
RESEARCH ARTICLE
www.afm-journal.de

Enhanced Magnetic Anisotropy for Reprogrammable
High-Force-Density Microactuators

Yulan Chen,* Karthik Srinivasan, Marcus Choates, Ludovico Cestarollo,
and Amal El-Ghazaly*

The precise control of magnetic properties at the microscale has
transformative potential in healthcare and human-robot interaction. This
research focuses on understanding the magnetic interactions in
nanostructure assemblies responsible for microactuation. By combining
experimental measurements and micromagnetic simulations, the interactions
in both nanocube and nanochain assemblies are elucidated. Hysteresis
measurements and first-order reversal curves (FORC) reveal that the spatial
arrangement of these assemblies governs their collective magnetism. A
critical concentration threshold is observed where a transition from
ferromagnetic-like to antiferromagnetic-like coupling occurs. Leveraging the
high uniaxial anisotropy of 1D nanochains, the remanent magnetization of
assembled chain structures is maximized for efficient magneto-mechanical
energy transduction. By utilizing an optimized magnetic nanostructure
concentration, a flexible film is fabricated, and its significantly enhanced
mechanical deformation response to a small magnetic field, surpassing
conventional particle-based samples by a factor of five, is demonstrated.
Demonstrating excellent transduction efficiency, visible deformations such as
bending and S-shaped twisting modes are achieved with an applied field of
less than 400 Oe. Furthermore, the reprogrammability of the actuator,
achieving a U-shaped bending mode by altering its magnetization profile, is
showcased. This research provides valuable insights for designing
reconfigurable and effective microactuators and devices at significantly
smaller scales than previously possible.
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1. Introduction

Magnetic actuation is flourishing as the pre-
ferred mode of actuation in a number of
new devices and technological systems, in-
cluding soft robots,[1,2] tactile displays,[3,4]

mechanical metamaterials,[5,6] and mini-
mally invasive medical devices.[7,8] The ad-
vantage of magnetic actuation arises from
the fast response time to external mag-
netic fields and the large design space for
magnetic programming of the actuation be-
havior. By preprogramming local magnetic
clusters (referring to regions formed by ag-
glomerates of many particles) inside a soft
polymer body, an applied magnetic field
can induce sufficient forces or torques on
the magnetic clusters and thereby deform
the body in the prescribed directions.[9] In
the design of these magnetic actuation sys-
tems, although significant effort has been
put forth to investigate the choice of the
magnetic fillers,[10,11] their spatial arrange-
ment in the soft matrix,[12] and the tech-
niques to reprogram their magnetization
profiles,[13] magnetic actuators are still lim-
ited in terms of miniaturization, efficiency,
and reprogrammability.
Magnetic fillers widely used in the lit-

erature include spherical shaped magnetic
particles (such as iron oxide[14,15] and NdFeB[16,17]) that lack shape
anisotropy and thus require a high loading of magnetic mate-
rial or the use of strong fields to achieve a noticeable response.
In order to achieve significant actuation and effective transduc-
tion of magnetic field energy into mechanical energy, it is im-
portant to have a high remanent magnetic moment. This is be-
cause a high remanent magnetic moment can produce a sub-
stantial magnetic force (F⃗ = ∇(m⃗ ⋅ B⃗)) or torque (𝜏 = m⃗ × B⃗) even
with a small field. Consequently, the focus has shifted toward the
preferential alignment of magnetic fillers within polymer ma-
trices, which offers not just heightened remanent moment but
also precise control over the movement and actuation of flexi-
ble shape-morphing systems.[18] Common strategies for produc-
ing anisotropic magnetic elastomers involve first mixing parti-
cles into the elastomer, followed by using a large external mag-
netic field to align particles into long strands extending hori-
zontally over tens of micrometers.[19–24] Recent advancements in
this field have been achieved by Kim et al.,[25] who designed an
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optofluidic maskless lithography system. This approach employs
photopatterning to write spatially-varying magnetic anisotropy
into magnetic actuators, thereby enabling pre-programmed mo-
tion at the microscale.
Another challenge with magnetic fillers is that these parti-

