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Soft Multimaterial Magnetic Fibers and Textiles

Hritwick Banerjee, Andreas Leber, Stella Laperrousaz, Rémi La Polla, Chaoqun Dong,
Syrine Mansour, Xue Wan, and Fabien Sorin*

Magnetically responsive soft materials are promising building blocks for the
next generation of soft robotics, prosthesis, surgical tools, and smart textiles.
To date, however, the fabrication of highly integrated magnetic fibers with
extreme aspect ratios, that can be used as steerable catheters, endoscopes, or
within functional textiles remains challenging. Here, multimaterial thermal
drawing is proposed as a material and processing platform to realize 10s of
meters long soft, ultrastretchable, yet highly resilient magnetic fibers. Fibers
with a diameter as low as 300 μm and an aspect ratio of 105 are
demonstrated, integrating nanocomposite domains with ferromagnetic
microparticles embedded in a soft elastomeric matrix. With the proper choice
of filler content that must strike the right balance between magnetization
density and mechanical stiffness, fibers withstanding strains of >1000% are
shown, which can be magnetically actuated and lift up to 370 times their own
weight. Magnetic fibers can also integrate other functionalities like
microfluidic channels, and be weaved into conventional textiles. It is shown
that the novel magnetic textiles can be washed and sustain extreme
mechanical constraints, as well as be folded into arbitrary shapes when
magnetically actuated, paving the way toward novel intriguing opportunities
in medical textiles and soft magnetic systems.

1. Introduction

Stimuli-responsive, untethered soft actuators are becoming
key components in wearable electronics, human-machine in-
teraction, bioengineering, health care, and smart textiles.[1–6]

Numerous possible actuation mechanisms exist based on
temperature,[7–9] light,[10,11] acoustic,[12,13] chemical reaction,[14,15]

and magnetic[16–18] activation—each with their strengths and
weaknesses.[19–21] Among these various strategies, magnetic ac-
tuators stand out in several avenues, including output energy
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density, remote excitation, device foot-
print, and achievable actuation force.[22–24]

As a result, the exploitation of soft mag-
netic actuators is increasingly investigated
in a variety of configurations includ-
ing micro/nanorobots,[25–27] morphing
architectures,[28,29] bioinspired robots,[30,31]

and catheters.[18,32] Of particular inter-
est are magnetic systems with fiber-like
high aspect ratio architectures, that are
very well suited for minimally invasive
surgical and diagnosis tools, remote
monitoring along large structures, or for
integration within smart textiles.[33–35]

To fabricate magnetically respon-
sive soft materials and systems, 3D
printing,[16,36] molding and casting,[18,37,38]

and lithography[39–42] techniques are com-
monly employed. Though these processes
work very well for small-scale systems
and low aspect ratio devices, they are as
well adapted for configurations where
longer lengths of fibers are required, as
is the case for fabrics and wearables, soft
robotics, and human–robot interfaces.
Particle flow spinning has also been

used to fabricate stretchable magnetic yarns for self-powered me-
chanical sensing[43] and magnetoelectrical clothing generator.[44]

However, the ability to integrate several functionalities that can
complement a magnetic actuation mechanism remains very chal-
lenging despite high interest and extended research efforts.[45–47]

Combining actuation with sensing, the delivery of optical and
electrical signals, or microfluidics capabilities, would constitute a
significant breakthrough in applications such as smart catheters
and soft medical textiles.[48]

Recent advances in multimaterial fiber processing techniques
have been paving the way toward the integration of several
advanced functionalities in a single fiber, as well as within
textiles.[49–52] A first important breakthrough was the ability to co-
draw metals, insulators, and semiconductors in a single fiber, es-
tablishing the thermally drawn multimaterial fiber concept.[53–55]

Subsequently, it was demonstrated that this fiber-processing ap-
proach could also be applied to claddings beyond glasses and
rigid thermoplastics, namely materials such as biodegradable[56]

and food-grade polymers,[52] or soft thermoplastic elastomers
(TPEs).[57] Combined with the processing of polymer nanocom-
posites, liquid metals, and the ability to maintain architec-
tures with small feature sizes, novel fiber devices could be
demonstrated for sensing,[58,59] energy harvesting,[49,60] and even
tendon-based multimaterials soft catheters.[48] Thus far, however,
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Figure 1. Magnetic multimaterial fiber manufacturing, rheology, and structure. a) Schematic of the thermal drawing fabrication technique and the
magnetic tether-free actuation. The inset depicts a photograph of a 20 m-long continuous fiber (i) and magnetic fiber actuation (ii). b) Oscillatory shear
rheology analysis under increasing temperature for SEBS G1657 (Kraton) (i), Genioplast 345 (Wacker) (ii), and SIS D1113 (Kraton) (iii). c) Scanning
electron microscopy (SEM) image for NdFeCoB ferromagnetic microparticles, magnetic fibers (i) with cladding removed (top) (ii), and cross-sectional
view (iii). d) Optical microscopy images of magnetic fiber’s different architecture: i) rectangular, ii) circular, and iii) triangular.

magnetic properties have seldom been investigated within the
realm of fiber devices and advanced fabrics. In particular, ther-
mal drawing has not been applied to magnetic materials, and the
ability to make fibers and textiles with advanced sensing and de-
livery capabilities, combined with magnetic attributes, remains
challenging.

