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ABSTRACT
Icing poses a significant challenge in energy, transportation, and (soft) robotic applications, leading to disfunctions and efficiency
losses. Traditional de-icingmethods are often energy-intensive, non-selective, or difficult to integratewith robotic and autonomous
systems. Here, we introduce a 4D-printing strategy that enables programmable spatio-temporal de-icing, providing an energy-
efficient pathway to precisely control when and where ice is removed at the millimeter scale. By integrating raspberry-like gold–
magnetite nanofillers into a photosensitive resin and employing a magnetic-assisted Digital Light Processing (DLP), we align the
fillers into oriented nanoparticle chains, producing anisotropic architectures with dual functionality: magnetic-driven mobility
actuation and plasmonic heating for localized thermal release. Hyperspectral analysis shows that the photothermal response can
be finely tuned through plasmonic grafting density, while geometric programming governs the amplitude and spatial distribution
of heating. As a demonstration of this multifunctional platform, we develop an autonomous icebreaking microrobot capable of
navigating frozen landscapes while melting ice with pinpoint accuracy. This work introduces a new class of 4D-printed magneto-
plasmonic materials enabling on-demand phase-transition control, opening opportunities for energy-efficient de-icing, adaptive
soft robotics for extreme environments and time-programmable devices.
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Introduction

n the last decades, additive manufacturing has grown up as
n essential technique for material design [1, 2]. Based on
ts technological advances, 4D printing has emerged in 2013
3]. Initially defined as the 3D printing of objects capable of
hanging shape in response to a stimulus, the definition has since
roadened. Today, 4D printing encompasses the 3D fabrication
f objects that can change at least one of their properties or
unctionalities over time under external stimuli [4, 5]. While the
ost spread example consists in using temperature as a stimulus
his is an open access article under the terms of the Creative Commons Attribution License, which perm
ited.
2026 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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to modify the shape of the object [6–9], several other stimuli,
such as light [10, 11], magnetic field [12, 13], electric field [14],
solvent [15, 16], pH [17] have been also explored in the literature
to induce different responses, including shift in color [18], remote
locomotion [19, 20] and actuation [21–23]. Owing to their ability
to integrate responsiveness directly into 3D-printed structures,
4D-printed devices have been proposed for applications across
a wide range of domains. Yet, most current architectures still
operate in a single-stimulus, single-response regime, highlight-
ing the untapped potential for richer, coupled functionalities.
Among these, photothermal actuation remains scarcely explored
its use, distribution and reproduction in any medium, provided the original work is properly
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ith only a few examples, such as plasmonic heating-mediated
hape recovery in protein nanocomposites [24]. As a result,
hotoheating offers a largely untapped route for remote and
elective thermal control, enabling new modes of functional,
ight-programmable behavior. Beyond the context of additive
anufacturing, the photothermal effect is already well estab-
ished in other fields. In biomedicine, for example, near-infrared-
esponsive absorbers are employed for targeted photothermal
herapy to destroy cancer cells or to enable controlled drug
elease [24]. In microfluidics, light-induced temperature changes
an precisely manipulate flow patterns and chemical reactions
25]. Important for everyday-life applications, photoheating can
nduce phase transitions, for instance, in antifogging coatings:
he localized heating prevents water droplet condensation and
ccelerates evaporation on optical lenses or windshields [26].
ight-driven water evaporation has also been used to develop
ater purification systems [27], homeostatic coatings [28, 29],
r even to manipulate crack propagation [30]. In this broader
ontext, icing remains a critical challenge for renewable energy,
viation, marine operations, and sensitive electronics, leading
o significant energy losses and compromised performance [31].
mong de-icing strategies, photothermal coatings have shown
romise, using light as a remote and controllable trigger [32, 33].
hus, extending photothermal de-icing to 4D devices could open
ew avenues for autonomous ice management, particularly in
soft)robotics enabling small robotic platforms or drones to navi-
ate icy environments, actively sculpt or remove ice, and respond
ynamically to freezing conditions. Localized heating, com-
ined with locomotion or shape-morphing capabilities, would
llow these systems to concentrate energy only where needed,
mproving efficiency and adaptability in severe environments.
espite this potential, photothermal de-icing has not yet been
emonstrated in 4D-printed systems.

o address this challenge, we introduce a 4D-printing strat-
gy that employs magneto-plasmonic photoheaters to achieve
patio-temporal de-icing, providing precise control over both
ocation and rate of ice melting. To achieve the desired prop-
rties, our approach combines two stimuli: magnetic fields
o control the object’s locomotion (spatial positioning) and
ight to trigger localized heating (thermo-temporal activation).
agnetic-assisted Digital Light Processing [34] (DLP) is used to
abricate active structures composed of spatially aligned chains
f magneto-plasmonic nanofillers dispersed within a photosen-
itive resin. This configuration enables precise rotational and
ranslational control of the printed objects while simultaneously
llowing localized photothermal heating. As a proof of con-
ept, we fabricated a 4D-printed magneto-plasmonic icebreaker
hip, showcasing autonomous ice-management capabilities. This
ork pioneers a novel application domain for 4D printing
here plasmonic nano-heaters are integrated within magneto-
esponsive architectures for spatiotemporal control of ice–surface
nteractions for active and programmable anti-icing/de-icing sys-
ems. Although purely magneto-active 4D-printed devices have
een previously reported (Table S1), the development of multi-
unctional magneto-plasmonic 4D-printed constructs remains a
ignificant challenge. This difficulty arises from the non-trivial
ntegration of both magnetic and heat-emitting fillers within a
ingle printed architecture. In addition, the high polydispersity
f most commercially available magnetic fillers hinders precise
ptical control and limits the efficiency of photo-thermal design.
of 14
Addressing these gaps demands a multidisciplinary approach
that combines advances in nanomaterial synthesis, resin formu-
lation, additive manufacturing, and functional characterization.
The present approach moves beyond the mere combination
of independent functionalities and demonstrates a synergistic
platform inwhichmagnetic actuation enables precise positioning
andmechanical interaction, whereas plasmonic heating provides
localized, rapid, and contactless thermal input. Unlike conven-
tional resistive de-icing systems, our approach is specifically
designed for untethered, mobile microrobotic platforms enabling
both contactless actuation and photo-thermal heating through
magnetic fields and light. More broadly, the proposed magneto-
plasmonic architecture represents a first step toward the design
of 4D-printed devices in applications where coordinatedmechan-
ical motion and localized energy delivery are required, such as ice
management and soft robotics in harsh conditions.

