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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 in manufacturing, 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
review MF3DP technologies, providing a comprehensive discussion of magnetic 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.

for various applications such as miniature robots [6-10], flexi-
ble sensors [11-13], property reinforced composites [14-17], and

1 | Introduction

Magnetic soft materials (MSMs) are smart materials where
magnetic particles are embedded into compliant matrices. Due to
their capability of exhibiting large, rapid and reversible responses
upon applied magnetic fields [1, 2], as well as the mechanical
[3], electrical [4], and thermal [5] anisotropies depending on the
programmed orientation of the magnetic particles, MSMs have
been used to develop enormous functional structures and devices
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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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these traditional methods severely limit the achievable perfor-
mance and functionality of MSM structures and devices.

Additive manufacturing, also known as three-dimensional (3D)
printing, is an advanced manufacturing technology that creates
complex 3D structures in a layer-by-layer fashion [34-36]. Due
to its high design flexibility and capability of multimaterial
integration, 3D printing is competent to fabricate complex 3D
structures with multifunctionality [37-42]. Mainstream 3D print-
ing methods include Fused Deposition Modeling (FDM) [43-46],
Direct Ink Writing (DIW) [47-49], Inkjet [50-52], Stereolithog-
raphy (SLA) [53-56], Digital Light Processing (DLP) [57-63],
Two-Photon Polymerization (TPP) [64-66], and Selective Laser
Sintering (SLS) [67-69]. Among them, DLP and DIW are the most
commonly used methods for creating 3D structures of MSMs as
they are compatible with a wide variety of polymer matrices that
can incorporate magnetic particles, facilitating the fabrication
of diverse functional and even multifunctional structures and
devices [8, 70-73].

Applying an external magnetic field to control the orientation
of magnetic particles is key to endowing fabricated magnetic
structures with unique behaviors or functionalities. Here, we
refer to such a process as “magnetic programming.” A 3D
magnetic structure without magnetic programming can be easily
printed as long as the MSMs are printable. Then, the printed
structure can be magnetically programmed by placing it in a
pulsed magnetic field [1, 74, 75]. Here, we name such magnetically
programming process as “post magnetic programming” as it
is applied after the whole structure is printed. Although this
approach has been used to fabricate some magnetic 3D structures
[20, 23], it is incompetent to achieve complex magnetization
profiles in the printed structures, which limits the performance
and functionality of printed magnetic structures for advanced
applications [32, 33, 76-78]. Moreover, post-magnetic program-
ming is only applicable to hard-magnetic particles that can retain
their magnetization after the external magnetic field is removed.
In contrast, the structures with soft-magnetic or paramagnetic
particles lose their magnetization once the field is withdrawn and
therefore, cannot be programmed using this method.

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

Although several review articles have discussed the 3D printing
of magnetic materials and have partially covered MSMs [83-89],
most of them are organized from broader perspectives such as
materials, processes, or applications. To the best of our knowl-
edge, a systematic manufacturing-centered review specifically
focused on MSMs remains lacking. In particular, the connections
among magnetic particles, matrix materials, fabrication routes,
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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.

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 MSM manufacturing, 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
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FIGURE 2 | Magnetization curves of different magnetic materials: (a) hard-magnetic materials; (b) soft-magnetic materials; (c) superparamagnetic
materials.

between them can be quantified by their magnetization curves,
which are presented in Figure 2.

Figure 2a presents a typical magnetization curve for a hard-
magnetic material. A magnetic material is gradually magnetized
as the applied magnetic field H increases. When H reaches the sat-
uration field strength H,, the magnetic material is magnetized at
the saturated state M, (M, is called saturation magnetization, M,
< H;). In engineering, the saturation magnetization is quantified
by saturation magnetic flux density B, which can be calculated as
B, = uyM;, where y, is the vacuum permeability (1, = 47 x 1077
H/m). Once H is removed, most magnetization remains in the
hard-magnetic material, and remained magnetization is denoted
as remanent magnetization or remanence M,. In engineering,
remanent magnetization is measured by remanent magnetic flux
density B, (B, = uyM,). To demagnetize the magnetic material,
an opposite H is required to be applied. When the opposite H
reaches H, (H, is denoted as coercivity, H, < H), the overall
magnetization of the magnetic material is reduced to zero.
As listed in Table 1, typical hard-magnetic materials include
Nd,Fe,,B, SrFe,;,0,y, and SmCo;. The H, of these hard-magnetic
materials is usually greater than 400 kA/m. Since M, and H,
are high in hard-magnetic materials, the magnetization curve of
them exhibits large hysteresis.

Different from hard-magnetic materials, as shown in Figure 2b,
soft-magnetic materials can be easily magnetized (H, < M),
and have much smaller remanence M,. Moreover, soft-magnetic
materials have weak ability to resist demagnetization. Thus, the
coercivity (H,) of them is usually less than 10 kA/m. Since M, and
H_ are low, soft-magnetic materials exhibit low hysteresis. Table 1
also lists the typical soft-magnetic materials such as Fe, Carbon
Iron Powder (CIP), and FeSi.

In contrast to hard- and soft-magnetic materials, superparamag-
netic materials exhibit a magnetization curve (Figure 2c) without
remanence, coercivity, and hysteresis. They are highly responsive
to external magnetic fields and can be rapidly magnetized and
demagnetized. Compared with soft-magnetic materials, super-

paramagnetic materials have moderate magnetic susceptibility
Xm, 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 (Fe;0,) and maghemite (y-Fe,05).