Here, we propose a novel materials and processing platform
to realize highly integrated soft magnetic fibers and textiles. Our
strategy relies on the thermal drawing of magnetic composites
where we could identify, via an in-depth rheological, thermo-
mechanical, and computed tomography analysis, the right com-
bination of magnetic filler and elastomeric matrix. We demon-
strate thermally drawn magnetic fibers with diameters as small
as 300 μm and aspect ratios of 105 that can integrate several
magnetic domains in prescribed positions, enabling intricate 3D
motion profiles. Via a careful analysis of the effect of the ferro-
magnetic filler on the mechanical and magnetic properties, we
could identify the optimal weight percentage filler to realize large
magnetic actuation and demonstrate fibers that can lift up to
370 times their own weight. Exploiting the ability to magnetize
selectively different areas along the fiber axis, we demonstrate
thermally drawn magnetic fibers with complex modes of defor-
mation and tortuous path navigation. Leveraging the versatility of
the multimaterial fiber platform, we could also realize magnetic
fibers with embedded microchannels for targeted drug delivery

applications. Finally, we exploit this novel platform in the context
of medical textiles, by weaving soft magnetic fibers into textiles
programmed with specific magnetization orientations along the
fiber axis to realize complex shape morphing. We demonstrate a
fabric capable of applying a force of 22 N, which could pave the
way toward intriguing breakthroughs for rehabilitation medical
textiles.

2. Results and Discussion

The fabrication and actuation concepts are represented schemat-
ically in Figure 1a. The thermal drawing process consists in
first assembling different materials in a prescribed architecture
within a macroscopic object conventionally called a preform. The
structure is then heated above the softening points of the con-
stituents and thermally pulled to form an elongated fiber. While
the cross-sectional structure is preserved from preform to fiber,
the feature sizes scale-down by a factor called the draw-down ra-
tio (R), and the length increases by a factor of R2 from volume
conservation (Figure 1a(i,ii)). For multimaterial co-drawing to be
successful, the constituents must exhibit compatible thermome-
chanical and rheological properties.[57] Particularly when the de-
sired feature sizes at the fiber level must be small (typically the
order of a few micrometers to a few nanometers), it is key to pro-
cess materials at high viscosities (higher than 103 Pa s).[50,51,53,61]
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Physically crosslinked copolymers constitute an intriguing
class of materials to realize soft and stretchable fiber-based
devices.[49,52,57] Similarly to their thermoplastic counterparts,
above their glass transition temperature (Tg), these materials un-
dergo a transition from a rigid state to a flexible and rubbery state,
where the loss modulus (G″) dominates over the storage mod-
ulus (G′). In such a temperature window, the TPEs can be de-
formed into a fiber, while they recover the hard and soft domain’s
configuration when cooling down to room temperature (Fig-
ure 1b(i) inset).[62] This trend is observed for several TPEs such
as poly(styrene-b-(ethylene-co-butylene)-b-styrene) (SEBS) G1657
(Kraton) with a high molecular weight (70 kg mol−1), Genioplast
345 (Wacker), and styrene-isoprene-styrene (SIS) D1113 (Kraton)
as shown in Figure 1b(i-iii). Due to their polystyrene-based na-
ture, SEBS G1657 and SIS D1113, crossover (G″ ≥ G′) happened
at ≈115 and ≈124 °C, respectively (Figure 1b(i,iii)), while Genio-
plast 345, a silicone-based copolymer that contains > 90% silox-
ane, exhibits a crossover at a higher temperature of ≈173 °C
(Figure 1b(ii)). Beyond the crossover temperature, the viscosity
steadily decreases for all materials but is dominated by a viscous
response. Note that SIS D1113 experiences a second crossover of
G′ and G″ at ≈162 °C. Its double bond (see Figure 1b(iii) inset)
is prone to interact with the surrounding medium, limiting the
resistance to oxidation and accelerating thermal degradation. For
simplicity, we will refer to SEBS G1657, Genioplast 345, and SIS
D1113 as SEBS, Genioplast, and SIS, respectively, throughout the
manuscript.

To impart thermally drawn fibers with magnetic properties,
together with the mechanical attributes of elastomers, we de-
signed and fabricated magnetic TPE microcomposites. Compos-
ites can combine the rheological properties of the matrix required
for thermal drawing, while exhibiting magnetic properties in-
herited from the ferromagnetic microparticle fillers. The choice
for the ferromagnetic material takes into account the need for
residual magnetization coupled with a high coercivity so that
it can maintain its magnetic properties for actuation, which fa-
vors hard-ferromagnetic materials. Due to their higher coercivity,
maximum energy density product (BH)max (where H is the exter-
nally applied magnetic field and B the magnetic induction), and
high Curie temperature of 360 °C, we select neodymium–iron–
cobalt–boron (NdFeCoB) alloy-based microparticles of diameter
≈2–5 μm as magnetic fillers (Figure 1c(i)). For the soft matrix that
will encapsulate the hard particles, physically cross-linked elas-
tomers are favored as presented above. One key aspect of the ther-
mal drawing process is that complex multimaterial structures can
be realized, with diameters as low as 300 μm, over 10s of me-
ters of fiber length (Figure 1c(ii,iii)). We demonstrate this design
freedom by fabricating several magnetic fiber architectures with
different cross-sectional geometries, and with several magnetic
composite domains positioned in various patterns within a TPE
cladding (Figure 1d(i–iii)).

To find the best material host for the ferromagnetic particles
among various TPEs, we investigate microcomposites formed
with the three TPEs presented above. 10–25 vol% NdFeCoB-
SEBS composites (that is referred to as magnetorheological elas-
tomers (MREs); MRE 10, SEBS-MRE 25, SEBS) demonstrate a
similar rheological behavior to SEBS as can be seen in Figure 2a
and Figure S1 (Supporting Information). MRE 30, SEBS on the
other hand, as well as composites with volume fraction higher

than 25%, exhibit no crossover point during the temperature
ramp (Figure S1, Supporting Information), which makes them
not well suited for the thermal drawing process. Higher filler con-
tent indeed can result in a particle network between the polymer
chains that hinder their long-range motion. This phenomenon
can be explored in a rheological experiment with a stress am-
plitude sweep, as shown in Figure 2b. This trend favors shear-
thinning behavior and led the composite to act as a thixotropic
paste (Figures S2 and S3, Supporting Information).