2 Results and Discussion

2.1 Design of the Magneto-Plasmonic
Photoheater

The general design of a programmable photoheater is illustrated
in Figure 1. The 4D-printed object is a hierarchically structured
construct, combining a macroscopic passive element with a
microscopic functional architecture composed of raspberry-like
magneto-plasmonic assemblies, consisting of magnetite (Fe3O4)
cores decorated with spherical gold (Au) nanoparticles. The
nanofillers are self-assembled into aligned, chain-like structures,
introducing magnetic anisotropy into the printed element, while
enabling tuning of their plasmonic properties through controlled
interparticle interactions. In particular, the interaction between
the chains and the applied magnetic field enables precise control
over the object’s movement. Specifically, misalignment between
the chains’ magnetic moments and the applied field drives chain
realignment, i.e., τ = mxB, resulting in rotation of the printed
object along the field direction. Meanwhile, the magnetic field
gradient generates a directional force on the chains, i.e., F
= ∇(m⋅B), allowing controlled translational movement of the
object. Besides, upon light irradiation, the plasmonic assemblies
within the magneto-plasmonic fillers generate localized heat,
enabling temporal control of the heated region. As an example,
Figure 1 showcases an illustration of a 4D-printed icebreaker ship
that combines magnetic actuation and photothermal heating.
Upon light exposure, it melts the surrounding ice, while the
appliedmagnetic field drives it forward, allowing it to cut through
ice by melting it in real time.

To fabricate these hierarchically structured devices, we use a
custom magnetic-assisted DLP apparatus featuring a nested
Halbach array integrated with a vertically aligned coil, which
enables precise control of both the intensity and orientation of
the magnetic field in 3D space, Figure 2 [35]. A Halbach array
is a specific arrangement of permanent magnets that enhances
the magnetic field on one side while nearly canceling it on the
opposite side. Ideally, a Halbach array can be modeled as an
infinitely long cylinder with continuously rotatingmagnetization
[36]. In practice, however, this is not feasible, and real Halbach
arrays are constructed using discretizationmethods. The cylinder
is divided into P magnets (Figure 2 in red) of identical shape and
Advanced Functional Materials, 2026
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FIGURE 1 Example of a 4D printed photoheater used as an icebreaking ship. The 4D printed device presents a macroscopic functional shape (e.g.,
icebreaker ship) and embedded chain-like aligned magneto-plasmonic fillers. The magnetic field drives locomotion (spatial positioning) while the light
irradiation enables a heat trigger (temporal control of the melting speed).

FIGURE 2 Fabrication principle of the magneto-plasmonic photoheater. The object is printed by Digital Light Processing by using a polymeric
resin loaded with the magneto-plasmonic fillers. The vat is exposed to a unidirectional magnetic field that aligns the particles in the field direction. Two
Halbach arrays of magnets are used to create the field in the xy plane. They can rotate to modulate the final intensity of the magnetic field in the plane
by vectorial construction. Set up protected by patent pending No. WO2025073835A1.
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agnetization magnitude, but with different orientations, where
he direction of each magnetic dipole, φ, is an integer multiple of
ts angular position, θ, such that φ = (k+1)θ. The field polarity
f the Halbach array is characterized by the parameter k; for
xample, a dipolar configuration (k = +1) produces a uniform
agnetic field within the printing region. Thus, the vat of the
LP printer is exposed to a homogeneous orientedmagnetic field
nabling formation and alignment of the magneto-plasmonic
hains during the fabrication process, as will be detailed later on.

.2 Synthesis and Self-Assembly of
agneto-Plasmonic Nanoparticles

agneto-plasmonicmagnetite-gold nanoparticles serving as two-
n-one multifunctional filler. One challenge concerns the syn-
hesis of these magneto-plasmonic nanofillers with controlled
hermo-plasmonic properties. As mentioned before, most com-
ercially available magnetic fillers are highly polydisperse and
trongly light-scattering, which severely limits optical tunability
ndmakes the design of efficient and predictable plasmonic heat-
ng extremely difficult. To address this bottleneck, we developed
dvanced Functional Materials, 2026
the synthesis of monodisperse magneto-plasmonic nanofillers,
specifically engineered to ensure production at the gram scale
(for device fabrication) while remaining compatible with pho-
tocurable resins and DLP printing. To do so, first, magnetic
nanoparticles (MNP) were synthesized and subsequently func-
tionalized with polyethyleneimine (PEI) [37]. They consist of
monodisperse spherical particleswith an average diameter of 75±
10 nm (Figure S1). In parallel, gold nanoparticles were produced
using the Turkevich method [38]. They exhibit an average diam-
eter of 18 ± 5 nm (Figure S2) and are stabilized by a citrate layer.
The two types of nanoparticles were subsequently mixed in water
under ultrasonic agitation to promote homogeneous dispersion.
The PEI coating on themagnetic nanoparticles provides terminal
amino groups and a positive surface charge, enhancing their
colloidal stability and enabling the electrostatic assembly of
negatively charged gold nanoparticles onto their surface [39].
The resulting composite magneto-plasmonic fillers collected by
magnetic separation exhibit a raspberry-like morphology, with
gold nanoparticles uniformly decorating the surface of the mag-
netic cores as confirmed by Transmission Electron Microscopy
(TEM), Figure 3a,b. The grafting density of gold nanoparticleswas
optimized by adjusting both the volume of the gold nanoparticle
3 of 14
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FIGURE 3 Illustrations and TEM micrographs of the magneto-
plasmonic fillers with two grafting densities: (a) MNP@Au_28 and (b)
MNP@Au_3.
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olution relative to the mass of magnetic nanoparticles and the
oncentration of the gold nanoparticle suspension. In this work,
wo sub-systems were investigated: the first presents a high gold
rafting density (atomic Au/Fe ratio = 27.9 ± 4.9%, Figure 3a),
hile the second one presents a lower grafting density (atomic
u/Fe ratio = 2.7 ± 0.3%, Figure 3b). In the following, these
amples are referred to by their atomic ratios asMNP@Au_28 and
NP@Au_3, respectively.