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 individual magnetic particles generate inter-
nal stresses within the matrix material, 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 with magnetic 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
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TABLE 1 |

Magnetic properties of commonly used magnetic materials [90-94].

Material B, (T) B, (T) H_(A/m) Xm
Hard-magnetic Nd,Fe,,B 1.34 1.30 900k —
SrFe,,0, 0.46 0.37 260k —
SmCos 0.95 0.89 680k —
Sm,Co, 1.15 1.09 800k —
AINiCo, 134 1.29 60k —
Soft-magnetic FeCrCo 1.4 1.5 60k —
Fe 2.16 — 4-80 10-50k
FeSi 2.0 — 6 500-5k
Ni,, Fes, 1.4-1.6 — 4-20 70k
NisFe,;Mos 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
Fe,0, 0.02-0.65 — — 0.003-
Superparamagnetic nanoparticles 0.007

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

The matrix materials used in MSMs can be broadly classified
into passive and active matrices according to whether they only
provide mechanical compliance or can also actively respond
to external physical stimuli other than magnetic fields. Tra-
ditionally, matrix materials such as elastomers and gels are
considered passive matrices, which mainly provide elasticity to
the composites, while the actuation of the composites arises from
the embedded magnetic particles under applied magnetic fields.
In contrast, active matrices refer to soft matrix materials that
can actively respond to other physical fields, thereby introducing
additional actuation or shape-fixing functionalities into the com-
posite system. Recently, active materials such as shape memory
polymers and liquid crystal elastomers have also been used as
matrix materials, which impart multifunctionality to magnetic
soft materials so that they exhibit not only magnetic actuation
but also thermal or photothermal actuation. In the following
sections, we discuss some commonly used passive and active
matrix materials.

Among various matrix materials, thermosetting silicone elas-
tomers are chemically crosslinked polymer networks with low
crosslinking density (Figure 3a), and have been the most widely
used for the fabrication of MSMs owing to their broad commercial
availability. Representative products include Sylgard 184 (Dow
Chemical), Ecoflex (Smooth-On, Inc), and Elastosil (Wacker
Chemie AG). They are addition-curing type silicone elastomers
whose curing process can be accelerated by heating in the
presence of platinum-based catalysts. Unless heavily loaded, the
magnetic particles can be easily mixed into the uncured silicone
resin prior to catalyst addition. Then, the mixture can form
desired shapes through casting, molding, or printing, and the
liquid mixture with a catalyst solidifies upon thermal curing.

Thermoplastic elastomers such as thermoplastic polyurethane
(TPU) have also been used as matrix materials for preparing MSM
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 through melt 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 (T;,), which is above its transition temperature
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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 Ti;.,s, and (e) liquid crystal elastomers, which respond to thermal

stimuli via reversible mesogen alignment transitions.

Advanced Materials, 2026

50f33

85U8017 SUOWILLOD AIN8ID) 3(dedtdde 8y} Aq pauIeA0b 8.8 SSd1LE VO ‘SN JO S8JNI 0} ARIq1T 8UIIUO AB|IM UO (SUOIPUD-PUB-SWLISIW0D A8 |1 ARe1q 1 BU1|UO//:SANY) SUOIPUOD PUe Swie | 84} 89S *[9202/20/20] U0 ARiqiT auliuo A8|iM * sepBuy S0 eiuiolieD JO AISAIN - Ui 0eyani Aq #20t. ewpe/zo0T 0T/I0p/LI0S A8 | im Ale.q 1 pul|uo’psoueApe//Sdny Wolj pepeojumoq ‘0 'S607TZST



(Tyans: glass transition temperature for amorphous SMP and
crystallization temperature for crystalline SMP); the SMP sample
is cooled to alow temperature state (T) while keeping the external
load; after removing the external load, the temporary shape is
fixed; the SMP recovers to its original shape. If hard- or soft-
magnetic particles are embedded into the SMP matrix, the MSM
composite can be deformed by an applied magnetic field when
it is heated at T;,. The deformation can be maintained if even
the magnetic field is removed when the SMP is cooled down
to T,. When superparamagnetic particles are embedded into the
SMP matrix, the shape recovery of the SMP can be triggered by
applying alternating magnetic fields.

Liquid crystal elastomers (LCEs) are another type of thermo-
responsive active materials that have been used as matrices for
MSMs. As illustrated in Figure 3e, within the loosely linked poly-
mer network, there are rod-like rigid molecules called mesogens,
which are covalently attached to the network. At low temperature
(T}), the LCE is in the nematic state, in which the mesogens
can be programmed to align along a common direction. Upon
heating to a high temperature (T}), which is above the transition
temperature (T,,.), the mesogens undergo a transition from
the ordered nematic state to the randomly distributed isotropic
state. Accompanied by this transition, contraction occurs in the
LCE sample. When cooled back to T}, the LCE returns to the
nematic state and recovers its original length. Therefore, LCEs
exhibit reversible actuation upon heating and cooling. When
superparamagnetic particles are embedded into the LCE matrix,
such reversible actuation can be remotely controlled by applying
alternating magnetic fields.

2.3 | Responsive Behaviors of MSMs Under
Magnetic Fields

Hard-magnetic materials such as Nd, Fe,, B, SrFe,,0,,, and SmCos
are characterized by high coercivity, which allows them to
be relatively insensitive to external magnetic fields, and more
resistant to demagnetization when compared with soft-magnetic
materials. Hence, hard-magnetic materials can maintain their
high remanent magnetization even under external magnetic
fields aslong as they are below the coercivity of the hard-magnetic
materials.

