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Reversible magnetic soft actuators made of
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Imparting magnetic properties to elastomeric polymers opens up possibilities to generate intelligent

materials that may mimic complex biological systems, allowing reversible deformations under a magnetic

stimulus. Remotely triggered soft actuators made of thermoplastic polyurethane (TPU) and yttrium iron

garnet, Y3Fe5O12 (YIG), were prepared through micro melt compounding, a solvent-free and environmen-

tally friendly scalable technique. The magnetic composites (mTPU) present a good interface between par-

ticles and the matrix while maintaining the elastomeric behaviour characteristic of TPU. Using a perma-

nent magnet, the magnetomechanical behaviour of mTPU, with two different shapes and thicknesses, led

to reversible bending at room temperature with a fast response time. Initial displacements at 100 Oe for a

500 μm thick tape and 85 Oe for a 150 μm thick tape are recorded. Thinner tapes enable more freedom

in movement and have higher sensitivity to external magnetic fields, needing lower magnetic forces

(around 38 times lower) for bending than the thicker tapes, that in turn allow for a more precise control. A

switch actuator, composed of an mTPU/Au bi-layer, was developed to quickly open or close an electrical

circuit upon exposure to a magnetic field.

1. Introduction

Currently, considerable attention is being given to lightweight
and flexible soft actuators that are responsive to external
stimuli. Their response manifests itself through significant
deformations in their physical structure, making them highly
versatile for various applications. Due to their low density,
exceptional flexibility, simple fabrication, and the possibility
of compounding, polymers and gels offer abundant design
possibilities for the development of soft actuators.1,2 Among
the many fields that benefit from innovation in soft actuators
are targeted drug delivery systems,3,4 tissue engineering,3,5

flexible electronics,6,7 and soft robotic components.2,8

Ongoing research demonstrates the vast potential of this class
of materials, moving towards mechanisms that can display
remote actuation and complex shape deformations.

Polyurethane (PU) has been actively researched as a shape-
memory polymer (SMP) owing to the presence of soft and hard
polymer segments.9–11 On its own, PU can deform either by
direct heat stimuli, through the thermal activation of dynamic
covalent bonds,12 or in response to a solvent.13 Adding fillers to
produce PU composites can result in actuation triggered by
other stimuli, such as electrical,14,15 optical,14–16 or magnetic,
removing the need to control the local temperature for actuation.

Magnetically triggered polymer composites have the advan-
tage of remote actuation.17,18 Several works in the literature
report the design of PU composites with magnetic particles to
produce magnetic SMPs, the most common filler being mag-
netite (Fe3O4).

19–30 The actuation mechanism of such SMPs
relies on applying an alternating magnetic field that heats the
magnetic particles, with the magnetic field becoming an indir-
ect source of heat capable of generating eddy currents in an
electrically conductive material. In turn, the generated (induc-
tive) heat heats the polymer and, with sufficient heat transfer,
the polymer chains relax, leading to a mechanical
deformation.31,32 Other magnetic particles, such as nickel–
zinc ferrite,33 have been used to produce magnetic SMPs,
whose actuation mechanism is also based on inductive
heating (magnetothermal mechanism).

A magnetomechanical actuation mechanism can also be
obtained for polymer/magnetic particle composite (mP) soft
actuators. This actuation response depends on how ~H changes
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the magnetic moment of the fillers embedded in the mP.
Magnetomechanical actuation of PU composites has been
achieved with the addition of Fe3O4,

34 carbonyl iron (Fe
(CO)5)

35,36 at a minimum applied field of 0.5 kOe for sample
bending,35 manganese ferrite (MnFe2O4) resulting in bending
of samples between applied fields of 0.15–0.30 kOe,37 and
recently by adding strontium hexaferrite (SrFe12O19) particles
enabling actuation under both direct and alternating cur-
rents.38 However, most of these mPs are produced by solvent
casting methods, recurring to the use of tetrahydrofuran
to homogeneously distribute the magnetic fillers in the
polymer.35–37 Aiming at a cleaner and more environmentally
friendly large-scale production, it is mandatory to produce com-
posites based on solvent-free techniques such as melt-mixing
routes, to disperse particulate fillers in thermoplastic polymer
matrices.19,38 A chronological sequence of the magnetic fillers
used in the fabrication of magnetic soft actuators with a ther-
moplastic polyurethane (TPU) matrix (i.e. remouldable, recycl-
able, and reusable), along with their mechanism of actuation,
filler content, and processing route, is illustrated in Fig. 1.