o form a printable composite formulation, magneto-plasmonic
anofillers were dispersed into a bisphenol A ethoxylate diacry-
ate (BEDA) resin using bis(2,4,6-trimethylbenzoyl) phenylphos-
hine oxide (BAPO) as photoinitiator. The viscosity of the final
ormulation represents a compromise between the temporal
tability of the embedded filler dispersion, needed to keep the
articles suspended, and the printability of the resin, which
equires sufficient flow between layer depositions during the
igital Light Processing (DLP) process. As shown in Figure S3,
he unloaded resin exhibits shear-thickening behavior at low
hear rates (<0.07 s−1) and reaches a stable viscosity plateau at
igher shear rates. In this regime, the viscosity was measured at
11 ± 2 mPa⋅s, which lies within the typical range reported for
LP-printable resins (0.001–1 Pa.s) [40]. Furthermore, as shown
n Figure S4a, the filler dispersion remains stable for at least 31 h
a time much longer than the one necessary for a typical printing
ession). This enables the fabrication of macroscopic objects with
uniform distribution of nanofiller as demonstrated in Figure
4b. The resin is then poured into the vat of the DLP printer
nd exposed to a uniform and unidirectional magnetic field to
nduce the self-assembly of the raspberry-like gold–magnetite
nto chain structures, which are subsequently frozen within the
rinted object through the layer-by-layer photopolymerization.
hemagnetic field intensity was set to 10mT following a previous
xperimental procedure [35], a value enabling to both avoid
igration of particles toward edges of the vat [34] and forming
table chains of aligned structures.

he duration of the applied magnetic field determines the length
f the chains formed within the formulation, making the chain-
ormation time a critical parameter. To optimize this process, we
ystematically investigated the kinetics of nanoparticle assembly
of 14
and alignment using optical microscopy. In particular, the resin
containing the magneto-plasmonic fillers (without photoinitia-
tor) was spread on a glass substrate and then exposed to a
uniform magnetic field of 10 mT (Figure 4a). Finally, the self-
assembly process was monitored in real time using a LEICA DM
optical microscope. Figure 4b presents the time evolution of the
assembly for a filler loading of 0.2 phB (per hundred BEDA,
defined as phB = m_MNP / m_BEDA × 100) up to 30 min.
Initially, small chains form, which gradually coalesce into larger,
anisotropic aggregates with a polydisperse size distribution. The
temporal evolution of chain length, represented by the 5th, 95th
percentiles, and the average, was obtained from image analysis,
Figure 4c. Under these conditions, the average chain length
increased with time, reaching a plateau after approximately 30
min. Notably, anisotropic chains were already formed after 15
min, corresponding to about 75% of their final average length.
Accordingly, a 15-min magnetic field application was chosen
as an optimized processing condition, providing an effective
balance between adequate chain formation and minimization
of processing time. Finally, Figure 4d shows the final chain
morphology as the filler loading is increased from 0.1 to 2.0 phB.
Higher loadings generally lead to the formation of longer chains
until coalescence processes dominate [41].

2.3 Magnetic Properties of 4D Printed Devices

Room-temperature hysteresis loops were measured to evaluate
the magnetic behavior of the DLP-printed nanocomposites,
Figure 5a [42, 43]. For samples printed with a filler loading of 0.5
phBMNP, nomajor differences are observed in the hysteresis loop
whether chain structures are present or not. Themagnetization at
saturation reaches 60 emu/g for a magnetic field H exceeding 10
kOe. ForMNP@Au_28, themagnetization at saturation is slightly
lower, reaching 53 emu g−1 for the same range of magnetic field
H. The samples exhibit only a small hysteresis at low magnetic
fields, with behavior approaching that of superparamagnetic
materials, Figure 5b. A first indication of anisotropic response can
be observed in Figure S5a; the hysteresis loops show that there is
an anisotropy, or easy magnetization axis, when the chains are
aligned parallel to the external field. This means that it is easier
to reach saturationwhen the field is applied in the direction of the
chains than in the perpendicular direction, as already reported in
the literature for oriented chains of magnetic objects [44].

As mentioned above, the printed objects with embedded chains
possess anisotropic magnetic properties that enable magnetic
actuation: orientation and translation. To control the rotation of
the object, the presence of oriented chains is the key. This is
demonstrated by printing two hammers (loading of 1 phB), each
with a different chain orientation: (Figure 5c), perpendicular (⊥)
and parallel (∥) to its handle, respectively. As shown in Figure 5d,
both hammers float on water and are held by the end of the
handle, remaining free to rotate around the fixation point. When
exposed to a uniformmagnetic field (10mT) a torque acts, i.e., τ=
mxB, such that each hammer rotates to align the chains along the
direction of the applied field. As reported in the Video S1, if the
direction of the field ismodified, the hammers adjust accordingly.
As shown in Video S2 and Figure 5e, inducing translation of
the oriented magneto-plasmonic composites requires applying a
magnetic field gradient, such as that produced by a permanent
Advanced Functional Materials, 2026
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FIGURE 4 Assembly of particles into chain-like structures (results for loadwithMNP@Au_28,magnetic field of 10mT). (a) Schemeof the principle
of the assembly. Particles are initially dispersed into the liquid resin. The resin is exposed to a uniform unidirectional magnetic field, the particles self-
assemble into chains in the direction of the magnetic field. (b) In situ optical microscope imaging of chain’s formation in a thin film during the assembly
step through time, for a loading of 0.2 phB. (c) Evolution of the length of chains with time load of 0.2 phB. (d) Optical microscope images of the
microstructure morphology for increasing loading with 0.1, 0.5, and 2 phB, after 20 min of exposure to the magnetic field.
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agnet. In this case, the objects move toward regions of higher
ield strength, following, i.e., F = ∇(m⋅B).