cles tend to aggregate and agglomerate due to various types of
particle–particle attractions, including magnetic dipolar forces,
van der Waals forces, or the surface chemistry mismatch be-
tween the inorganic material and the polymer matrix.[26,27] Since
the particles were initially aggregated in different-sized clus-
ters before the magnetic field was applied, the resulting ac-
tuators feature elongated magnetic strands with a broad dis-
tribution in widths spanning tens of micrometers. As the
body size of these actuators is scaled down to the length
scales of a biological cell (<100 μm), the magnetic clus-
ters must undergo a similar reduction in size, ideally reach-
ing dimensions on the order of several micrometers or even
smaller. In such a context, any agglomeration of particles to-
gether degrades the actuator’s resolution because the mag-
netic filler becomes bulkier than the desired bending ra-
dius.
Further enhancement in the magnetic response in such

nanocomposites is not feasible by simply loading more parti-
cles into the polymer matrix.[28] This is due to the fact that
upon reaching a certain volume concentration, or percolation
threshold, particles in densely packed clusters begin to expe-
rience long-range interactions. Though many models exist to
explain how densely packed nanoparticle assemblies undergo
a phase transition from a superparamagnetic state to a super-
spin glass state at low temperatures, characterized by a de-
crease in relaxation time, this has been reported for systems
with superparamagnetic particles smaller than 20 nm.[29–33] The
authors are unable to model the particle interactions in this
work using superspin glass behavior since here the particles
are around 100 nm in size and exhibit ferromagnetic behav-
ior at room temperature. The absence of superspin glass be-
havior can be attributed to two essential elements missing from
this nanoparticle system: long-rangemagnetic disorder andmag-
netic frustration.[34] Rather, in systems of ferromagnetic parti-
cles, depending on the orientation, local magnetic dipolar in-
teractions can cause ferromagnetic head-to-tail coupling and in-
crease the net remanent magnetization; or, in other orienta-
tions, the dipolar interactions between adjacent elements en-
courage an antiparallel (also termed “antiferromagnetic-like”)
alignment of the magnetization, which consequently reduces the
net remanent magnetization and the mechanical response to a
field.[35]

To effectively miniaturize these magnetic clusters while pre-
serving their remanence, it is worth considering that optimiz-
ing performance in micromagnetic actuators could potentially
be achieved by employing structures that feature their small-
est dimension within the nanometer range and their largest
dimension within the micrometer range. This approach con-
trasts with the prevailing usage of elongated magnetic strands,
in which both dimensions span across micrometers, as of-
ten observed in existing literature.[36,37] By significantly reduc-
ing one of the dimensions to a sub-micrometer, the poten-
tial arises for substantial increases in aspect ratios, subse-

quently leading to a large rise in remanence. Previous stud-
ies have investigated the incorporation of high-aspect-ratio mag-
netic fillers, such as spindle-type particles,[38] nanowires,[39] and
nanochains,[40] into polymer matrices to achieve complex ac-
tuations with large deflection and shape control. Both experi-
mental and computational investigations on 1Dmagnetic chains
have confirmed that they exhibit enhanced remanent magneti-
zation (in the direction of the long axis), clearly distinct from
the properties of individual magnetic nanoparticles.[41–46] De-
spite their potential as desirable anisotropic magnetic fillers
in high-force-density actuators, the microscale arrangements
and collective magnetic behaviors of 1D magnetic chains in
a polymer matrix are yet to be investigated in great de-
tail.
In the current work, we performed an in-depth study to un-