Yttrium iron garnet (YIG) is an insulating ferrimagnet,
with low magnetization, presenting very low magnetic losses
at high frequencies (radio and microwave). Typically used in
microwave (MW) devices due to its small dielectric loss,39 YIG
has been little explored as a filler in polymer matrices. Table 1
summarizes previous studies on polymer composites with YIG.
Incorporation of YIG into polymers has been reported to
improve dielectric properties for high-frequency and electro-
magnetic shielding applications,40–44 to prepare magnetic bio-
separators,45 and to produce a flexible collagen composite,
capable of being attracted by a permanent magnet.46 In com-
parison with other magnetic particulate fillers, YIG has the
advantage of being a highly insulating magnetic material,
thus, not responding to electrical interference. Its low coerciv-
ity and low remanence, together with its small saturation field,
enable a fast orientation of the magnetic domains within the
grains, thus allowing actuation at low ~H.

The low magnetic losses of YIG can be of particular interest
to develop actuators with an efficient energy transfer and not
liable to be disrupted by external electrical noise due to its

insulating nature. Therefore, composites with YIG are good
candidates for high precision and control applications, with
simplified circuit design needs and reduced complexity
capable of operating at high frequencies. In comparison, mag-
netic fillers such as Fe3O4, MnFe2O4, and NiZnFe2O4 are semi-
conducting, have higher magnetic losses, and are less efficient
for high-frequency applications. Furthermore, the low density
of YIG can help in creating lightweight composites, which is a
significant factor in fields like the aerospace and automotive
industries. YIG has a relatively low saturation magnetization
compared to other magnetic materials, such as ferrites or rare-
earth magnets. This means that, although it is a good material
for high-frequency applications, it may not generate as strong
magnetic fields or forces as other materials. This could limit
its ability to produce large actuation forces in low-field appli-
cations. Adequate processing routes that ensure good dis-
persion of particulate fillers, avoiding agglomeration and pro-
moting a homogeneous distribution, are therefore necessary
to ensure proper property transfer from YIG particles while
preserving the mechanical and viscoelastic properties of the
polymer matrix.

The present work describes a solvent-free and scalable pro-
cessing route to produce thermoplastic PU (TPU) composites
with YIG (mTPU), by using a micro-compounder that promotes
the homogeneous mixing of the YIG particles in the polymer
melt. The method provides an environmentally friendly tech-
nique to prepare magnetomechanical soft actuators based on
TPU and embedded sol–gel synthesised YIG particles. The

Fig. 1 Chronological overview of magnetic soft actuators, produced with a TPU matrix. The timeline is divided distinguishing between magne-
tothermal (top) and magnetomechanical (bottom) actuation mechanisms. Open circles, in different colours, denote the different processing
methods.

Table 1 Polymer composites with yttrium iron garnet

Polymer YIG (wt%) Year Ref.

Poly(methyl methacrylate) 10–40 2008 40
Thermoplastic ER182 30 2010 41
Collagen 42.5–64.6 2010 46
Polyvinylidene fluoride 6–13 2012 42
Cellulose acetate 5–20 2014 45
Polyaniline — 2018 43
Polypyrrole 11–80 2019 44
Epoxy 1–20 2020 47
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structure and morphology of YIG powder and composites are
analysed, as well as the thermomechanical properties of the com-
posites. The magnetomechanical behaviour of mTPU with
different thicknesses and shapes is successfully evaluated with
the application of a magnetic field using permanent magnets.
Their possible use as a soft switch actuator in a simple circuit is
achieved through the assembly of a bi-layer structure of mTPU/Au.

2. Experimental
2.1. Synthesis of YIG powder

YIG particles were synthesised by a sol–gel method as
described in the literature.48–50 The pH and calcination step
were selected according to previous studies, envisioning
maximum saturation magnetization (Ms). Magnetic hysteresis
loops and Ms of commercial and sol–gel synthesised YIG
powders (at pH 2 and pH 10) are shown in the ESI (Fig. S1 and
Table S1†), before and after calcination at 1000 °C.