.4 Optical Properties and Photoheating
apabilities of the 4D Printed Devices

o enable the second functionality, light-induced heat generation,
recise control over the optical properties of the plasmonic
ystems is crucial. Heat is generated only when the plasmonic
esonance is excited at the appropriate wavelength, which is
ypically characterized by its absorbance and scattering response
45]. These properties can be tuned through coupling between
lasmonic particles, which can create “hot spots” leading tomore
fficient light absorption and highly localized heat generation
45, 46]. As a consequence, by increasing the density and
roximity of plasmonic particles to maximize coupling and hot-
pot formation, the efficiency of light-to-heat conversion can be
ignificantly enhanced [47]. To investigate the optical properties
f our systems, we prepare films on glass substrates using a film
pplicator bar. These films are made from the polymerized resin,
pproximately 10 µm thick, with a charge of 0.5 phB of either
NP (without gold NPs), MNP@Au_3 (low gold NP charge),
r MNP@Au_28 (high gold NP charge), with particles aligned
under 10 mT).

s illustrated in Figure 6a, samples were characterized by
yperspectral microscopy in dark-field mode. This technique
nables optical imaging in which each pixel contains the local
ptical spectrumof the sample [48, 49]. In transmission dark-field
ode, it allows for mapping the scattering intensity at the single-
bject level. The dark-field micrographs shown in Figure 6b
isplay the chains for the MNP@Au_3 and MNP@Au_28. The
cattering spectra shown in Figure 6c present a global scattering
ontribution resulting from an average on all the pixels of the
mage. For MNP@Au_3, the spectrum is comparable to the one
dvanced Functional Materials, 2026
of MNP (without Au). MNP@Au_28 shows a strong plasmonic
scattering signal with a maximum at 609 nm. The band is broad
and extends until the near infrared wavelengths. To qualitatively
highlight the contribution of the Au NPs in the signal (that are
main responsible for photoheating as discussed later on), the
spectra of MNP@Auwere normalized by the one ofMNP [50]. As
shown in Figure 6d, the characteristic shape of each normalized
spectrum provides information about the type of plasmonic inter-
actions. For both samples a broad intense scattering contribution
is detected in theNear Infra-Red (NIR) between 800 and 1000 nm.
For MNP@Au_3, some weaker bands of scattering emerge, the
first one between 530 and 600nmand the second between 650 and
710 nm. The first band is characteristic of isolated gold NP, while
the second one could be attributed to the presence of a dimer of
gold NPs [51]. A mapping of each contribution on the image is
presented on Figure S5b. More interestingly, for MNP@Au_28,
the plasmonic contribution is broader and more intense going
from green to NIR-light, with the highest scattering in red and
near infrared section. For MNP@Au_28, a such broad signal is
characteristic of aggregates of gold nanoparticles and plasmonic
coupling [52]. This plasmonic response originates from the
collective optical behavior of raspberry-like magneto-plasmonic
nanofillers assembled into chains under a magnetic field. Each
nanofiller consists of multiple Au nanoparticles randomly dis-
tributed on the surface of a Fe3O4 core as shown in Figure 3b,
while the magnetic assembly process leads to the formation of
chains along the field direction with non-periodic interparticle
distances. This hierarchical structural disorder, present both at
the single-particle and chain levels, results in a wide distribution
of plasmonic coupling configurations rather than a single, well-
defined resonance mode. To prove that, we used hyperspectral
optical microscopy to directly probe the plasmonic response of
the real structures. Spatially resolved scattering spectra acquired
at different locations along individual chains (Figure S6) reveal
pronounced heterogeneity in the optical response, evidencing
multiple locally coupled plasmonic modes. In particular, chains
5 of 14
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FIGURE 5 Magnetic properties of printed systems. (a) Room temperature hysteresis loops of printed pieces with not aligned MNP, aligned MNP
or aligned MNP@Au_28 with 0.5 phB. (b) Zoom into low field region of the hysteresis loop of MNP@Au_28. (c) Schematic illustration of two printed
hammer-shaped samples and their corresponding internal chain orientations: the top sample features chains perpendicular to the main axis of the
hammer, while the bottom sample features chains parallel to it. (d) Photographs showing the two hammers exposed to a rotating homogeneousmagnetic
field. Each hammer rotates to align its embedded chains with the direction of the applied magnetic field. (e) Photographs showing the translation of a
magnetic printed object in the presence of a gradient of magnetic field.
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omposed of Au-rich nanofillers (MNP@Au_28, Figure S6a)
xhibit several scattering contributions in the 600–750 nm range,
ppearing either as a broad resonance or as partially overlapping
eaks depending on the probed location. The integration of these
ocal responses results in the global scattering spectrum reported
n Figure 6c. In contrast, isolated magneto-plasmonic nanopar-
icles dispersed in solution display a narrow plasmonic peak
entered at approximately 545 nm, characteristic of uncoupled
u nanoparticles (Figure S7). The strong red-shift and spectral
roadening observed upon chain formation therefore provide
lear experimental evidence of near-field plasmonic coupling.

his behavior is fully consistent with extensive literature on
isordered plasmonic assemblies, where random geometries lead
o broadened, red-shifted resonances and spatially distributed
of 14
electromagnetic hot spots rather than discrete, well-defined
modes [45, 53, 54]. The results also indicate that depending on
the density of grafting of gold nanoparticles, the optical and
photo-thermal response can be, in part, modulated.