To explore magnetic composites with different matrix materi-
als, we compare MRE 20, SEBS with Genioplast and SIS coun-
terparts. Figure S1 (Supporting Information) shows that MRE 20,
SEBS and MRE 20, Genioplast have a crossover point at 115 and
178 °C respectively, while, MRE 20, SIS does not exhibit such a
signature, making it more difficult to be thermally drawn. At the
crossover point (see Figure S4, Supporting Information), the crit-
ical complex viscosity values (|𝜂c

*|) for MRE 20, SEBS and MRE
20, Genioplast are ≈2 × 105, 5 × 104 Pa s, respectively. A higher
viscosity can help in the design of more complex architectures[61]

and hence NdFeCoB, SEBS composites are favored in the remain-
der of this study.

To understand the effect of thermal drawing on the distribu-
tion of magnetic particles, and in particular, the formation of
aggregates, percolation paths, or preferential orientation which
could all influence the magnetic properties, we turn to X-ray com-
puted tomography analysis. We investigated both preforms and
fibers that were segmented to form 2D microscopy images and
then reconstructed computationally into 3D images (see Figure
S5, Supporting Information). A histogram with barycenter dis-
tribution is overlaid through the image slices from surface-to-
core-to-surface of the magnetic composites (see Figure S6, Sup-
porting Information). We perform computational reconstruction
with Gaussian distribution that presented a barycenter variance
of 0.613 at the preform level, reduced to 0.163 at the fiber level, a
multifold improvement that highlights the positive effect of ther-
mal drawing on the particle distribution at the fiber level (Fig-
ure 2c). We observe a similar trend with the formation of aggre-
gates skewness profile going from 0.865 at the preforms level, to
0.027 for fibers, >30 times improvement in magnetic particles’
distribution within the MRE 20, SEBS matrix. The induced align-
ment observed leads to percolation paths during thermal drawing
(Figure 2d), and a homogeneous distribution of the particles that
favor a good response to magnetic field as we investigate below.

We now turn to the magnetic characterization of thermally
drawn composites via a four-quadrant magnetic hysteresis mea-
surement as shown in Figure 2e. The measurement reveals a
residual magnetism (Mr) of ≈36.25, 50.1, 61.25, and 85 A m2 kg−1

for MRE 10, SEBS, MRE 15, SEBS, MRE 20, SEBS, and MRE 25,
SEBS, respectively. These values are on par with state-of-the-art
values found for magnetic composites,[18] and allow for a variety
of magnetic actuation configurations as we will show below. As
expected, the magnetization increases as the volume fraction of
the magnetic particle is larger, yet the coercive field (Hc) that is an
intrinsic material property remains unchanged at ≈1 T. Note that
it is possible to magnetize along various directions different fiber
domains along the axis, which will be exploited below to generate
different actuation movements from fibers and textiles.

Next, we address the mechanical properties of the fabricated
magnetic fibers via tensile testing. We focus on thermally drawn
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Figure 2. Rheology, X-ray computed tomography, magnetic, and mechanical characterization. a) Oscillatory shear rheology under increasing temperature
for MRE 20, SEBS. b) Storage modulus as a function of the oscillation stress amplitude at 160 °C with stress amplitude sweep. c,d) X-ray computed
tomography photographs and analysis for magnetic composites at the preform and the thermally drawn fiber stage. e) Magnetization curves with
magnetic hysteresis loops of composite magnetic materials at room temperature. f) Static tension test for TPEs and magnetic fiber samples at an
extension rate of 500 mm min−1.
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fibers which are composed of 10–25 vol% NdFeCoB-SEBS as the
fiber core. We remove the Genioplast cladding layer to investi-
gate the mechanical properties of the composites alone. As elas-
tomers exhibit non-linear stress–strain curves, the modulus is
expressed by the stress value at 100% strain. At a strain rate of
500 mm min−1 following the ASTM D412 standard, the MRE 10,
MRE 15, MRE 20, and MRE 25 composites exhibit a modulus
at 100% strain of 1.7, 1.81, 3.1, and 4.43 MPa, respectively (Fig-
ure 2f). In comparison, pure Genioplast fibers are particularly
soft, with a 100%-modulus of 0.54 MPa, while SEBS is a relatively
stiffer material with a 100%-modulus of 1.54 MPa (Figure 2f). In-
terestingly also, all TPEs employed in this work exhibit high elon-
gations at break, outperforming the commonly used elastomer
for soft and stretchable devices poly(dimethylsiloxane) (PDMS,
Sylgard-184) with an elongation at break typically of 100%.[63]

The lowest value of 470% is found for Genioplast fiber, while
SEBS fiber is found to break at 1123%. Elongation at the break
for MRE 10, MRE 15, MRE 20, and MRE 25 magnetic fibers
are exhibited as 1002%, 1113%, 1086%, and 905%, respectively
(Figure 2f). The uniform distribution of the magnetic micropar-
ticles coupled with their increased axial orientation after ther-
mal drawing induces an effective stress transfer during uniaxial
stretching, which contributes to increasing the elastic modulus
and the tensile strength.[64] Owing to the viscoelastic nature of
the MREs, SEBS, and Genioplast, a decrease in strain rate from
500 to 50 mm min−1 leads to the activation of particular molecu-
lar mobility, often due to side-chain motion or ring flips called the
𝛽-transition.[65] This phenomenon thus leads to a lower Young’s
modulus and an increase of elongation at break for MREs, SEBS,
and Genioplast fibers as depicted in Figure S7, (Supporting In-
formation).