Y(NO3)3·6H2O (99.9%, Acros Organics, Geel, BE, lot:
A0432222) and Fe(NO3)3·9H2O (Fisher Scientific, NH, USA, lot:
2030874) were used as precursors in a 3 : 5 molar ratio of Y : Fe.
Citric acid (C6H8O7, PanReac, Barcelona, ES, lot: 0002077965)
was used as a chelating agent in a 1 : 1 molar ratio of
C6H8O7 :metals. The reagents were dissolved in ultra-pure H2O
(18 MΩ cm, 21 °C) under magnetic stirring (200 RPM). An
initial solution with pH 1 was obtained. The pH was adjusted
with an NH3 solution (28–30%, EMSURE® Supelco, PA, USA),
and the reaction was carried out after pH adjustment at 110 °C
until a gel was formed (∼21 h). The brown powder obtained was
further calcined at 1000 °C for 3 hours in a muffle furnace,
resulting in a green-coloured powder. This powder was ground
with a mortar prior to characterisation and compounding.

2.2. Preparation of soft magnet polymer composites

The polymer matrix used was thermoplastic polyurethane
(TPU) Desmopan 3360A, from Covestro, Leverkusen, Germany.
The TPU pellets were dried for 4 h at 80 °C in a vacuum oven
before the preparation of the composite. The YIG powders
used were synthesized by the sol–gel method at pH 2, and cal-
cined. The TPU–YIG composites were prepared by melt mixing
on a micro-compounder Xplore MC 15, Xplore Instruments,
Sittard, The Netherlands. The TPU and YIG were fed at a
90 : 10 (w/w) ratio (TPU : YIG). The micro-compounder is
equipped with two non-intermeshing co-rotating conical
screws and a recirculating channel (thus allowing control of
the residence time). The composites were prepared at 190 °C
at a screw speed of 150 rpm, and the melt was recirculated for
10 min, as described by da Silva et al.38 The TPU–YIG (mTPU)
filament was collected and pelletized. Sheets of mTPU with
500 and 150 μm thicknesses were prepared by compression
moulding at 190 °C, under a pressure of 20 tons, for 10 min.

2.3. Characterisation of the structural properties

The crystalline structure of the YIG powder was evaluated by
X-ray diffraction (XRD) and Raman spectroscopy. XRD patterns

were acquired with an AXS D8 Discover diffractometer (Bruker,
MA, USA), using Cu-Kα radiation (λ = 1.54060 Å). The analysis
was carried out in the θ/2θ configuration, at room temperature,
in the range of 10° to 80°, with a step size of 0.02° and an inte-
gration time of 1 s per step. The crystallite grain size (L) was
calculated using Scherrer’s equation,

L ¼ k � λ
β � cosðθÞ ð1Þ

with a shape factor k of 0.9 and β being the full width at half
maximum (FWMH) of the peak, in rad, at the peak position θ,
in rad. The peaks were fitted with a Gauss function using
OriginLab2024 software. Raman spectra of YIG powder and
polymer composites were collected with a Horiba LabRAM HR
Evolution system coupled to a CCD detector (Horiba, Kyoto,
JP) and a confocal microscope, with 50× and 100× objectives
and the confocal hole set to 100 μm. YIG powder spectra were
collected with a 532 nm laser, in the range of 100–800 cm−1,
with a grating of 600 gr mm−1. The 100× objective was used for
the powder, with the ND filter set to 10% and a 15 s acqui-
sition time with 5 accumulations. The mTPU composites were
analysed with a 50× objective, and the ND filter was set to
50%, with a 15 s acquisition time and 10 accumulations. Peak
positions of the spectra were obtained by fitting a Gaussian/
Lorentzian function using LabSpec 6 software.

2.4. Morphology characterisation

The morphology and chemical composition of the YIG powder
were analysed by scanning electron microscopy (SEM, FEI
Inspect F50 microscope) and energy-dispersive X-ray spec-
troscopy (EDS, Oxford Instruments). The morphology of the
cross-section of composites was analysed by SEM (Nano SEM–

FEI Nova 200), with an integrated EDAX–Pegasus X4M under
high vacuum (1.0 nm at 15 kV resolution), with TDL and ETD
detectors, after coating cryofractured (immersed in liquid N2)
samples with Au–Pd (80–10 wt%). Digital images of the mTPU/
Au bi-layer were obtained with a Leica DMS 1000 low-to-mid
range magnification digital microscope.