As shown in Figure 4a, due to the dipole moment resulting
from the remanent magnetization, the magnetic torque of a hard-
magnetic particle can be readily achieved when it is placed in a
spatially uniform magnetic field. Once the hard-magnetic parti-
cles with remanent magnetization are embedded into an elastic
matrix, the magnetic torques generated from a uniform magnetic
field would lead to bending actuation of the matrix. Figure 4b
illustrates an elastic beam where the magnetization profile of the
hard-magnetic particles is along the longitudinal direction of the
beam. Under a spatially uniform magnetic field perpendicular to
the beam, the embedded hard-magnetic particles tend to align
their remanent magnetization with the applied magnetic field
due to the magnetic torques, which results in bending actuation
of the beam. As shown in Figure 4c, under spatially nonuniform
magnetic fields, both magnetic torque and force act on the
hard-magnetic particle, which tends to rotate and move toward
the direction where the field strength increases. Accordingly,

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 Nisy Fe;, 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).

Superparamagnetic materials 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.

6 of 33

Advanced Materials, 2026

85U8017 SUOWILLOD AIN8ID) 3(dedtdde 8y} Aq pauIeA0b 8.8 SSd1LE VO ‘SN JO S8JNI 0} ARIq1T 8UIIUO AB|IM UO (SUOIPUD-PUB-SWLISIW0D A8 |1 ARe1q 1 BU1|UO//:SANY) SUOIPUOD PUe Swie | 84} 89S *[9202/20/20] U0 ARiqiT auliuo A8|iM * sepBuy S0 eiuiolieD JO AISAIN - Ui 0eyani Aq #20t. ewpe/zo0T 0T/I0p/LI0S A8 | im Ale.q 1 pul|uo’psoueApe//Sdny Wolj pepeojumoq ‘0 'S607TZST



Hard-magnetic responsive behaviors

(a) Magnetic torque response

7

/)
Q-0

Uniform field

(c) Torque and force response

VF

Non-uniform field

(b) Magnetic torque-driven actuation

Uniform field

(d) Torque- and force-driven actuation

Non-uniform field

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-uniform magnetic 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.

2.4 | Sensing Mechanisms of MSM-Based Sensors

Beyond actuation, the coupled magneto-mechanical response of
MSMs can also be exploited for sensing [11, 99, 100, 126-129]. In
this case, external mechanical stimuli, such as pressure, shear,
bending, or compression, first perturb the internal magnetic
state of the material, and the resulting magnetic variation is
then converted into a measurable electrical signal. From this
perspective, MSM-based sensing can be regarded as the reverse
use of magneto-mechanical coupling: rather than using magnetic
fields to drive deformation, deformation or displacement is used
to reconfigure the magnetic state and generate readable outputs.
As illustrated in Figure 7, two representative sensing mecha-
nisms are commonly adopted in MSM-based sensors, namely
Hall-effect-based sensing and electromagnetic-induction-based
sensing.

In Hall-effect-based sensing, deformation or displacement of
the magnetic component alters the local magnetic field around
the Hall sensor, and the resulting magnetic variation is then
read out by the sensor. In practical devices, the Hall sensor
internally converts the Hall voltage into calibrated magnetic-field
components, such that the quantities directly used for subsequent
signal processing are typically the local magnetic flux density
components B,, B,, and B, rather than the raw Hall voltage
itself. This mechanism has been widely used in magnetic soft
tactile sensors, where force-induced deformation modifies the

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 V; 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 as magnetoelastic
vascular grafts [99] and magnetoelastic stents [100].
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Soft-magnetic reponsive behaviors
(a) Magnetic force response (b) Magnetic force-driven actuation
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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.
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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-based MSM composites: magnetothermal actuation and cooling enable reversible deformation through thermally
induced phase transitions.
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Sensing mechanisms of MSM-based sensors

(a) Hall-effect-based sensing
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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 By, By, and B,. (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 V;.

Although the electrical readout mechanisms are different, both
sensing routes share the same physical origin: mechanical
loading modifies the magnetic state of the MSM, and the
resulting magnetic variation is converted into an electrical signal
through an appropriate transduction unit. This also implies
that the sensing performance is not governed solely by the
readout element but is strongly influenced by the magnetic
microstructure established during fabrication. In particular, the
type of magnetic materials, particle content, spatial distribution,
and alignment state all determine how the local magnetic
field or magnetic flux evolves under deformation. For Hall-
effect-based sensing, these structural features mainly affect
the magnitude and distribution of the local magnetic field,
thereby influencing sensitivity, directional selectivity, and decou-
pling capability. For electromagnetic-induction-based sensing,
the orientation of magnetic particles and the spatial distribu-
tion of different magnetic particles within the structure may
produce different voltage outputs under different loading con-
ditions, thereby endowing the sensor with anisotropic sensing
capability.

2.5 | Traditional Approaches for Manufacturing
MSMs Structures

As summarized in Figure 8, traditional approaches used to
manufacture MSM structures can be broadly categorized into four
types: 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
molding [29-31, 135, 136].

Among them, mold casting remains the most straightfor-
ward approach. Figure 8a presents the steps of mold cast-
ing, where a liquid precursor containing magnetic particles
is poured into a mold and then cured into a solid structure,
whose geometry is determined by the mold. Subsequently,
magnetic programming of the MSM structure can be realized
with the aid of a template. Due to its simplicity and low
cost, mold casting has been widely used to fabricate minia-
ture soft robots [20, 22], metamaterials [21, 130], and flexible
sensors [11, 128].