cover the correlation between microscale arrangements of FeCo
magnetic nanocubes (MNCs) and nanochains,[47] as well as their
collective magnetic behaviors in MNC strand assemblies and
elongated nanochains. The distinction between these structures
is illustrated in Figure 1, where the building blocks and their
corresponding assemblies are depicted within the same rectan-
gles, colored purple and yellow, respectively. Within the purple
rectangle in Figure 1, nanocube strands are assembled by drop
casting a solution of individual MNCs. In contrast, nanochains
and elongated chains (yellow rectangle in Figure 1) are formed
by drop casting structurally connected nanocubes, which have
been synthesized together to form a continuous chain. We fo-
cused on understanding the interplay between filler shape and
assembly structure and their impact on the global, that is, net
magnetic anisotropy and net remanentmagnetization. These fac-
tors significantly affect the mechanical response and are cru-
cial in designing reprogrammable microactuators. For compari-
son, such relationships have also been investigated in randomly-
oriented MNCs and nanochains. Scanning electron microscopy
(SEM) studies offer direct visualization of the arrangements of
the 1D chains in the larger arrays and verify that the chains are
single-nanocube-wide, making them ideal unit cells for studies
of magnetic remanence and coercivity as a function of packing
density and chain aspect ratio. We studied the arrangement of
chains as a function of lateral distance between them (volume
percentage of chain solution) and how variable lateral dimen-
sions of chains (length and aspect ratio) correlate with dipolar
interactions, which have not been fully understood. The net uni-
axial magnetic anisotropy was investigated through the measure-
ment and simulation of hysteresis loops, along with the analy-
sis of FORC. The change in global magnetism occurs as a di-
rect result of the local change in magnetic interactions. Dis-
ambiguated in Figure 1, the concepts of inter-cube/chain in-
teractions have been used for the theoretical interpretation of
such changes. Finally, we fabricate a magnetic actuator with
the 1D optimal array density to achieve maximum magnetic
remanence of the composite and yield the efficient magneto-
mechanical transduction for enhanced actuation of 380 μm in
a field of 1000 Oe (100 mT). Thus, this extensive analysis of
both local nanoscale fabrication and global magnetic behavior
can provide the insight needed to greatly extend the capabili-
ties of magnetic actuators with micrometer-scale features and
control.
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Figure 1. Schematic illustration of the assembly structures under investigation, formed from magnetic nanocubes (left) and chains (right) in external
magnetic fields, and the long-range (blue arrows) as well as short-range (red arrows) inter-cube/chain interactions within the assemblies.

2. Results and Discussion

2.1. Structural Properties of the Nanocubes and Nanochains

FeCo MNCs were synthesized by the widely-used ethylene gly-
col method resulting in MNCs with diameters around 150 nm
(Figure 2A). Using our recently-developed method,[47] FeCo
nanochains were synthesized into assembled chains without
the use of an externally-applied magnetic field. As shown in
Figure 2A, randomly-oriented anisotropic structures of chains
can be observed; in each chain, the MNC building blocks are
connected structurally, appearing to grow onto each other to
form the chain, as seen from the bright-field transmission elec-
tron microscopy (TEM) image in Figure 2B. The dark color con-

trasts uniformly observed throughout the chain further confirm
its purely metallic nature. This pure magnetic chain structure
provides the advantages of enhanced conductivity and magnetic
anisotropy along the length of the chain, as opposed tomost stud-
ies, where there are slight gaps between the building blocks due
to a non-conductive inorganic or organic coating to the individual
MNCs.[48,49]

The energy dispersive X-ray spectroscopy (EDS) spectrum for
the FeCo loose MNCs indicates that they consist of FeCo, with
a composition of Fe (65.10 at%) and Co (34.90 at%). The EDS
spectrum for the FeCo nanochains reveals a similar composition
(Fe65Co35). The crystal structure of both the MNCs and chains
was confirmed by X-ray diffraction (XRD). Figure S1, Support-
ing Information, demonstrates that the major diffraction peaks

Figure 2. A) SEM images for randomly-oriented FeCo nanocube and chain samples; B) TEM image of a representative FeCo chain with C) SAED pattern
showing the bcc FeCo alloy (110), (200), and (211) Bragg reflections; D) SEM images for the dilute concentrations of magnetically aligned nanocube
and chain samples. E) Magnetic hysteresis loops for samples (Inset: zoomed-in loops from −200 to 200 Oe); and F) magnetic hysteresis loops for the
corresponding magnetically aligned nanocube and chain samples measured with the applied field parallel with the long axis.
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match well with the standard data for a bulk body center cubic
(bcc) FeCo alloy (JCPDS Card No. 49-1567), which can be iden-
tified by the (110), (200), and (211) reflections. Narrow and well-
defined diffraction peaks indicate the high crystallinity of the syn-
thesized nanostructures. Despite minor variations in the peak
width, there are no significant differences between the two spec-
tra. It is worthmentioning that the CoFe2O4 phase, which usually
accompanies FeCo alloys because of oxidation, is present in such
small amounts that it does not appear in the XRD spectra. As a
result, we do not expect an antiferromagnetic exchange contribu-
tion to the magnetic behavior from the CoO and have confirmed
this by measuring the low temperature hysteresis of the sample
in Figure S4, Supporting Information. The selected area electron
diffraction (SAED) pattern (Figure 2C) of the FeCo chain indi-
cates the prominent FeCo bcc phase with the (211), (200), and
(110) planes whose d-spacings agree with those from the XRD
analysis. (More information about SAED analysis can be found
in Table S1, Supporting Information).