2.5. Thermal and thermomechanical properties

Thermograms of the composites and neat TPU were recorded
with a TGA Q500 (T.A. Instruments®, DE, USA), with a weigh-
ing precision of ±0.01% and 0.1 μg sensitivity at a heating rate
of 10 °C min−1, from 40 °C to 700 °C, under a N2 atmosphere
in a platinum crucible.

A TTDMA (Triton Technology, Grantham, UK) equipped
with a 1 L Dewar and a TTDMA AutoCryo Type 2 for cooling
with liquid nitrogen were used to perform dynamic mechani-
cal analysis (DMA) in tensile mode, with a 5 mm gauge length.
The frequency was set to 1 Hz with a displacement amplitude
of 0.02 mm, in the temperature range from −80 °C to 150 °C,
at a heating rate of 2 °C min−1. The elastic modulus (E′) values
were obtained at 0, 25, and 37 ± 0.4 °C. The values presented
for the glass transition temperature (Tg) were collected from
the maximum of the tangent of delta curve (tan δ).
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2.6. Magnetic properties

Magnetic hysteresis loops were obtained with a vibrating
sample magnetometer (VSM) LakeShore Controller Model 7304
(Lake Shore Cryotronics Inc., Westerville, OH, USA), at room
temperature. In-plane magnetic fields of up to 10 kOe were
applied to fully saturate the samples and the field steps were
adjusted to obtain smooth hysteresis loops. Before magnetic
measurements, small amounts of YIG powder (Table S1, ESI†)
were weighed on a microbalance on top of a ∼2 × 2 cm2 square
Teflon tape and then wrapped and flattened, forming small
disk-shaped (∼4 mm in diameter) Teflon samples filled with
YIG powder. As for the mTPU composites with a 90 : 10 (w/w)
ratio of TPU : YIG, a small cylindrical pellet approximately
4.1 mm in length and 2.2 mm in diameter was weighed on the
microbalance and then measured in the VSM with the magnetic
field applied parallel to the pellet’s axis. All samples were
assembled in the VSM sample holder using Teflon tape. Due to
the high magnetic moment of the samples, there was no need
to correct for the diamagnetic response of the sample holder.

2.7. Magnetic actuation experiments

The mTPU samples were cut into two different shapes: a
flower-like shape, 30 mm wide, and a 5 mm × 20 mm rectangu-
lar tape (Fig. 2a). Flowers and tapes were cut from com-
pression-moulded sheets with two different thicknesses
(500 μm and 150 μm). The applied magnetic field values (H)
were estimated using a gaussmeter (FH-43, Magnet-Physik
Dr Steingroever GmbH, Köln, GER), placed at the sample posi-
tion, varying the distance of the permanent magnets, and by
COMSOL Multiphysics®51 simulations using the Magnetic
Fields module (Fig. S4, ESI†).

For the actuation performance of the tapes, a cylindrical
permanent magnet (NdFeB, N45 grade, ∅ 5 mm × 10 mm
length), attached to an xyz stage (Creative Devices), was aligned
with the top of the tape. The initial distance between the
magnet and the tape was 15 mm, resulting in an H of 55 Oe.
The magnet was moved along the x-axis, as schematized in
Fig. 2b. H was >0.3 kOe for distances smaller than 5 mm. To test
flower-shaped samples of different thicknesses, a cylindrical per-
manent magnet (NdFeB, N42 grade, ∅ 21 mm × 20 mm length)
was attached to an xyz stage and aligned with the centre of the

flower. The initial distance was set to 45 mm (H = 0.114 kOe),
and the magnet was moved along the x- and z-axes (Fig. 2c). At a
distance of 2 cm, the H at the sample was ∼0.5 kOe.

2.8. Simulations using COMSOL Multiphysics®

Magnetic flux density (B), magnetic deformation forces (F) and
displacement (δ) of the rectangular tapes were simulated using
the Magnetic Fields and Solid Mechanics modules of COMSOL
Multiphysics®.51 B was estimated for a cylindrical permanent
magnet made of sintered NdFeB (N45 grade) with 5 mm dia-
meter and 10 mm length. The resulting B values along the
magnet’s axis corroborate well with the measured ones, as a
function of the distance to the magnet’s end (Fig. S4, ESI†).
Additional details on the simulations performed and the para-
meters used are presented in section 3 of the ESI.†

2.9. Electrical circuit switch actuator tests

Bi-layers of mTPU/Au were obtained by sputtering. A 25 ×
25 mm film of mTPU with 500 μm thickness was placed in a
sputtering chamber, with a base pressure of 3 × 10−7 mbar, a
growing pressure (Ar) of 8.6 × 10−3 mbar and an Ar flux of 8
sccm.