We also tested the mechanical properties of soft and magnetic
fibers against dynamic strain-stress measurements, where the
fiber samples are repeatedly stretched between 0% and 100%
for 10 cycles with an extension speed of 50 mm min−1 (Figure
S8, Supporting Information). All investigated TPEs and compos-
ites exhibited a hysteresis behavior where the unloading curve
deviates from the loading curve. A remanent deformation, also
termed “tensile set”, is observed, which is quantified by the strain
at which the unloading curve crosses the 0-stress horizontal line.
The remanent deformation is the result of viscous and plastic
contributions to the dominantly elastic deformation.[66]

We now turn to the response of thermally drawn soft mag-
netic fibers to an external magnetic field and the ability to ac-
tuate mechanical movement (Figure 3a,b). After thermal draw-
ing, the multimaterial fibers are magnetized under a magnetic
field of ≈2.4 T (Figure 3a,b(i)), as we discussed earlier and as de-
tailed in the experimental section. Once magnetized, we bring
near the fiber a cylindrical permanent magnet that generates an
external magnetic field of ≈120 mT, and investigate the bending
and force applied by the fiber onto a load cell (Figure 3a,b(iii)).
The intensity of the magnetic field is inversely proportional to
the distance squared between the magnet and the fiber,[67] as also
seen experimentally in Figure S9, (Supporting Information). To
account for the influence of peripheral devices such as the micro-
controller and electrical cables, we perform experiments without
the magnetic fibers first, which generated a force of ≈5.5 mN
as presented in Figure S10, (Supporting Information). This stray
magnetic field effect is deducted computationally from all sub-

sequent experiments performed on magnetic fibers. For the ex-
periments, we chose 6 cm long fibers with a 300 μm diameter,
and could measure a maximum force of 47 mN for fibers mag-
netized perpendicularly to their axis, while sagittal-plane mag-
netization along the fiber axis resulted in a maximum force
of 36 mN as depicted in Figure 3a(ii,iii) and Figure 3b(ii,iii),
respectively.

Next, we evaluate the lifting force that could be generated by
a soft magnetic fiber. We attached a 9 cm long and 300 μm di-
ameter fiber to a 25 cm long model skeletal leg (Figure 3c(i)).
The cylindrical permanent magnet was moved vertically produc-
ing a nonuniform magnetic field of ≈140 mT to flex the skele-
tal leg (Figure 3c(ii)). Repetitive cycles with different magnet ve-
locities induced repeatedly the flection of the skeletal leg (Fig-
ure 3c(iii,iv)). 3D printed rings were stacked onto the model
skeletal ankle and the magnetic fiber was able to lift a weight
of 39.10 g, which represents ≈370 times the fiber weight (Fig-
ure 3c(v); Movie S1, Supporting Information). We demonstrate
a similar proof-of-concept study with a skeletal arm that bears
weight, for flection and extension in a repetitive manner, indicat-
ing magnetic fiber’s resiliency (Figure S11 and Movie S2, Sup-
porting Information). These results confirm the ability to steer
thermally drawn magnetic composites, and apply a force when
magnetically actuated.

To highlight the potential of our new materials and processing
platform, we first investigate the use of a single magnetic fiber
as an advanced minimally invasive surgical tool that can be mag-
netically guided to navigate within a human stomach phantom
model (Figure 3d–f). Thanks to the flexibility of the multimate-
rial thermal drawing process, we can fabricate fibers with com-
plex architectures and in particular several magnetic cores orga-
nized in various configurations. For example, we realized, in a
single and continuous drawing step, a fiber integrating 3 mag-
netic composite domains positioned at 120° to one another as
shown in Figure 3d(i,ii). As an additional capability, we designed
a hollow channel at the center of the fiber for, for example, drug
delivery applications. We employed Genioplast as an encapsulat-
ing matrix owing to its low elastic modulus thus entailing a small
magnitude of the magnetic field to generate multidirectional de-
formation and twist the fibers for tortuous path navigation. We
used an aspect ratio (ratio of length to diameter) of the magnetic
fibers of 260, but aspect ratios as high as 1050 were also achieved.
An external magnetic field of 280 mT was applied to steer the
magnetic fiber in the desired direction within the human stom-
ach phantom and carry out a set of tasks, as shown in Figure 3e,f.
In the first step, the fiber navigates within the tortuous path and
conforms to the curvature of the model. Next, the magnetic fiber-
based model catheter is maneuvered toward a simulated diseased
tissue and a fluid is injected through the center hollow channel
and delivered precisely to the desired location, showcasing the
targeted drug delivery functionality. Finally, the magnetic fiber
was retracted using the same external magnetic field configura-
tion (Movie S3, Supporting Information).

