printing and reconfigurable magnetiza-
tion may open a new route toward dynamic and multifunctional
MSM structures. In such a paradigm, 3D printing provides the
initial geometry and material distribution of the structure, while
reconfigurable magnetization enables the same printed structure
to perform multiple actuation modes or functional tasks under
identical or simplified external magnetic field conditions [10, 76,
181]. This concept may significantly broaden the capability of
MSM structures from preprogrammed single-function designs to
adaptive structures with switchable, reprogrammable, or even
real-time tunable behaviors. Future progress will depend less on
simply creating more complex fixed magnetic patterns and more
on developing effective reconfigurable magnetization strategies.
Such advances will be essential for transforming 3D-printed
MSM structures from preprogrammed single-function designs
into more dynamic, adaptive, and multifunctional designs.
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