A 5 × 20 mm tape of mTPU/Au was cut, and one end was
attached to a metallic clip connected to one of the wires of the
circuit. The other end of the tape was left in contact with the
tip of an electrical wire (Au layer facing inwards to make the
electrical contact) and free to move to open the circuit when-
ever a magnetic field was sufficient to deform the sample. A
cylindrical permanent magnet (NdFeB, N45 grade, ∅ 5 mm ×
10 mm length) attached to an xyz stage, was used to induce
sample deformation. A standard laboratory direct current (DC)
power supply was used to power the circuit (at 4 V) connected
to a 12 V lamp bulb.

2.10. Statistical analysis and data presentation

Statistical analysis and data visualization were conducted
using RStudio, version 4.2.3,52 with dplyr,53 tidyverse,54 and
ggplot55 packages.

3. Results and discussion
3.1. Structure and morphology of YIG particles and
composites

The X-ray diffraction (XRD) pattern of sol–gel-synthesised cal-
cined YIG is shown in Fig. 3a. The pattern matches the Ia3̄d
cubic crystal structure of YIG, with sharp garnet (420), (422),
and (440) peaks. The material presents a small concentration
of orthorhombic YFeO3 (marked with an * in Fig. 3a).56,57 The
average crystallite size was determined according to Scherrer’s
equation (eqn (1)), using (420), (422), and (440) peaks. A grain
size of 34 ± 1 nm was estimated for the YIG particles.

YIG phonon modes may be observed by Raman spec-
troscopy, namely, T2g, Eg, and A1g modes.59,60 Raman spectra
acquired from 5 different zones of the YIG powder are pre-
sented in Fig. 3b. Peak attribution of the phonon modes was

Fig. 2 (a) Photos of the 500 μm thick mTPU samples. Schematic rep-
resentations of the actuation performance tests, where d is the distance
between the tip of the magnet and the sample, illustrating two different
magnet configurations: (b) aligned with the top of the tape sample, and
(c) aligned with the centre of the flower-like sample.
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based on works reported in the literature.39,59,60 The observed
Raman shifts correspond to the garnet phase of YIG;
as expected, prominent peaks are found at ∼270 cm−1,
∼190 cm−1, ∼340 cm−1, and ∼237 cm−1. The Raman spectrum
of the mTPU composite shown in Fig. S2† was recorded in the
range of 100 to 800 cm−1. YIG phonon modes are observed for
mTPU, confirming that the YIG structure was not affected by
the composite processing conditions.

Scanning electron micrographs show a porous coral-like
structure for YIG powder, as depicted in Fig. 4a and b.
Micrographs of mTPU (Fig. 4c and d) present differently sized
agglomerates of YIG (from 2 μm up to 19 μm, Fig. S3†), with a
good polymer/particle interface.

3.2. Thermal and thermomechanical composite
characterisation

The thermograms illustrated in Fig. 5 reveal that the mTPU
composites are thermally stable up to 284 °C (±2), about the
same as melt-mixed TPU (286 °C ± 1). The degradation of TPU
results in a ∼1.6 wt% residue at 700 °C, whereas mTPU regis-
ters an average 12 wt% residue at the same temperature.
Assuming that no other reactions occurred, the percentage of
YIG can be estimated to be ∼10.4 wt% (Fig. 5a). The degra-
dation reaches its maximum rate at ∼387 °C for the compo-
sites, measured as the temperature at the maximum of the
first derivative of the TGA curve, which is 10 °C higher than
that of pure TPU (Fig. 5b, Table 2).