To establish that the magnetic fiber can safely deliver drugs
without degradation, we use a 20-cm long fiber and flew a CD-
C11-6’SLN drug solution for H1N1 virus treatment inside one
of its hollow channels. We tested the model drug activity by in-
fecting Madin-Darby canine kidney (MDCK) cells with the H1N1
virus. Figure 3g demonstrates that the percentage of infected cells
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Figure 3. Magnetic fiber domain selection and the motion profile. a,b) Magnetic fiber magnetized in the axial plane (a) and the sagittal plane (b-i);
blocking force experiment shown as the generated force applied onto a load cell by magnetic fibers, as well as photographs illustrating the experiment
(ii,iii). c) Model skeletal leg with magnetic fiber fastened in the lower part (i), and an external magnetic field actuation orientation profile (ii), different
speed motion generation and weight-lifting (iii–v). d) Optical microscopy image of a magnetic fiber (i) integrating three magnetic composites and a
hollow core in the center for drug delivery conduit assisting minimally invasive surgery (ii). e) An external magnetic field of 280 mT is used to steer the
magnetic fiber for tortuous path navigation inside a human stomach phantom model with the esophagus and simulated diseased tissue. f) A similar
magnetic field is used for navigation and drug delivery and eventually retracted from the phantom model. g) 20 cm-long fiber-assisted CD-C11-6’SLN
drug delivery on infected MDCK cell population with the H1N1 virus.
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have similar responses when we inject drugs via a magnetic fiber-
based model catheter, compared to when the drug is injected via
conventional methods. This further establishes that the model
catheter can be used as a vehicle for drug delivery in practical
settings. For prolonged surgical procedures in an aqueous envi-
ronment, coating with antifouling agents such as biocompatible
hydrogel materials can help and also will act as lubrication for
navigation purposes.[68,69]

We now move from single fiber configurations to investigat-
ing the efficacy of collective effects of magnetic fibers integrated
within conformal and stretchable advanced 2D magnetic tex-
tiles. Owing to their small diameter yet resilient nature, magnetic
fibers are potentially amenable to be integrated within textiles
using a variety of techniques such as knitting and weaving at in-
dustrial scales.[45,50] Moreover, the ability to magnetize differently
several domains along the fiber axis can be exploited to induce
innovative textile movement depending on how the fiber is inte-
grated and the orientation of the external magnetic field. As we
further demonstrate below, we choose a composite with 20 vol%
of the magnetic particle to optimize the interplay between the
magnetic force experienced by the textile, and the softness of the
fiber that enables greater motion.

We produced fibers with an MRE 20 core and a Genioplast
cladding. We mechanically removed the Genioplast cladding af-
ter drawing thanks to the weak adhesion between Genioplast and
SEBS, achieving fibers with a diameter of 300 μm (Figure 4a(i)).
To impart the fiber with different magnetization orientations
along its axis, we placed the fiber in a mold that oriented the
axis differently. Applying a uniform unidirectional magnetic field
magnetizes the different domains according to the local orienta-
tion of the fiber axis, as shown in Figure 4a(ii,iii). For example, to
obtain a sinusoidal deformation upon applying a magnetic field,
we positioned the fiber into a mold that imposes a sinusoidal
shape to the fiber. An alternating magnetic polarity of the north
(N) and south (S) poles is thus distributed over the fiber length
after magnetization. The fiber is subsequently weaved into a tex-
tile (Figure 4a(iii)) with a prescribed pattern. As shown in Fig-
ure 4a(iii), when we weave the fiber in a loop, alternating N and
S poles are distributed along the fibers in the textile. Approach-
ing a magnet aligned with the center of symmetry of the textile
generates a repulsion/attraction pattern of the N and S domains,
leading to a 3D sinusoidal textile shape with an amplitude that
depends on the intensity of the applied magnetic field as shown
in Figure 4b(i,ii). By applying the magnetic field only close to the
side where a single N (or S) dominated pattern is located, the tex-
tile shape morphs locally into a dome pattern with varying cur-
vature depending on the external magnetic field strength (Fig-
ure 4c(i)). Next, as we move the magnet toward the textile’s edge,
the dome pattern buckles out of the plane to reach a 3D equilib-
rium shape to minimize the total strain energy of the continuum
structure (Figure 4c(ii)).

This deformation can be rationalized by looking at the consti-
tutive equations that will lead to a mechanical stress in the fiber
upon applying an external magnetic field. It is well established[70]

that an applied magnetic field will generate a magnetic Cauchy
stress 𝝈

magnetic = −B⊗FM, where we denote the magnetic mo-
ment density (or magnetization) inside the ferromagnetic soft
material by a vector M, and the externally applied magnetic field
by a vector B. The deformation at any point of the material is char-

acterized by the deformation gradient tensor, F. Meanwhile, the
deformation of the material generates an elastic Cauchy stress
(𝝈elastic), which is also a function of F defined by hyperelastic
constitutive models such as the neo-Hookean model.[23] The to-
tal Cauchy stress applied to the magnetic textile is then given by
𝝈 = 𝝈

magnetic + 𝝈
elastic, which dictates the overall magnetic textile’s

shapemorphing behavior.[70,71]

Next, we investigated the effect of the magnetic particle loading
on the textile deformation. As we explained above, there is indeed
a trade-off between an increase in magnetic response with higher
loading, and a concomitant increase in stiffness that lowers the
mechanical response. We experimentally validated the optimal
magnetic microparticles’ volume fraction to exhibit the highest
Cauchy stress, by measuring the angle of curvature 𝜃 (deg) (Fig-
ure 4c(iii)) of the dome shape for fibers with different particles
loading. MRE 20 fibers exhibited the larger deformation hence
the maximum Cauchy stress, and we used this level of loading
in the remaining investigation of magnetic textiles. When placed
on a force-sensitive plate, an MRE 20-based magnetic textile of
6 × 6 cm2 surface area weaved from a 10 m long magnetic fiber
was measured to generate a force of 22 N when approached by a
250 mT external magnet (Figure 4c(iv)). This level of force is start-
ing to be of interest in rehabilitation purposes and in soft pros-
thesis to assist movements or attenuate excessive loads. When
the external magnetic field is rotating clockwise or counterclock-
wise the magnetic textile follows and rolls over to fold and un-
fold accordingly (Figure 4d(i,ii)), a motion that could be used for
transporting cargo, for example.