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 through UV irradiation or heating to form
a 3D solid structure whose geometry is defined by the tubular
mold. Then, the 3D structure is magnetically programmed within
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,
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FIGURE 8 | Traditional approaches for manufacturing MSM structures, including (a) mold casting, (b) laser cutting, (¢) micro-assembly, and (d)

injection molding.

particularly suitable for producing slender 3D MSM structures
with complex shapes. Therefore, it is widely used to fabricate
helical microfibers that can serve as microswimmers in fluidic
environments [20, 30, 135].

Figure 9 compares the above four traditional approaches under
a unified set of capability criteria, including geometric complex-
ity (Geo. Comp.), resolution, process simplicity (Proc. Simp.),
economy, as well as magnetic programming capability (MP
Cap.). Here, in the Structural Configuration/Geo. Comp. dimen-
sion, “3D” refers to structures with regular geometric shapes
or relatively simple three-dimensional features, such as solid
cuboid-like geometries or simple helical forms, whereas “complex
3D” refers to structures with higher geometric and topological
complexity, such as hollow lattice architectures represented by
octet-truss structures or complex geometries represented by triply
periodic minimal surface (TPMS) structures. As summarized in
Figure 9, the traditional approaches for manufacturing MSM
structures exhibit distinct advantages and limitations across these
dimensions, and a clear trade-off can be observed between
geometric complexity and process simplicity.

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 of more advanced manufacturing routes for MSM structures
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programming capability (MP Cap.; 1D to discrete 3D).

with higher geometric complexity and more integrated magnetic
programming.

3 | 3D Printing of MSM Structures

3.1 | 3D Printing of MSM Structures Followed by
Post Magnetic Programming

Compared with the above traditional approaches, 3D printing is
an advanced manufacturing technology that can readily fabricate
complex 3D structures through a single step, thereby enabling
diverse MSM applications spanning miniature robotics, flexible
sensors, structural materials, and functional devices. As illus-
trated in Figure 10a, 3D printing has been used to fabricate
MSM structures once the feedstock materials (filament, ink, or
resin) are loaded with magnetic particles. Once an MSM structure
is printed, post-magnetic programming needs to be applied to
define the magnetic profile within the 3D-printed structure.
Commonly used 3D printing techniques include FDM [137-141],
SLS [12, 127, 142-144], TPP [9, 145-148], DIW [72, 149-158], and
DLP [8, 16,17, 70, 71, 73, 159-163].

As shown in Figure 10b, Cao et al. employed FDM with thermo-
plastic rubber and carbonyl iron particles to fabricate biomimetic
magnetic actuators capable of reversible flower- and butterfly-
inspired shape transformations under magnetic fields [138]. In
Figure 10c, Wu et al. employed SLS to fabricate NdFeB/TPU-
based liquid metal-coated magnetoelectric sensors with complex
MSM architectures that are capable of multidirectional force
detection and deformation response [127]. In Figure 10d, Ceylan

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
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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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printing followed by post magnetic programming has obvious
constraints. As the magnetic programming can only be applied
after the whole MSM structure is printed, it is incapable of
defining local magnetization within a structure. More impor-
tantly, such post-magnetic programming can only be applied to
MSM structures loaded with hard-magnetic particles, which can
maintain their magnetization after the removal of magnetic fields.
In contrast, the post-magnetic programming is not applicable
to the MSM structures with soft-magnetic or paramagnetic
particles, which lose their magnetization once the magnetic field
is withdrawn. To overcome the constraints, the magnetic field-
assisted 3D printing (MF3DP) has been proposed to realize in
situ magnetic programming by applying a magnetic field during
the 3D printing process. To date, the 3D printing technologies
suitable for MF3DP mainly include DIW and DLP. Therefore,
the following section reviews the recent progress on DIW- and
DLP-based MF3DP.

3.2 | Magnetic Field Assisted DIW 3D Printing

DIW is a nozzle extrusion-based 3D printing technique that
forms 3D structures by extruding viscoelastic inks onto a printing
platform. The success of DIW printing relies on the shear-
thinning behavior of the viscoelastic inks. Under high shear
stress during extrusion, the ink undergoes a sharp decrease
in both modulus and viscosity, allowing it to flow smoothly
through the nozzle. After extrusion, the ink rapidly recovers its
high elastic modulus, facilitating shape retention of the printed
structures. To print magnetic structures through DIW, magnetic
particles need to be homogeneously mixed into the inks. To
precisely define the orientation of magnetic particles during
the 3D printing process, magnetic fields should be added to
the DIW printer. As shown in Figure 11, depending on the
position where the magnetic fields are applied, the DIW-based
MF3DP can be categorized as: magnetic programming on ink
(Figure 11a-c) and magnetic programming on printed filament
(Figure 11d,e).

Figure 1la illustrates a typical DIW-based MF3DP system where
magnetic programming occurs on ink. An electromagnetic coil
is placed around the dispensing nozzle to generate a magnetic
field along (or opposite to) the flow direction of the ink, which
aligns the initially randomly oriented magnetic particles. Shear-
thinning behavior makes the ink recover to its high viscosity
after extrusion, so that the aligned magnetic particles are well
preserved within the printed filaments or structures. To prevent
the magnetic field from affecting the magnetic programming
profiles of the already printed structures, magnetic shielding is
placed beneath the field source. Once a magnetic soft structure
is printed, further thermal or UV curing can permanently fix the
alignment of the magnetic particles within the printed structure.