The storage modulus (E′) of the mTPU composites is higher
than that of TPU (Fig. 6a, Table 3) above Tg and up to 70 °C.
Tg, measured at the peak of tan δ (Fig. 6b), is about 4 °C lower
for mTPU samples. Tan δ values are below 1, in the range of
−80 °C to 150 °C, and are lower for mTPU (0.67, at maximum
tan δ) than for TPU (0.79, at maximum tan δ), indicating a
higher elastic response of the composite compared to the neat
polymer. Energy absorption can be evaluated through the tan δ

curve. At Tg, tan δ reaches its maximum; thus during the tran-

sition from the hard to rubbery state, the stress applied causes
some molecules to exhibit viscous flow whilst others remain
rigid, resulting in molecular friction and increased energy
absorption.61,62 The maximum damping is higher for TPU
than for mTPU since the latter has a higher content of rigid
domains due to the presence of YIG powder in the composite.
Overall, the thermomechanical response of neat TPU and its
composite, with circa 10 wt% YIG, is very similar.

3.3. Magnetomechanical shape deformations

The magnetic hysteresis loop of YIG particles (Fig. 7, upper
inset) and mTPU is shown in Fig. 7. A narrow loop, typical of
soft magnets, is observed. The calculated magnetic mass in

Fig. 3 (a) XRD patterns of sol–gel-synthesised YIG particles. Miller indices correspond to the YIG cubic structure, while peaks marked with an *
correspond to orthorhombic YFeO3. The inset illustrates the Ia3̄d crystal cubic structure of YIG (retrieved from the Materials Project for Y3Fe5O12

(mp-4704) from database version v2023.11.1.58). (b) Raman spectra of sol–gel-synthesised YIG powder in five different zones of the sample (a to e).
Vertical dashed lines indicate the characteristic Raman shifts of YIG.

Fig. 4 Scanning electron micrographs (secondary electron mode) of (a
and b) YIG particles and (c and d) mTPU composites, at different
magnifications.
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the mTPU composite, taking into consideration a mass magne-
tization of 26.4 emu g−1 for the sol–gel-synthesised YIG par-
ticles (pH 2, calcined), is around 5%, revealing magnetic filler
loss upon sample processing. Table 4 summarises the main
properties of the mTPU composite and the respective YIG par-
ticles used as fillers.

Remanence is rather low (around 20% of the saturation
magnetization); therefore, the composites will be able to
switch polarity often, with the particles not sustaining any
magnetic orientation. The coercivity (Hc) of the calcined YIG
particles is 39 ± 2 Oe, while the mTPU composite presents an
Hc of 36 ± 2 Oe. With this in mind, a system was designed to
test mTPU as an actuator that can be activated with small
magnets at short distances. Both the thickness and shape of
the sample are expected to play an important role in the
mechanism of shape deformation due to physical constraints,
as the mass subject to the magnetic force and the degree of
freedom allowed will differ. A flower-like shape, 30 mm wide,
and a rectangular tape, 5 mm × 20 mm, were cut from mTPU
sheets prepared with two different thicknesses (500 μm and
150 μm).

Fig. 5 Representative (a) thermograms and (b) derivative weight loss
curves of TPU and mTPU.

Table 2 Residue at 700 °C (Res700) and the temperature of maximum
degradation rate (Peakmax), as determined through thermogravimetric
analysis, for neat TPU and mTPU samples

Sample Res700 (%) Peakmax (°C)

TPU 1.6 ± 0.5 378 ± 5
mTPU 12 ± 1 387 ± 4

Fig. 6 Representative thermomechanical curves of the (a) storage
modulus (E’) and (b) tan δ for neat TPU and mTPU.

Table 3 Elastic modulus (E’) at 0, 25, 37 °C, and Tg, determined through
the tangent of delta (°C), for TPU and mTPU

Sample

E′ (MPa)

0 °C 25 °C 37 °C Tg (°C)

TPU 124.6 ± 0.2 96.3 ± 0.2 89.6 ± 0.4 −26.40
mTPU 164 ± 9 122 ± 7 113 ± 7 −30.07

Fig. 7 Magnetic hysteresis loop of an mTPU cylindrical pellet with a
total mass of approximately 14.7 mg. The lower inset shows a magnified
hysteresis loop, from −0.7 to 0.7 kOe. The upper inset shows the hyster-
esis loop of the sol–gel-synthesised calcined YIG powder.
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3.3.1. Rectangular tapes. The tape displacement is trig-
gered by the approach of a magnet, as depicted in Fig. 8b and
c, step 2, and Videos S1 and S2 (ESI†), for tapes with thick-
nesses of 500 and 150 μm, respectively.