For practical applications such as de-icing, we focus on maximiz-
ing heat generation by examining the photoheating effect of the
magneto-plasmonic systemwith the highest gold grafting density,
MNP@Au_28. This system exhibits a broad plasmonic scattering
contribution spanning from visible to near-infrared wavelengths
NIR. In particular, we investigate the photo-thermal heating of
the sameMNP@Au_28 filmwith lasers at twowavelengths: in the
visible range (532 nm) and in the NIR (852 nm). First, the impact
of the light intensity was studied by measuring the increase in
temperature with a FLIR E6 thermal camera, Figure 6e. In both
Advanced Functional Materials, 2026
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FIGURE 6 Optical properties of the loaded films. (a) Schematic illustration of the dark-field hyperspectral microscope. (b) dark field hyperspectral
micrographs of the chains made ofMNP@Au_3 andMNP@Au_28. (c) Global normalized scattering spectra of thin films loaded with 0.5 phB containing
different types of particles (MNP, MNP@Au_28, MNP@Au-3). (d) Scattering spectra of MNP@Au_3 and MNP@Au_28 thin film normalized with MNP
contribution. Inclusion is a zoom into the spectra of @Au_3. (e) Photothermal heating for the MNP@Au_28 film: increase of temperature as function
of the light intensity at two different wavelengths.
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ases, temperature rises linearly with light intensity, yet heating
s notably more efficient at 852 nm than at 532 nm, exhibiting
lopes of 2.7 and 1.0 K⋅cm2

⋅W−1, respectively. These results are
n agreement with those shown Figure 6d, indicating a larger
lasmonic scattering signal in the NIR. To investigate the pho-
othermal capabilities of macroscopic objects, we first print 1 cm2

quares, 0.2 mm thick sample using resin loaded with 0.5 phB of
NP (without gold) and MNP@Au_28, with particle alignment
chieved under a 10 mT magnetic field, Figure 7a. Samples were
xposed to both lasers (532 and 852 nm) at a light intensity of
.60 Wcm−2. Figure 7b shows that photoheating is greater for
NP@Au_28, highlighting the contribution of the plasmonic
bsorbers, as plasmonic heating is more efficient than the pho-
othermal effect of MNP alone. For MNP, heating at 532 nm is
reater than at 852 nm, consistent with the higher absorption of
NP at 532 nm compared to 852 nm, Figure S8. In contrast, for the
lasmonic sample MNP@Au_28, irradiation at 852 nm raises the
emperature above 80◦C, significantly higher than with the green
aser (532 nm), in agreement with the results on glass-supported
ilms shown in Figure 6e. At 852 nm, the plasmonic resonance
dvanced Functional Materials, 2026
is effectively excited, triggering the collective mode of resonance
of aggregates on the surface of the MNP. The photothermal
conversion efficiency of the MNP@Au_28 was quantified using
an energy-balancemethod adapted from the procedure originally
introduced by Roper et al. [55] for plasmonic photothermal mate-
rials (“Photothermal conversion efficiency analysis” section in
Supporting Information). This approach relates the steady-state
temperature rise of an illuminated object to the absorbed optical
power and theheat dissipated to the surroundings via conduction,
convection, and radiation. Thus, sample exhibits a photothermal
conversion efficiency of approximately 40% under 852 nm laser
irradiation.

We then examined how sample thickness affects the photother-
mal response of the printed composites, as shown in Figure 7b.
To this end, square samples (1 cm2)with thicknesses ranging from
0.2 to 2 mm were printed, and their temperature increases under
illumination were measured. Unlike the experiment shown in
Figure 6e, the composite samples were not supported on glass.
Each sample was exposed to both lasers at a light intensity
7 of 14
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FIGURE 7 (a) Measurements of the photoheating properties of printed pieces. (b) Increase of temperature of a 0.2 mm thick printed piece loaded
with 0.5 phB of MNP@Au_28 or 0.5 phB of MNP under 532 nm and 852 nm at light intensity of 0.60 W cm−2. The contribution of gold NPs to the
heating is more significant at 852 nm than at 532 nm, with a global higher heating at 852 nm than at 532 nm. (c) Increase of temperature in RT conditions
depending of the thickness of the printed piece, loadedwith 0.5 phB ofMNP@Au_28, under 532 and 852 nm at light intensity of 0.60W cm−2. (d) Increase
of temperature depending of the thickness of the printed piece, loaded with 0.5 and 1 phB of MNP@Au_28, under laser at 852 nm at light intensity of
0.60 W cm−2.
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f 0.60 W cm−2. Within this range, the heating efficiency
ecreased as the thickness increased. This behavior indicates
hat plasmonic heating is governed by surface-dominated absorp-
ion, meaning that the light-absorbing region is thinner than
he minimum tested thickness (0.2 mm). The generated heat
ear the surface is then dissipated into the cooler surrounding
aterial; thus, thicker samples spread the heat over a larger
olume, leading to a lower measured temperature increase.
dditional analysis (reported in the “Photothermal conversion
fficiency analysis” section in Supporting Information) indicated
hat the estimated optical penetration depth is around 61 µm at
52 nm.

inally, we examined the effect of MNP@Au loading (0.5 and
phB) under 852 nm illumination. Increasing the loading

lightly enhances photothermal heating, but the temperature rise
emains limited even when the nanoparticle concentration is
oubled. This is attributed to the increased optical opacity of the
omposite at higher loadings: as more particles are incorporated,
he effective optical penetration depth decreases, confining light
bsorption to a thinner surface layer. Consequently, nanoparticles
mbedded deeper in thematerial receive less light and contribute
inimally to heating. Thus, the overall improvement in pho-
othermal efficiency is not proportional to the particle concentra-
ion, consistentwith a surface-dominated absorptionmechanism.
n summary, while the filler loading used for printing has only
limited influence on the object’s heating performance, the

hickness of the printed part plays a more crucial role. More
roadly, the light intensity and wavelength of the illumination
ource represent the most effective parameters for achieving and
of 14

C
rea
tuning localized photothermal heating, particularly for de-icing
applications.