Another example of an interesting shape-morphing behav-
ior from a textile is presented in Figure 5a. We weaved a 5 m
long magnetic fiber into a textile of 4 × 4 cm2 surface area,
that we subsequently magnetized with a magnetic orientation
perpendicular to the textile plane (Figure 5a(i)). A cylindrical
permanent magnet of 250 mT peak magnetic field was then
brought near and away from the textile following a cyclic behav-
ior shown in Figure 5a(ii). One end of the magnetic textile was
fixed onto a 3D-printed thin polycarbonate (PC) surface to restrict
the motion to one degree of freedom. We could then observe the
magnetic textile’s flapping motion following reliably the trape-
zoidal magnetic field actuation profile as depicted in Figure 5a(ii)
(Stage 1–8).

To demonstrate the resilience of the magnetic fibers and as-
sociated textiles, we tested them under a heavy impact load, as
well as in a washing machine. We anticipated that soft systems
could absorb a large deformation force given the nature of the
elastomeric materials we used.[72] We hence subjected a magnetic
textile to be run over by a car, which was equivalent to a 330 kg
of weight on the textiles, for six consecutive times (Figure 5b(i);
Movie S4, Supporting Information). We measured the magnetic
properties of the textile before and after the heavy mechanical
constraint via measuring the force applied by the textile when on
a load cell and actuated by a magnet. We observed a 2.3% change
over several cycles in the peak force of 162.4 mN before and after
the impact test demonstrating the strong resilience of the mag-
netic textile (Figure 5b(ii)).

To address the requirement of some functional textiles
to sustain several washing and drying cycles, we performed a
machine-washing test (Figure 5c(i)). Magnetic textiles underwent
6 wash cycles of 15 min each, with a few drops of liquid detergent
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 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202212202 by B
ibliothèque D

e L
'E

pfl-, W
iley O

nline L
ibrary on [31/07/2023]. See the T

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advmat.de

Figure 4. Magnetic textile fabrication and shape morphing. a) Photograph of a magnetic fiber while cladding material is removed (i), fibers are accom-
modated into a 3D printed mold and magnetized in a sinusoidal pattern (ii), finally magnetized fibers are weaved to form a magnetic textile with a
sinusoidal magnetic domain engineered inside (iii). b) 2D magnetic textile (i) shape morphs into a 3D sinusoidal architecture (ii). c) Magnetic textile
shape morphs into dome pattern (i), buckles down depicting snap-through instability (ii), curvature (𝜃) changes with ferromagnetic particles volume
fraction (iii), and blocking force calculation from the load cell (iv). d) External magnetic field rotates in a clockwise and counter-clockwise direction while
the magnetic fibers roll and unroll accordingly (i,ii).

Adv. Mater. 2023, 2212202 2212202 (8 of 12) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 5. Magnetic textiles in extreme environments and forthcoming applications. a) Magnetic textile and their magnetization profile (i), flapping
motion during external magnetic field actuation (Stage 1–8) (ii). b,c) Magnetic textiles and their performance in extreme environments such as running
over by a car (b-i,ii), and machine-wash test and washability of the magnetic textiles (c-i,ii). d) Magnetic fibers warping concentric circles with different
magnetic domains into a dense weft gauge swab to form hybrid textile (i), and tether-free actuation to form a dome shape with varying curvature (ii) for
assisting rehabilitation (Stage 1–2) (iii). e) Magnetic fibers integrated into a piece of fabric demonstrating near-term multilayer, integrated smart textiles
for soft prosthesis (Stage 1–3).

added to the water (Movie S5, Supporting Information). We could
measure ≈2% change in the recorded force of 258 mN before and
after the machine-wash test as depicted in Figure 5c(ii). These
results further reinforce the potential of magnetic textiles to be
used as medical systems thanks to their high reliability and inher-
ent mechanical compliance and robustness in practical settings.
Additionally, medical grade SEBS samples and SEBS composites
are biocompatible,[73] support MTT assay, and can be employed
to grow C2C12 cells,[74] and to use as transdermal patches.[75]

Finally, to propose a perspective of applications of such mag-
netic textiles, we integrated magnetic fibers into a fabric with a
concentric circles configuration (Figure 5d(i)). One example of
functionalization could be to use this type of system in a reha-
bilitation setting where the textiles would sense and mechani-
cally compensate an excessive pressure on an injured joint. For
this, the periphery magnetic fibers were magnetized in the sagit-
tal plane while the core concentric magnetic fibers are magne-
tized in an axial plane direction. Inside the hybrid textile, the edge

Adv. Mater. 2023, 2212202 2212202 (9 of 12) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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attracts the external magnetic field while the core repels hence a
dome shape is produced (Figure 5d(ii)). Increasing external mag-
netic field strength from 140 to 185 mT in turn increases the
dome shape curvature as depicted in Figure 5d(ii).