The tape with 500 μm thickness has a lower bending angle
than the one with 150 μm thickness due to its greater thick-
ness. Withdrawing the magnet to its initial position allows the
500 μm thick tape to return to its original position (Fig. 8b,
step 3). However, when the magnet returns to a 15 mm dis-
tance from the 150 μm thick tape, it still responds to a small H

(55 Oe). Fig. 9a shows the results obtained for the maximum
displacement (δ) of the upper end of the tape as a function of
its distance (d ) to the magnet. As expected, the thinner sample
shows much higher δ values for similar d, and much higher
sensitivity to the applied magnetic field, starting to bend at
larger distances.

The bending of two rectangular tapes (5 × 20 mm) of the
mTPU composite with different thicknesses (150 and 500 μm)
was simulated using the Solid Mechanics module of COMSOL
Multiphysics®. The tapes were divided into 3 sections: one
fixed section of 2 mm in length (at the bottom), and two free
sections of 16 and 2 mm in length at the middle and top part
of the tape, respectively (Fig. 9c). To simulate the applied mag-
netic force (F) on the tape, we used the Magnetic Fields,
No Currents module of COMSOL Multiphysics® at the upper
section of the tape (top domain). Fig. 9b shows the results
obtained as a function of the respective displacement, in which
much higher forces (around 38 times higher) were needed to
bend the thicker tape. F was applied at one of the lateral sur-
faces (boundary) of the upper section and perpendicular to it,
as illustrated in Fig. 9c. Fig. 9a also shows the simulated results
of δ as a function of d for both tape thicknesses. One should
note that as the tape is bending and approaches the magnet,
the magnetic field gradient increases, thus increasing the
respective magnetic force acting on the tape. These simulations
are just a simple approximation that does not consider such a
change in magnetic force during the bending movement. Also,
only the upper segment of the tape was used for the estimation
and application of this constant magnetic force. Nonetheless,
despite the small discrepancies found due to the approxi-
mations performed, the simulated results are still in good agree-
ment with the experimental measurements.

3.3.2. Flower-like shape. The flower-like mTPU shape was
tested with a stronger permanent magnet aligned with the
centre of the flower. The results are presented in Fig. 10, for
both thicknesses.

Table 4 Saturation magnetization (Ms, measured at 10 kOe, with an
error of 0.1 emu g−1), total mass (m, with an error of 0.001 mg), coerciv-
ity (Hc, with an error of 2 Oe) and reduced remanence (mr ¼ Mr

Ms
, with an

error of 0.01, where Mr is the remanent magnetization value) of the
mTPU composite and the respective synthesised YIG powder filler

Ms (emu g−1) m (mg) Hc (Oe) mr

mTPU 1.3 14.689 36 0.20
YIG filler 26.4 4.927 39 0.34

Fig. 8 (a) Illustration of the configuration used to test the rectangular
tapes. Deformation of rectangular tapes of mTPU with (b) a thickness of
500 μm and (c) a thickness of 150 μm, upon the approach and withdra-
wal of a permanent magnet, where d is the distance between the tip of
the magnet and the sample.

Fig. 9 (a) Maximum displacement (δ) of the upper end of the tape, as a function of its distance to the magnet (d ) experimentally measured (closed
symbols) and simulated using COMSOL (open symbols) for mTPU rectangular tapes with thicknesses of 150 (black) and 500 μm (red). Lines are
guides to the eye. The inset shows a schematic representation of the bending of the sample with the magnet, evidencing the respective δ and d
measurements. (b) COMSOL Multiphysics® simulation results, with respective linear fits, of the estimated total magnetic force F applied to the upper
section of the tape as a function of the respective tape’s displacement (δ). The inset shows a snapshot of a selected surface plot of the displacement
magnitude. (c) Schematic representation of the simulated rectangular tape evidencing the fixed lower section and the total applied force F at the
upper section.
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Upon the approach of the magnet, the flower with 500 μm
thickness shows a small bending of the petals (Fig. 10a, step 2)
which return to their initial position with the withdrawal of
the magnet. The petals of the thinner flower bend completely
(Fig. 10b, step 2) when subjected to an H > 0.5 kOe, at 1.25 cm
magnet distance from the centre of the flower. Different
bending angles of the petals can be achieved for different H
intensities. Moreover, the vertical displacement of the
magnet along the z-axis causes the central petals to move up
and down, as depicted in Fig. 10b, steps 3 and 4, respectively.
This phenomenon was also observed in the thinner tape
(Video S3, ESI†).