2.5 Proof of Concept of a Magneto-Plasmonic
De-Icing Device

Based on previous magnetic and optical investigations, a
magneto-plasmonic icebreaker ship was printed as a proof of
concept for spatio-temporal controlled de-icing (Figure 8a). We
first demonstrate the ship’s capability to heat and melt ice using
NIR light. To achieve this, a Peltier module was used to create
a thin, thermo-regulated layer of ice at around −5◦C. As shown
in Figure 8b, we first measure the temperature increase with
a thermal camera. Without the printed ship, the glass support
exposed to NIR light for 5 min showed no temperature increase,
while with the ship in place, the temperature rose above 55◦C.
Figure 8c shows the same experiment on a layer of ice. Prolonged
irradiation with NIR light alone did not modify the ice layer. In
contrast, the printed ship melted the underlying ice in less than 2
min (Video S3).

Finally, we demonstrate the dual functionality of our printed
device (see Figure S9 for more details on the design). In this
case, the loading was 1% phB of MNP@Au NPs to ensure a
sufficient magnetic response to the applied magnetic field while
maintaining efficient photoheating. Two printed icebreaker ships
are initially placed on a thin layer of ice, resting on cold liquid
water, similar to sea ice conditions (Figure 9a). A magnet is
positioned next to the water container while a light source at
Advanced Functional Materials, 2026
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FIGURE 8 (a) Scheme of the magneto-plasmonic icebreaker ship. (b) Heating capability of the ship. Control experiment by IR camera: no
temperature raise is observed after 5 min of irradiation with nIR light (top) while the photoheater ship heats up to 55.3◦C. (c) Photographs showing
the de-icing capability of the printed ship.
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52 nm is used to ensure sufficient light intensity for heating,
igure 9b. Only the right ship is illuminated, while the left one
emains unlit. The complete experiment can be observed in Video
4 and in Figure 9e. At the beginning of the experiment, the
hips are on the ice and cannot move under the magnetic field
ue to friction with the ice (t0). The illuminated ship heats up,
eaching 18◦C (Figure 8c,d). As the ships heats up, it progressively
elts the ice beneath its hull until the ice is completely drilled
hrough (Figure 8e, 5 min). Once the ship is floating on the liquid
ater, it is attracted toward the magnet. The embedded chains
ontrol the boat’s orientation, aligning it along the stern–bow
xis, and it moves toward the region with the strongest magnetic
ield gradient. The ice surrounding the boat continues to melt,
llowing it to move (from 5 to 17 min), with the ship carving a
ath through the ice.

he displacement of both ships is shown in Figure 8f. When
ot illuminated, the ship remains stationary on the ice, Since
t produces no heat. The displacement of the illuminated ship
ccurs in distinct stages. Before 5 min, the ship does not move
ntil the ice beneath it is fully melted. A noticeable step occurs
etween 2 and 3min, corresponding to a reorientation of the boat
s the ice melts, allowing it to align with the magnetic field. After
min of illumination, the displacement begins to increase once
he boat reaches the water surface. Without the magnetic field
nd under illumination alone, the boat would stay still while the
ce keepsmelting beneath it. Themotion of the system is governed
y two physically distinct and sequential mechanisms. First, the
isplacement speed of the device is fundamentally limited by the
ce-melting kinetics, rather than bymagnetic actuation itself. The
icrorobot can only move once a liquid water layer is generated
eneath it, and its velocity is therefore controlled by photothermal
dvanced Functional Materials, 2026
ice melting. For this reason, we developed a photothermal model,
provided in the Supporting Information, to quantify the melting-
driven displacement rate as a function of ice temperature and
light intensity (Figure 9g; Figure S10), photothermal conversion
efficiency (Figure S11), and effective floating thickness (Figure
S12). This model captures the dominant parameters governing
motion onset and speed during de-icing. As shown in Figure 9g,
colder ice acts as a strong thermal sink, increasing both the
sensible heating requirement and diffusion losses, which slows
down melting and motion. In contrast, warm ice reduces both
contributions, allowing faster melting and thus faster lateral
displacement. Higher laser power density can compensate for
thermal losses and enables efficient motion, especially at higher
ice temperatures. Another experimental lever to improve motion
is the floating thickness, as shown in Figure 9h. Reducing the
floating thickness decreases the volume of ice that needs to be
heated and melted, thereby significantly increasing the speed of
motion. This effect can be achieved, for instance, by lowering the
density or by optimizing the ship’s design. Second, once the ice is
locally melted and the device is floating on water, the trajectory,
orientation, and navigation are governed by magnetic actuation.
To describe this regime, we implemented a separate magnetic
model (Supplementary Information). This includes magnetic
simulations describing the force- and torque-driven motion of
the printed object under an external magnetic field assuming
that is navigating on liquid water describing the configuration
in which ice is locally melted. The microrobot is modeled
as a magnetic dipole operating in an overdamped regime,
enabling quantitative predictions of magnetic forces, torques,
trajectories, and orientation dynamics (Figure S13). Importantly,
the simulated motion and alignment behavior (Figure S14 and
Video S5) are in good agreement with experimental observations
9 of 14
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FIGURE 9 De-icing in sea ice with magneto-plasmonic icebreaker ship. (a) Schematic of the magneto-plasmonic icebreaker ship. (b) Photograph
showing that only one ship is illuminated by the light source. (c) and (d) Thermal mapping images: only the illuminated ship heats up to 18◦C. (e)
Time-lapse photographs of the experiment: the illuminated ship moves toward the magnet under the light, first melting the ice beneath its hull (t0 to
5 min) and then progressively melting the surrounding ice as it continues moving (5–17 min). (f) Cumulative displacement of each ship over time: only
the illuminated ship moves after piercing the ice (5 min). The step observed during the first two minutes for the right ship is due to its reorientation
with the magnetic field as the ice beneath the ship melts. (g) Evolution of the lateral speed as function of the ice temperature and of the laser intensity.
(h) Evolution of the ship speed as function of the power density and of the floating thickness of the ship (Tice = −5◦C).
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Figure S15 and Video S6), thereby confirming the proposed
agnetic actuation mechanism.

t last, to assess environmental stability, additional photothermal
nd durability tests were performed under harsher conditions,
ncluding repeated thermal cycling at −20◦C with controlled
umidity and air flow (see Figures S16 and S17). As shown in
igure S16c, the temperature of the ship upon irradiation remains
nchanged across all cycles, indicating that the photothermal
eating capability is fully preserved. We investigated photother-
al heating at temperatures down to −20◦C (Figure S17a) and as
unction of the laser power (Figure S17b). These results indicate
hat lowering the ice temperature down to−20◦C the T of the ship
ecreases linearly as expected. Importantly even at −20◦C the
emperature of the ship remains positive and allow de-icing. As
0 of 14
shown in Figure S17b, even at −20◦C, the temperature of the ship
can be increased by increasing the light intensity demonstrating
the potential of the approach in harsher conditions.