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 1la, 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 the magnetic
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 1lc, 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 a much
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 the magnetic 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].

and releasing. (Reproduced under the CC BY 4.0 license [150]. Copyright 2023, The Authors, published by Springer Nature). (g) DIW-fabricated MSM
capsule with shape programming and on-demand liquid release via NIR irradiation. (Reproduced with permission [152]. Copyright 2025, Wiley-VCH). (h)
DLP-fabricated MSM gear with rotation under an alternating magnetic field. (Reproduced under the CC BY 4.0 license [70]. Copyright 2023, The Authors,
published by IOP Publishing). (i) DLP-fabricated jellyfish-shaped MSM robot for underwater locomotion. (Reproduced with permission [71]. Copyright
2022, Wiley-VCH). (j) DLP-fabricated modularized microrobot for magnetic navigation, cell delivery, and module release/retrieval. (Reproduced under
the CC BY-NC 4.0 license [8]. Copyright 2023, The Authors, published by American Association for the Advancement of Science).
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Both approaches of magnetic programming on ink and on fila-
ment enable DIW-based MF3DP to manufacture various MSM 3D
structures and even devices. Benefiting from the shear-thinning
behavior, the viscosity of the MSM ink is significantly reduced
inside the nozzle during extrusion. At the low-viscosity state,
the applied magnetic field can effectively align the magnetic
particles within the ink. This makes it possible to program
hard-magnetic particles such as NdFeB, which are otherwise
difficult to align, thereby endowing the printed structures with
permanent remanent magnetization and enabling deformation
or locomotion under external magnetic fields. Owing to these
advantages, DIW-based MF3DP with magnetic programming on
ink has been widely employed in the fabrication of magnetically
active structures [32, 165], metamaterials [153, 166], and even
miniature robots [82, 167].

Kim et al. developed a DIW-based MF3DP system where an
electromagnet or a permanent magnet ring is integrated around
the nozzle (Figure 12a) [32]. A uniaxial magnetic field (~50 mT) is
applied at the nozzle to align the NdFeB microparticles (size of 5
um, 20 vol.%) within the shear-thinned MSM ink. Once extruded,
the ink retains the aligned orientation of the magnetic particles,
resulting in a printed filament with a predefined magnetization
direction. To realize programmable actuation behaviors, various
in-plane magnetization profiles (Figure 12b) can be designed
based on geometry and magnetic alignment. Under actuation
magnetic fields, these patterns guide the desired deformation
pathways. For example, Figure 12c presents a Miura-origami
sheet and auxetic lattices that undergo folding or contraction in
response to magnetic stimuli.

Expanding toward multifunctionality, Ma et al. further devel-
oped a multi-material DIW-based MF3DP system (Figure 12d),
in which a permanent magnet ring is integrated around the
nozzle to generate a uniaxial magnetic field (~180 mT) [166].
MSMs and magnetic shape memory polymers (M-SMPs) are
co-printed to form hybrid metamaterials where MSMs and M-
SMPs are precisely designed and printed (Figure 12e). Through
cooperating the thermal and magnetic actuations (Figure 12f), the
printed metamaterial achieves tunable physical properties such
as Poisson’s ratio, tunable shear, and bending deformation.

To enrich the design freedom and achieve more complex 3D mag-
netization profiles, Ansari et al. developed a DIW-based MF3DP
system with a triaxial electromagnet (Figure 12g) [82]. Unlike the
aforementioned systems, the magnetic field (~20 mT) is applied
directly at the nozzle outlet rather than around the nozzle itself.
This applied field aligns the NdFeB microparticles (size of 5 um,
50 wt.%) while the ink remains in a low-viscosity state during
extrusion. This configuration decouples the magnetization direc-
tion from the printing path, enabling voxel-level 3D magnetic
programming. Based on this capability, Figure 12h presents a soft
ribbon robot with sinusoidal magnetization that achieves wave-
like locomotion under rotating magnetic fields. Furthermore,
Figure 12i demonstrates a magnetic folding cube robot, which
achieves sequential face closure and object encapsulation based
on precisely designed magnetization orientations on each face.

One key challenge in DIW-based MF3DP with magnetic pro-
gramming on filament is the difficulty of realigning magnetic
particles under an applied field due to the high viscosity of the

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., Fe;O, 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 producing multi-
material MSM structures composed of anisotropic reinforced
materials (alumina platelets coated with Fe;O, 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 (Si;N,)-modified
liquid metal and magnetic PDMS ink (consisting of 0.15 vol.%
Fe,0,@Si0O, 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 sSMRFs 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 sSMRFs, where
magneto-mechanical stimulation during maturation activates
YAP/TAZ signaling pathways, promoting cell proliferation and
differentiation.
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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) A multi-material DIW MF3DP system with a magnetic field generated by a permanent magnet (d) allows the fabrication of structures with designed
magnetization profiles and tailored MSM/SMP domains (e), enabling printed chiral metamaterials to exhibit temperature- and magnetic-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).

As summarized in Figure 14, the representative DIW-based
MF3DP systems using different magnetic sources exhibit distinct
trade-offs among structural configuration, programming DoFs,
magnetic field strength, magnetic field uniformity, and program-
ming area. Electromagnetic-coil-based systems are advantageous
in field controllability and relatively high field uniformity, but
are often constrained by limited programming area and struc-
tural complexity. Ring permanent magnets can provide stronger
programming fields without overheating, but their programming

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 permanent magnets 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
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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).

programming freedom confine them mainly to soft-magnetic 3.3 | Magnetic Field Assisted DLP 3D Printing
composites. These comparisons indicate that no single DIW-

based MF3DP configuration simultaneously maximizes all capa-
bilities, and future system development should focus on balanc-
ing programming flexibility, field performance, and manufactura-
bility according to the target application.