3. Conclusion

We have demonstrated soft thermally drawn multimaterial mag-
netic fibers and functional textiles for tether-free actuation. We
developed polymeric magnetic fibers with an extreme aspect ra-
tio of 105 and diameters as low as 300 μm, that integrate elas-
tomeric composites with ferromagnetic microparticles. Via an in-
depth analysis of the rheological and mechanical properties, and
looking in detail at the filler distribution via computed tomogra-
phy, we could identify the right filler composition and polymeric
matrix for optimum performance. We demonstrated the mag-
netic actuation of the fibers both to trigger movement but also
to apply a force and lift an object several orders of magnitudes
heavier than the fiber’s own weight. We exploited the versatil-
ity of the thermal drawing process to realize fibers with complex
architectures including several magnetic domains and microflu-
idic channels. Complex fiber architectures enable to perform ad-
vanced movement paths and actuation, while allowing for mul-
tiple functionalities. Given the soft mechanical properties, the
magnetic fibers are well amenable to be integrated within textiles
using different textile processes. We weaved fibers into fabrics
and by magnetizing locally with different orientations along the
fiber axis, and controlling the positioning of the fiber in the fabric,
we could demonstrate advanced textile deformation and shape
morphing. We envision that similar strategies can be applied to
realize medical textiles that will be of precious help to patients in
rehabilitation, providing on-demand support for damaged joints.
In Figure 5d(iii),e, we show examples of magnetic fibers wrapped
within fabrics of different configurations for potential applica-
tions in soft prosthesis. The ability of textile integration paves the
way toward novel soft prosthesis and advanced fabrics with inno-
vative magnetic properties. Advanced soft magnetic fibers and
textiles can offer novel opportunities for soft prosthesis but also
surgical tools, wearable robotics and rehabilitation, the internet
of things, as well as human-machine interactions.

4. Experimental Section
Base Materials: p-Xylene (Chemie Brunschwig; ≥ 99%), isopropanol

(Sigma-Aldrich; ≥ 99%), toluene (Sigma-Aldrich; ≥ 99%), and chloroform
(Sigma-Aldrich; ≥ 99%) were used as received without additional modifi-
cation. SEBS (Kraton), SIS (Kraton), and Genioplast (Wacker) were used
as the TPE materials in their pristine form. NdFeCoB alloy-based magnetic
microparticles (MQFP-B+(D50 = 5 μm)-10215-089; Magnequench) of a
diameter of 2–5 μm were used, with a Curie temperature of 360 °C accord-
ing to the supplier. A universal mold release (Smooth-On) was used to
decouple the internal structure from the metallic molds. A Milli-Q water
purifier was used to wash the polymer pellets throughout and clean the
associated powder component.

Fabrication of Magnetic Fibers: The fabrication of the preform was ini-
tiated with standard TPE processing techniques, including the shaping of
individual material parts by compression molding or mechanical machin-
ing, and the subsequent assembly of the parts and consolidation as a fi-
nal compression molding step. The rectangular, circular, and triangular
preforms with predefined geometries were fabricated using custom-made

steel molds with desired outer shape and interior mold core. TPE gran-
ules were filled inside the custom-made steel mold and compress-molded
at ≈0.9 bar, 180 °C for 12 h. For producing magnetic composites, SEBS
granules were added to p-xylene to reach a concentration of 2 wt.%, while
SIS and Genioplast granules were dissolved inside isoprop/toluol mixture
(2:1) for attaining a concentration of 2.5 wt.%. Magnetic microparticles of
different volume concentrations were then added into SEBS, Genioplast,
and SIS solution and the magnetic stirring process was used for 24 h to
avoid any agglomeration. Poly(tetrafluoroethylene) (PTFE)/polypropylene
stain-and stick-resistant plastic pan (McMaster-Carr) was then used to
drop cast the magnetic composite and wait for 12 h for solvent evapo-
ration to form the thin magnetic composite layer.

The magnetic composite’s thin film was then cut into small pieces and
placed inside the cylindrical steel mold housed with temperature-resistant
PTFE hollow core tubes (6 mm inner diameter, McMaster-Carr) for com-
pression molding in a consolidation oven at ≈0.9 bar, 180 °C for 12 h. Next,
the magnetic composite columns were de-molded and pushed gently in-
side a cylindrical and triangular preform. For hollow core preforms, alu-
minum bars (4-6 mm in diameter, Thorlabs) covered with Teflon tape were
used during the consolidation and compression molding step and subse-
quently removed to obtain the desired cavity. Rectangular preforms were
fabricated by stacking TPE and magnetic composite films of pre-defined
thickness and compression-molded at 0.1 bar, 140 °C for 20 min using a
Meyer press (Maschinenfabrik Herbert Meyer GmbH APV-2525/16).

Next, the preforms were placed into a three-zone vertical tube furnace
of a custom-built draw tower. SEBS, Genioplast, and SIS fibers were ther-
mally drawn keeping the top and bottom-zone temperatures at 90 and
70 °C respectively, while changing the middle-zone temperature of 200 °C
for SEBS, 240 °C for Genioplast, and 220 °C for SIS. The setting tempera-
ture for the top, middle, and bottom zone to manufacture magnetic fibers
were 100, 265, and 70 °C, respectively. The preform was then fed into the
furnace at a speed of 1 mm min−1 and take-up speeds ranging from 100 to
900 mm min−1, resulting in diameter scale-down ratios of 10 to 30. In fiber
post-processing, the fibers were first cut into suitable lengths segments,
and supporting Genioplast layers were removed to initiate magnetic fiber-
based characterization.

Materials Characterization: The core and cladding material of the mag-
netic fibers, that is MRE, SEBS, Geniomer, and SIS were characterized for
their rheological, magnetic, and mechanical properties. Disks of diameter
25 mm and thickness of 1 mm were fabricated by compression molding
(custom press, Lauffer), and was analyzed by oscillatory shear rheology
(AR 2000, TA Instruments), where the temperature was increased from
50 to 250 °C at a ramp speed of 3 °C min−1 under the oscillatory shear
strain of frequency 1 Hz and amplitude 1%. The frequency sweep exper-
iments were performed from 100 to 10−4 Hz at a temperature of 160 °C
and a strain amplitude of 0.1%. For dynamic oscillation stress sweeps,
the stress amplitude was increased from 101 to 104 Pa at a temperature
of 160 °C at a fixed angular frequency of 1 rad s−1.