Through these observations, we can conclude that the
actuation mechanism relies on both: (i) attractive forces that
arise from a magnetic field gradient, when the magnet
approaches the samples, and (ii) torque created from the
movement of the free-standing parts of the samples towards
the magnet.

Compared to other magnetic TPU soft actuators that incor-
porate electrically insulating magnetic particles, the samples
presented herein exhibit displacements at a low applied field
(∼85 Oe). Displacements at fields higher than 100 Oe are
reported for TPU filled with hydrocarbon-modified MnFe2O4

nanoparticles, at weight percentages of 2, 4, 5 and 8,37 and
composites with 10 wt% of Fe(CO)5 are reported to displace at
500 Oe.34 It is important to acknowledge, however, that testing
procedures are not standardised; thus, results must be com-
pared carefully.

3.4. Magnetic switch actuator

Tapes with 500 μm thickness allow better control of the
bending angle when subjected to an external magnetic field.
Therefore, they were selected to produce bi-layers of mTPU/Au
and to be tested as a switch component of a circuit, actuating
under a magnetic field (Fig. S6†). The nanometric layer of Au
presents good adhesion to mTPU, as observed through SEM

(Fig. 11a). The top and side views of the actuator are visible in
Fig. 11b, evidencing the Au face. The bi-layer actuator was
placed in the circuit with the Au layer facing inwards, in
contact with the wire; when the permanent magnet is located
at 0.7 cm from the sample, the Au face is in contact with the
wire, hence the lamp is turned on (Fig. 11d). When the perma-
nent magnet is moved 0.1 cm closer to the sample (0.6 cm dis-
tance from the sample), the sample bends towards the
magnet, opening the circuit and turning the lamp off
(Fig. 11e). It is possible to open/close the circuit without
leaving residual magnetic interactions, maintaining a distance
of 0.1 cm of approach and withdrawal to open and close the
circuit.

4. Conclusions

The synthesis of cubic YIG, exhibiting a saturation magnetiza-
tion of ∼26 emu g−1, with a crystallite size of ∼34 nm, was
achieved through a sol–gel method at pH 2 and after thermal
treatment at 1000 °C. The resulting ferrimagnetic YIG particles
were compounded with TPU, at a 10 wt% load, by melt mixing
in a micro-compounder, without requiring the use of solvents.
Notably, incorporating YIG particles did not cause significant
changes to the thermal and mechanical properties of TPU.
Good interfacial adhesion is observed between the polymer
and the particles, suggesting good compatibility between the
filler and polymer. These results show that micro-compound-
ing is a suitable processing route to obtain homogeneous com-
posites with a fair particle distribution.

The produced mTPU composites are soft magnets, capable
of bending with the approach of a permanent magnet and
returning to their original shape upon removal of the magnetic
field, indicating reversible actuation capability. The magnetic

Fig. 10 Deformation of a flower-like shape (a) with a thickness of
500 μm and (b) with a thickness of 150 μm, upon the approach and
withdrawal of a permanent magnet. (c) Illustration of the petals’
movement.

Fig. 11 (a) SEM micrograph of the cross-section of the mTPU/Au bi-
layer. (b) Digital microscope image of the actuator. (c) Top view of the
magnetic switch configuration. Photos and schematic representations
(insets) of the actuation process of an mTPU/Au-coated sample upon
the approach of a magnet to (d) switch on and (e) switch off a lamp
bulb. The red arrow points to the metal wire that is in contact with the
mTPU/Au actuator (green arrow) when the circuit is closed.
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actuation effect was observed across various sample shapes,
showcasing the ability of mTPU composites for controlled
bending and displacement. This highlights the potential of
this material, produced through solvent-free routes and
without the need for intricate polymer processing techniques,
to incorporate novel components in 3D-printed soft robotics.
Additionally, a soft switch actuator, composed of an mTPU/Au
bi-layer, was prepared and tested. The good compatibility
between the nanometric Au layer and mTPU allows the bi-layer
composite to effectively act as a switch, closing and opening
the circuit under a small applied magnetic field.
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