3 Conclusion

In this work, we proposed a novel approach of 4D printed
multifunctional device enabling spatio-temporal control of de-
icing. By leveraging two stimuli, magnetic fields for spatial
positioning and light for temperature activation, we were able to
control both the location and speed of ice melting precisely. The
integration ofmagneto-plasmonic fillers in a photosensitive resin,
printed using magnetic-assisted DLP, enabled the formation of
chain-like microstructures with anisotropic magneto-responsive
Advanced Functional Materials, 2026
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roperties. By investigating the optical response by hyperspectral
icroscopy, we demonstrated that the photothermal efficiency
an be modulated by controlling the grafting density of plas-
onic particles within the self-assembled magneto-plasmonic
hains. The heating intensity can be controlled by adjusting the
bject’s design, such as its thickness, or by modifying the light’s
avelength and intensity after the object has been printed. This
ombination of design flexibility and light control makes the
aterial highly effective for applications like de-icing. As proof-
f-concept we designed an icebreaker ship, in which de-icing is
riggered by lightwhile locomotion bymagnetic field. Beyond this
tudy, this first example of 4D printing for deicing applications
epresents a first step toward for the design of soft-robots working
n severe environments. More broadly, this approach based on
ulti stimuli-responsive and multifunctional materials opens
nique perspectives for the conception for more autonomous
ystems such as self-regulating, adaptive, reconfigurable, and
ime-programmable devices [29].

Experimental Section/Methods

.1 Materials and Reagents

or the resin, bisphenol A ethoxylate diacrylate (EO/phenol
2, Mn = 512 g/mol) was used as a monomer. Bis(2,4,6-

rimethylbenzoyl) phenylphosphine oxide (BAPO) was chosen
s a photoinitiator. They were both bought from Sigma–Aldrich.
or magnetic nanoparticles synthesis, iron(III)acetylacetonate
>99%) was bought from ACROS Organics, triethanolamine
≥99%), diethylene glycol (>99%), poly(ethylene imine)
branched, average Mw ≈800 g.mol−1 by LS, average Mn ≈600
y GPC) from Sigma-Aldrich, and ethylene glycol (99.8%) from
isher scientific. For gold nanoparticles, tetrachloroauric(III)
cid trihydrate (≥99.9%) and trisodium citrate dihydrate (≥99%)
ere bought from Sigma–Aldrich.

.2 Synthesis of Magnetite FunctionalizedWith
EI

he magnetic nanoparticles are synthesized with a modified
rotocol described by Fiedler et al. In a typical synthesis, 90 mL
iethylene glycol and 10 mL of ethylene glycol were heated
p to 80◦C in a 250 mL round-bottomed flask under stirring
400 rpm). After reaching the reaction temperature, 2.0 g of
ron(III)acetylacetonate (iron precursor) was added in the reac-
ion solution. The solution is stirred for 45 min. Then, 6.0 g of
ranched polyethyleneimine was added to the system, which was
gain stirred for 45 min. Finally, 6.74 g of triethanolamine were
dded to the reaction solution and the solution was again stirred
or 45 min. The solution was then transferred into a Teflon-lined
tainless-steel autoclave of 200 mL and heated up to 200◦C for
2 h,with a heating rampof 3Kmin−1. The obtainednanoparticles
ere first collected via magnetic separation. Then, they were first
ashed in isopropanol by using two steps of centrifugation. One
entrifugation of 5 min at 1000 rpm is first realized to take away
he biggest particles. The solution of the first centrifugation is
ransferred into new vials for a second centrifugation 15 min at
2 000 rpm. The particles are collected and washed a second
ime with isopropanol (15 min at 12 000 rpm), and washed two
dvanced Functional Materials, 2026
additional times with milliQ water with the same parameters.
The particles are dispersed in water, transferred into a vial and
collected by magnetic separation to be finally vacuum-dried over
night at 25◦C.

4.3 Synthesis of Gold Nanoparticles

Gold nanoparticles are synthesized with a Turkevitch method.
For the typical synthesis, 195 mL of water and 5 mL of a 100 mm
solution of tetrachloroauric(III) acid trihydrate (0.5 mmol) are
added in a 500 mL round-bottomed flask and heated to reflux
with strong stirring (800 rpm). During heating, a solution of
trisodium citrate dihydrate (TSC) at 1.06% wt is prepared in a
vial and heated at 85◦C. After at least 15 min at reflux, 52 mL
of the hot TSC solution (2 mmol) is quickly added to the round-
bottomed flask. After 10min of reaction, the heater is stopped but
the stirring is conserved. The solution is let to cool-down to at
least to 70◦C before removing the oil bath to finally reach room
temperature.

4.4 Synthesis of MNP@Au Raspberries

ForMNP@Au_26, 125 mg of the previously synthesizedmagnetic
particles are dispersed into 12.5 mL of water by sonication
for 5 min. This solution is then transferred to a 500 mL vial.
The totality of the previously synthesized gold nanoparticles
solution is added to the 500 mL vial. The mixture is put
into an ultrasonic bath for 10 min. The particles are magnet-
ically separated (at least 1 h) and then washed in 250 mL of
milliQ water for 20 min in ultrasonic bath. The particles are
magnetically collected and finally dispersed for conservation
at 10 mg mL−1 (of MNP) in ethanol. For MNP@Au_3, only
half of the gold NPs solution is used for 125 mg of magnetic
NPs. The gold NPs solution is diluted by 4 before being added
into the 500 mL with the dispersed magnetic nanoparticles.
Otherwise, the protocol is the same than for MNP@Au_26. The
highest grafting is measured on three different synthesis and
averaged.