The fibers were placed inside 3D-printed molds and rotated differ-
ently to impart different magnetization orientations along its axis. Next,
the non-magnetized fibers were separately magnetized using an applied
uniaxial magnetic field (≈2.4 T, perpendicular to the equatorial plane)
generated by an impulse magnetizer (IM-K-010020-A, Magnet-Physik Dr.
Steingroever GmbH). The magnetizing coil diameter and height were
both of 12 cm. To assess the quality of magnetic particles alignment by
measuring the magnetic moment density and magnetization of the 10–
25 vol% NdFeCoB-SEBS fibers, a vibrating sample magnetometer (VSM)
test (Quantum Design PPMS, DynaCoolTM) was used. The magnetic hys-
teresis loops for 10–25 vol% NdFeCoB-SEBS fibers were measured be-
tween −2.5 and +2.5 T.

Corresponding composite densities of the 10, 15, 20, and 25 vol%
NdFeCoB-SEBS were measured using a pycnometer to be 1.431, 1.762,
2.395, and 2.5 g cm−3, respectively considering the NdFeCoB particle’s
density as 7.61±0.20 g cm−3 as reported by the supplier. Cylindrical NdFeB
magnets S-70-35-N (70 mm diameter and 35 mm thickness; Supermag-
nete), S-60-05-N (60 mm diameter and 5 mm thickness; Supermagnete)
were used for shape morphing and magnetic fiber steering operations.
For all the magnetic field-related calculations, the uniaxial field direction
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AC/DC magnetic meter model: PCE-MFM 3000 (PCE Instruments) was
used.

Mechanical properties of the thermally drawn fibers were quantified un-
der standard tensile testing (Z005 with 50 N low cell, Zwick/Roell), using
fiber samples of diameter 1.5 mm and clamped length 30 mm, and at a
speed of 500 and 50 mm min−1. All the experiments in this paper unless
specified otherwise were performed at least three-five times (n = 3–5) and
data were presented as mean with freshly prepared magnetic fiber samples
and textiles.

Imaging and Videography: SEM was performed on a Zeiss Gemi-
niSEM 300 with an acceleration voltage of 3 kV using the In-Lens and the
Everhart–Thornley detector. The magnetic fibers were at first immersed
in liquid nitrogen for several minutes, and soon after were cut at room
temperature. Next, the fiber samples were coated with a 10 nm Au film
with a platinum/iridium/gold sputter coater (Quorum) and loaded in-
side the SEM stub. The fabricated fibers were also assessed using opti-
cal microscopy (DM 2700 M, Leica). The magnetic fiber’s motion pro-
file, textile’s shape-morphing, and performance in extreme conditions,
navigation, and drug delivery experiments were recorded by a camera
(RX100, Canon). Magnetic textile’s curvature measurement with varying
magnetic microparticles concentration was analyzed using computer vi-
sion (OpenCV in Python), where from the coordinates of the base and the
tip of dome-shaped textiles were extracted.

X-ray Microtomography: Ultratom from RX-Solutions was used for the
X-ray microtomography whereas for the scan the nanotube was used. For
the magnetic composite at the preform stage voxel size of 1.2 μm, a voltage
of 80 kV, a current of 67 μA, an aluminum filter of 0.1 mm, 1632 projections
while a frame rate of 3 images per second, and an average frame of 13
images were used. For the magnetic fibers, a voxel size of 0.9 μm, a voltage
of 80 kV, a current of 69 μA, and a copper filter of 0.2 mm, 1632 projections,
a frame rate of 3 images per second, and an average frame of 15 images
were used.

Force Sensing: The blocking force generated by thermally drawn mag-
netic fibers with different magnetic domains and dimensions of 5 cm in
length and ≈1200 μm diameter was compared. Magnetic textiles of differ-
ent surface areas were used for force-sensing experiments. The experimen-
tal setup consisted of a 500 g load cell made of a straight aluminum bar
(TAL221, SparkFun) equipped with a 3D printed PC platform (8 × 8 cm2)
of 1 mm thickness onto which the magnetic fibers and magnetic textiles
were pressed. The data was collected using an amplifier (HX711, Spark-
Fun) coupled to a microcontroller (Arduino Uno, Arduino).

Cells and Viruses: MDCK cells were plated at 3 × 105 cells per well in
24-well plates and incubated at 37 °C for 24 h in Dulbecco’s modified Ea-
gle medium (DMEM) Glutamax with 5% fetal bovine serum (FBS). Serial
dilution of CD-C11-6’SLN drug was performed in a medium and the drug
was used to treat the H1N1 virus using a syringe and 20 cm long fiber. The
drug and viruses were incubated for 1 h at 37 °C and then the MDCK cells
were infected. Next, the infected cells were incubated for 24 h and the cells
were then fixed and permeabilized with 100% cold methanol for 20 min at
−20 °C. Subsequently, the cells were stained with a mouse primary anti-
body against influenza and a secondary antibody anti-mouse Alexa Fluor
488. Finally, the nucleus of the total cells was stained with 4´,6-diamidino-
2-phenylindole (DAPI).

Mechanical and Machine-Wash Tests: A closely designed running track
was used and the magnetic textile was then placed to test the textile’s
mechanical resilience by running over with a 2020 SEAT Ateca car for six
consecutive times. For the machine-wash test, the magnetic textile was
placed inside a water-permeable protective laundry bag and a portable
mini-washing machine (PUCWM11, PYLE) was used. The magnetic tex-
tile experienced 6 machine cycles of 15 min each that was 90 min of total
washing time on “cotton” wash mode was employed at room temperature.
A few drops of liquid detergent were used during machine washing.
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Supporting Information is available from the Wiley Online Library or from
the author.
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