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
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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).

behavior of the ink and the nozzle size. In contrast, DLP-based
MF3DP employs photocurable resins and voxel-level projection
curing, which significantly enhances printing precision and
scalability. By integrating external magnetic fields into the DLP
process, magnetic particle alignment can be achieved through-
out the entire resin vat prior to photopolymerization, enabling
uniform magnetic programming and the fabrication of complex
magnetically functional structures. Accordingly, understanding
the characteristics of magnetic field sources and their influence
on particle orientation is essential for designing and optimizing
DLP-based MF3DP systems.

In DLP-based MF3DP, magnetic particles are uniformly dispersed
in the photocurable resin within the vat, and the applied magnetic
field acts on the entire resin volume to orient the particles through
magnetic torque (or a combination of torque and force). Since the
efficiency of this particle orientation is determined by the char-
acteristics of the applied field, the choice of magnetic field source
becomes critical. Different sources vary in terms of field strength,
uniformity, programming freedom, and effective programming
area, and these differences directly define the manufacturing
capabilities of DLP-based MF3DP systems. They affect not only
the efficiency and accuracy of magnetic programming but also
the uniformity of particle concentration in the printed MSM
structures, the achievable programming freedom, the effective
build area, and the structural complexity that can be fabricated.
As illustrated in Figure 15, DLP-based MF3DP systems can
therefore be divided into three categories according to the type

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 as Helmholtz 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 applied magnetic 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 directions within the same layer, and layer-by-layer
stacking eventually yields the complete MSM structure. 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
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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,
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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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Figure 15b, in a DLP-based MF3DP system with magnetic pro-
gramming via a rotating permanent magnet, a cubic or cylindrical
magnet is placed beneath the resin vat and rotated in space,
thereby providing full 3D magnetic programming freedom. Bene-
fiting from the magnetic field distribution of a cubic or cylindrical
permanent magnet, the strength of the applied field can be easily
increased by simply reducing the distance between the magnet
and the vat bottom, thereby greatly improving programming
efficiency. However, decreasing this distance simultaneously
increases the gradient of the applied field, which induces particle
aggregation and sedimentation. Moreover, the gradient field
exerts both magnetic torque and force on previously printed
MSM structures with programmed magnetization, often leading
to deformation of printed MSM structures. As a result, this type
of DLP-based MF3DP system is not well-suited for fabricating
complex 3D MSM structures.

As shown in Figure 15c, placing a pair of parallel permanent
magnets around the resin vat is an effective way to reduce the
applied field gradient, provided that the magnets are positioned
sufficiently far apart. Compared with a single rotating permanent
magnet, this type of DLP-based MF3DP system generates a more
uniform magnetic field. However, the achievable field strength
remains relatively low (typically 10-20 mT), which means it
can only be used to program particles with strong magnetic
responsiveness (such as soft-magnetic particles). In addition, this
type of DLP-based MF3DP system only provides 2D magnetic
programming freedom, thereby limiting the complexity of MSM
structures that can be fabricated.

Unlike the aforementioned magnetic sources, hybrid sources
combine their respective advantages while avoiding their short-
comings. As shown in Figure 15d, a Halbach array provides
2D magnetic programming freedom in the X-Y plane, while
an electromagnetic coil supplies 1D magnetic programming
freedom in the Z direction, together achieving 3D magnetic
programming capability. Benefiting from the high field strength
and high uniformity provided by both the Halbach array and
the electromagnetic coil, the combined magnetic field reaches
a high intensity (~80 mT) with excellent uniformity (gradient
< 5 mT), and it can operate continuously without overheating.
This enables this type of DLP-based MF3DP system to fabricate
complex MSM structures with full 3D magnetic programming
freedom. Nevertheless, the applied field may still cause defor-
mation in previously printed MSM structures, requiring a large
number of support structures to ensure stability. As a result, addi-
tional post-processing steps are needed to remove the supports,
which increases the overall complexity of the fabrication process.

The representative DLP-based MF3DP systems differ mainly in
orientation speed, programming area, field strength, field gradi-
ent, sustainable working time, and energy consumption, which
in turn determine their programming capability and manufac-
turing performance. Their key characteristics are summarized in
Table 2.

Electromagnetic coils are advantageous in DLP-based MF3DP
because they enable real-time control of field direction and
magnitude, thereby offering the highest magnetic programming
flexibility among the available field sources. The programming
field direction and magnitude can be changed in real time by

Key performance comparison of different magnetic sources used in DLP-based MF3DP systems.
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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).

adjusting the current in each axis coil, which allows rapid field
reorientation during printing. The programming area can be
enlarged by increasing the coil size, but this usually lowers
the field strength because of power limits. When the coils are
arranged in a Helmholtz configuration, they produce uniform
fields with low gradients, which help align magnetic particles
accurately and reduce sedimentation. However, electromagnetic
coil systems consume large amounts of energy and heat up
quickly. As a result, they cannot operate stably for long periods,
which limits the fabrication of complex 3D MSM structures. At
the same time, cooling equipment becomes necessary, adding
further complexity and cost to the MF3DP system.