4.5 Resin Formulation

The resin is composed of bisphenol A ethoxylate diacrylate (Mn
≈512 g/mol, EO/phenol = 2) as a monomer, BAPO as photoinitia-
tor (2% of monomer mass), and acetone (10% of monomer mass).
BAPO is dissolved in acetone by gently heating up the solution to
40◦C. The photoinitiator solution is then added to the monomer
and the mixture is stirred with a mechanical stirrer at 500 rpm.
After storing, the formulation is shacked before use for printing.
For formulation loaded with MNP, the appropriate powder mass
is first dispersed in ethanol at 10mgmL−1 by sonication for 5 min.
Then, the particles are collected by magnetic separation and the
maximum of ethanol is removed from the vial. Directly on the
particles, the appropriate mass of resin is added. The formulation
is manually stirred and sonicated for 10 min, before use for
printing. For formulation loaded with MNP@Au, the particles
are already dispersed at 10 mg mL−1 of MNP in ethanol. The
appropriate volume is taken (after short sonication of the stock
solution) with a micropipette and transferred into a vial for the
11 of 14
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ormulation, and the same protocol is applied. For the calculation
f the loading, the quantity of particles is calculated using the
ass of MNP per hundred mass of BEDA (phB).

.6 Films of Resin on Glass Substrate

he films used for optical characterizations and heating mea-
urements with light intensity were made by roll coating. On
glass substrate, a droplet of the formulation was deposited
t one extremity of the substrate and manually spread on the
urface using a hand coating roller to form a thin film. The
inal film thickness was approximately 10 µm. The resin is then
olymerized by exposition to a UV light.

.7 Printing Parameters

he formulations were 3D-printed using a RobotFactory HD 2.0
LP printer (nominal resolution of 50 µm in the x–y plane,
aximum resolution in z-direction of 10 µm) equipped with a
roadband projector emitting in the visible range (5.7 mW cm−2),
t the exception of the final boat for the proof of concept that
as printed with an Asiga Max X27 printer (nominal resolution
f 27 µm in the x–y plane, maximum resolution in z-direction
f 10 µm), equipped with light at 385 nm (55 mW cm−2). On
obotFactory, for 0.5 phB loading of MNP, layers of 50 µm were
rinted with 1.5 s per layer, and 3 s for bottom layers (3 layers). For
.5 phB of MNP@Au_26, layers of 25 µm were printed with 0.7 s
er layer, and 3 s for bottom layers (6 layers). 1 phB loading ofMNP
ormulation was printed with layers of 30 µm with exposition of
.6 s per layer, and 6 s for the first five layers. 1 phB loading of
NP@Au_26 formulation was printed with layers of 25 µm with
xposition of 1.1 s per layer, and 7s for the first six layers. OnAsiga,
he 1 phB loading of MNP@Au_26 formulation was printed with
ayers of 50 µm with exposition of 0.5 s per layer, and 10 s for the
irst three layers (lifting speed set to 1 mm s−1). The printer was
hanged to be able to use a higher light intensity favoring a better
dhesion between layers.

.8 Characterization

.8.1 TEM Imaging

he TEM microscope is a Tecnai G2 Spirit Twin, equipped with
camera Orius SC 1000. Images were taken with a tension of
20 kV and a magnification of 42 000. The grids preparation
onsists to first prepare a solution of the particles at 40 µg mL−1

n milliQ water, sonicated for 3 min. One drop of the solution is
hen deposited on a TEM grid, which is let to dry a few hours at
oom conditions [56].

.8.2 UV–vis Spectroscopy

V–vis measurements were done using a UV–vis spectrometer
CARY 5000, Agilent Technologies) in absorbance mode. For liq-
ids, plastic cells were used. Measurements were also conducted
n films supported on glass substrate. For those measurements,
he substrate is fixed perpendicularly to the beam.
2 of 14
4.8.3 Hyperspectral Microscopy

The spectral imaging was performed by a Cytoviva hyperspectral
microscopy (HIS) system in transmission dark-field mode [57].
The scattered light from the particles was collected using a 100x
objective. The resulting hyperspectral image was analyzed using
ENVI software, extracting the scattering spectrum for each pixel
and the scattering spectrum averaged on the full image [48, 49].
The spectra were normalized by the scattering value at 450 nm to
enable comparison.

4.8.4 Room Temperature Hysteresis Loops

Room temperature hysteresis loops were performed at 300K with
a vibrating-sample magnetometer, with a frequency of 40 Hz and
peak amplitude of 2 mm. The samples were mounted on a quartz
sample-holder rod and submitted to a magnetic field (H) ranging
in the interval −25 kOe < H < 25 kOe.

4.8.5 Optical Microscope for Chains

Optical microscopy observations for alignment of MNP particles
were performed with a Leica DM 2500m equipped with a camera
to follow in situ the evolution of the tested systems. The objective
lenses had 50x magnification.

4.8.6 Thermal Measurements

The laser at 852 nm was a MDL-III-852nm-1 W laser provided by
Changchun New Industries Optoelectronics Tech. Co. (spot size
around 10 mm2). Photoheating measurements are done using a
FLIR E4 thermal camera calibrated for the appropriate range of
measured temperature. Samples are held perpendicularly to the
laser beam. The camera is oriented toward the sample surface
and maintained under the laser beam, to be the closest possible
from a direct view of the surface of the sample. The heat ∆T
calculated is the difference between the temperature of the
irradiated spot on the sample surface after 5 min of illumination
and the temperature before illumination (usually around 18◦C–
20◦C). The values are averaged on 3 measurements at different
locations on the sample surface.

4.8.7 Rheological Measurements

Viscosity is measured using an Anton Paar rheometer, using
parallel plates of 50mmof diameter,with a gap of 1mm, at 20◦C.A
gradient of shear is applied, from 0.01 to 10 s−1 with a logarithmic
ramp. The given viscosity is measured at 5 Hz, where the viscosity
is constant with shear rate, and averaged on 3 measurements.
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