As shown in Figure 16a, Martin et al. introduced a DLP-based
MF3DP system that integrates externally orthogonal electromag-
netic coils [170]. An acrylate-based photocurable resin was used
as the matrix, into which alumina platelets were incorporated
after magnetic particles (Fe;0,) labeling, with a typical loading
of ~15 vol.%. During printing, the particles were aligned under
external magnetic fields and subsequently fixed in place by UV
curing. As shown in Figure 16b, they successfully reproduced
natural bioinspired reinforcement structures, such as the layered
structure of the abalone shell and the helicoidal structure of
the mantis shrimp’s dactyl club, both showing highly ordered
particle alignment within the matrix. As illustrated in Figure 16c,
they further designed “island-matrix” structures with locally

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 a DLP-based MF3DP
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 um, 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 objects within 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
fields without 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
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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 SMM materials 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 permanent magnet. (h) Magnetic field-guided assembly of ferrite nanoparticles into multi-scale spike arrays.
(i) Spiked footpads exhibiting hydrophobicity. (Reproduced with permission [173]. Copyright 2022, Mary Ann Liebert).

rotation, so the adjustment speed is relatively slow. The effective
programming area is limited to regions close to the magnet,
since the field strength decreases rapidly with distance. At
the same time, the field shows steep gradients, which reduce
uniformity, promote particle sedimentation, and may apply extra
forces and torques to printed MSM structures. These effects can
cause deformation or even printing failure, making it difficult to
fabricate complex 3D MSM structures despite the advantage of
high field strength and long operating time.

As shown in Figure 17a, Xu et al. introduced a DLP-based MF3DP
system that integrates a two-DoFs permanent magnet [33]. The
printing material consisted of a UV-curable elastomeric resin
matrix loaded with pre-magnetized NdFeB microparticles (size of

~5 um, 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 um, pre-magnetized in a
2.4 T uniform magnetic field) and soft-magnetic materials (SMM)
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prepared from a rigid UV resin (Clear V4) with iron particles.
This multimaterial strategy endowed the printed robots with
distinct mechanical and magnetic properties. As illustrated in
Figure 17e, they fabricated capsule-like robots capable of gripping,
transporting, and releasing cargo along complex pathways. In
addition, as illustrated in Figure 17f, a four-legged walking robot
integrated HMM and SMM regions, enabling stable bidirectional
locomotion under magnetic actuation.

As shown in Figure 17g, Joyee et al. introduced a DLP-based
MF3DP system that integrates a permanent magnet to induce par-
ticle assembly during printing, enabling direct fabrication of soft
robot footpads with multi-scale spike arrays [173]. The printing
material consisted of a flexible UV resin (Spot E elastic) loaded
with 60-80 wt.% ferrite nanoparticles (size of ~10 nm), providing
both strong magnetic responsiveness and the ability to align
under an applied programming field. As illustrated in Figure 17h,
during printing, the particles assembled into conical arrays under
the applied field and were locked in place by sequential curing.
As illustrated in Figure 17i, the resulting bioinspired spiked
footpads drastically altered the surface wettability, switching from
hydrophilic to hydrophobic with a measured contact angle of
~132°.

Compared with a single rotating permanent magnet, parallel
permanent magnets provide a larger programming region (i.e.,
the central region) with reduced field gradients, which is ben-
eficial for improving field uniformity and alignment stability.
Increasing the spacing between the magnets can further reduce
gradients, but also decreases the field strength. The programming
field reorientation speed is relatively fast, since only single-axis
rotation is needed. However, the programming fields are much
weaker than those of single magnets, which means that the sys-
tem can only program soft-magnetic particles. Another drawback
is that parallel magnets only provide 2D programming freedom,
which greatly restricts the programming design flexibility of MSM
structures. In addition, the relatively low field strength limits
the choice of magnetic particles and makes this configuration
suitable mainly for soft-magnetic particles.

As shown in Figure 18a, Li et al. developed a DLP-based MF3DP
system that integrates parallel permanent magnets for aligning
nanoparticle bundles within a polymer matrix [174]. The com-
posite material consisted of a photocurable resin (Eglass) loaded
with carbonyl iron particles (size of 3-5 um, mass ratios of 5-
25 wt.%) and iron oxide nanoparticles (size of < 50 nm, mass
ratios of 0.25-3.25 wt.%), which assembled into vertically oriented
bundles during curing. Asillustrated in Figure 18b, inspired by the
hierarchical architecture of limpet teeth, this design enhanced the
strength and buckling resistance of microneedles. As illustrated
in Figure 18c, experiments showed that even with diameters
as small as 50 pm, the printed microneedles retained sharp,
intact tips capable of penetrating PDMS artificial skin without
fracture.

As shown in Figure 18d, Wu et al. developed a DLP-based MF3DP
system that integrates parallel rotating permanent magnets [175].
The resin formulation consisted of 4-hydroxybutyl acrylate (4-
HBA), heavily loaded with carbonyl iron powder (CIP, size of
~7 um, mass ratios up to 45 wt.%) and stabilized by fumed
silica to avoid sedimentation. Under the applied field, the CIP

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 in Figure 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 um) 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 Fe;O, microparticles (size of ~1 um, up to 20
wt.%) and a small amount of multi-walled carbon nanotubes
(MWCNTs, <0.5wt.%). Fe;0, 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 181, 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, and heating can be managed effectively with standard
cooling, allowing stable long-term operation at a moderate 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
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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 pm) successfully penetrated PDMS skin models. (Reproduced with
permission [174]. Copyright 2021, Wiley-VCH). (d) A system integrated with parallel permanent magnets. (e) An arrow-shaped sample with 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. (1) Flower-like actuator showing sequential blooming under
electrical heating. (Reproduced with permission [176]. Copyright 2024, Wiley-VCH).

array with an electromagnetic coil to generate strong, highly
uniform, and 3D magnetic programming fields [80]. The pho-
tocurable resin was based on a silicone elastomer, into which ~20
wt.% NdFeB microparticles (size of 1-2 um) were dispersed. To
assess printing fidelity and magnetization control, the authors
quantified the angular deviation of particle alignment under

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.
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As illustrated in Figure 19c, free-standing thin-walled tubular
structures were printed with sacrificial supports, which could be
removed after curing to yield cavity-rich architectures with high
porosity and structural integrity. These thin-walled geometries
were further exploited to design several biomimetic machines. As
illustrated in Figure 19d, a trileaflet magnetic valve, mimicking
cardiac valves, was fabricated and tested. Both simulations and
experiments demonstrated that the valve opened under forward
actuation magnetic fields but closed rapidly under reverse fields,
thereby ensuring unidirectional liquid transport. As illustrated
in Figure 19e, inspired by intestinal peristalsis, the team also
designed a soft tubular actuator with circumferential magnetic
domains programmed along its wall. When actuated by a mov-
ing magnetic field of ~150 mT, sequential contraction waves
propagated along the tube, transporting viscous liquid unidi-
rectionally. As illustrated in Figure 19f, experimental recordings
confirmed effective peristaltic pumping, validating the concept as
a biomimetic peristaltic machine.

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

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

Overall, this set of demonstrations shows how a hybrid magnetic
sources DLP-based MF3DP system enables the fabrication of thin-
walled, cavity-rich magnetic soft machines with programmable
anisotropy, providing new opportunities for mimicking essential
biological functions, including flow control, peristaltic pumping,
cardiac circulation, and capsule-based transport.

In summary, the performance of DLP-based MF3DP is funda-
mentally determined by the characteristics of the programming
magnetic source. As shown in Figure 20, electromagnetic coils
offer the highest programming freedom and excellent field uni-
formity, but their relatively weak field strength and high energy
consumption restrict long-term stability. Rotating permanent
magnets provide strong fields and full 3D programming freedom,
yet their limited programming area, poor uniformity, and slow
mechanical adjustment reduce efficiency in fabricating complex
structures. Parallel permanent magnets improve field uniformity
and enlarge the programming area, but their weak field strength
and restriction to 2D programming freedom confine them to soft-
magnetic systems. Hybrid magnetic sources combine relatively
high field strength, high field uniformity, large programming
area, and high programming DoFs, and therefore currently rep-
resent the most balanced solution for DLP-based MF3DP. Taken

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 complex MSM 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-
ming magnetic fields, strategies for magnetic field integration, the
overall manufacturing 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, and ML-assisted optimization, and reconfigurable
magnetization for dynamic and multifunctional 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 of multi-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
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benefit from in situ characterization and process monitoring
strategies, including real-time observation of particle alignment,
printing geometry, and curing state during fabrication. Such capa-
bilities may provide valuable feedback for improving printing
reliability, magnetic programming accuracy, and manufactur-
ing consistency of complex MSM structures. As multi-material
MSM structures become increasingly accessible, their structural,
material, and functional design space will also expand substan-
tially, thereby calling for more advanced computational design
strategies.

4.2 | Computational Modeling, Inverse Design,
and ML-Assisted Optimization

As MSM structures are expected to integrate increasingly diverse
functions and perform more complex tasks, their structural
and functional complexity is also continuously increasing [27,
77, 134]. The field is moving beyond simple beams, films, and
single-function actuators toward more sophisticated structures
that combine complex 3D geometries, heterogeneous material

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, actuation mode, or
functional output is specified first, and the corresponding struc-
tural geometry, material layout, and 3D magnetization profile are
then determined computationally. This strategy is particularly
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valuable for 4D printing of MSMs, where structural geometry,
material distribution, magnetization profile, and external field
conditions often need to be determined in a coupled manner,
making the design process much more complex than that of con-
ventional soft actuators. In recent years, optimization algorithms
and machine-learning (ML)-assisted design methods have shown
increasing potential in addressing such problems, especially for
structures involving nonlinear deformation, multiple material
phases, or strongly coupled geometric, magnetic, and material
parameters [77, 78, 178]. Future research should therefore focus
on integrating computational modeling, inverse design, and data-
driven optimization with MSM manufacturing processes, so that
complex MSM structures and devices can be designed more
efficiently and realized more reliably.

4.3 | Reconfigurable Magnetization for Dynamic
and Multifunctional MSM Structures

As MSM structures are being developed toward higher func-
tional integration and more demanding operational tasks, their
magnetic programming is also expected to evolve beyond fixed
magnetic configurations [10]. Most MSM structures reported
to date are based on fixed magnetization profiles established
either after fabrication [1] or during printing [32]. This strategy
has enabled a wide range of magnetic actuation behaviors and
functional device demonstrations [22, 29, 80]. However, once the
magnetization profile is fixed, the accessible deformation mode
and device function are also largely predetermined, which limits
the adaptability, reusability, and task versatility of the structure
in changing environments. Therefore, beyond improving the
capability to fabricate structures with increasingly complex static
magnetic patterns, a more forward-looking direction is to develop
MSM structures whose magnetic states can be reconfigured after
fabrication in a controllable and reversible manner [10, 76, 101,
139, 179, 180].

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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