2.2. Magnetic Properties of the Randomly-Oriented Nanocubes
and Chains

Figure 2E shows hysteresis loops of randomly-orientedMNC and
chain samples at 300 K up to± 9000 Oe. Both structures have the
same saturation magnetization values as the bulk materialMs =
220 emu g−1 at room temperature and have a non-zero remanent
magnetization. Although the coercive field is low (Hc < 150 Oe)
for all samples, a clear improvement in the remanent magnetiza-
tion can be seen in the nanochains. The remanentmagnetization
for the MNCs is 15 emu g−1, which is in agreement with the data
in the literature.[50,51] Thus, the ratio of remanent magnetization
to saturation magnetization,Mr∕Ms, is only 0.068 in the MNCs.
In contrast, the randomly-oriented FeCo chain sample exhibits a
remanent magnetization ofMr = 28 emu g−1 andMr/Ms ratio of
0.127, which is almost twice that of FeCo MNCs. Such a signifi-
cant enhancement in remanent magnetization is often observed
for anisotropic magnetic structures and is usually ascribed to the
increased shape anisotropy creating a preference for the magne-
tization to lie along the length of the structure.

2.3. Magnetic Properties of Aligned Nanocubes and Aligned
Chains

To achieve directional and selective actuation, the concentration
and orientation of the magnetic clusters within the polymer ma-
trixmust be predetermined during the fabrication process.While
the concept of using magnetic fields to orient the magnetic clus-
ters has been long established, the local structure-property re-
lationships in such materials have not been extensively quanti-
fied experimentally and optimized for use in actuators. The re-
sponse of the assembled clusters to an externally applied field is
strongly influenced by the magnetic interactions between them.
Further, it is not clear how hysteresis loops evolve when inter-
actions between magnetic clusters dominate over their response
to an external field and how this evolution determines the me-
chanical response. Therefore, understanding the role of mag-
netic interactions in these assembled structures is crucial for

Table 1.Magnetic properties of aligned FeCo nanocube and chain samples.

Sample Coercivity Remanence Normalized remanence

(Hc∥) (Mr∥) (Mr∕Ms∥)

Aligned nanocube 126.7 Oe 1.3 μemu 0.09

Aligned chain 250.8 Oe 6.2 μemu 0.43

shape morphing. Interactions in assemblies can be categorized
as either long-range, which has been studied here by varying the
nanocube/chain concentration, or short-range, which can be con-
trolled to some extent by changing the size of or adding spacers
around the nanocubes/chains (not studied here).[52] As depicted
in Figure 1, the nature and strength of interactions depend on
the nanocubes/chains’ arrangement, and on the lateral distance
between them.
Samples with uniformly-aligned FeCo MNCs or chains were

prepared via the method of drop casting (see Figure S2, Support-
ing Information), and their magnetic properties were measured.
Starting from the assembled structures with minimum interac-
tions, dilute solutions (0.5 vol%) of either MNC or chains were
deposited onto silicon wafers in the presence of a magnetic field
of 100 mT. As clearly depicted in SEM images of Figure 2D and
Figure S3, Supporting Information, the magnetic field strength
was sufficient to successfully impose the alignment of the nanos-
tructures along the field lines. Though both sets of nanostruc-
tures demonstrate a strong degree of directionality, clear differ-
ences arise. The MNCs tend to form very short chains (in the
range of 1 μm), and some even aggregate into larger clusters with
widths of three nanocubes (left in Figure 2D). These clusters sub-
sequently attract other isolated nanocubes. As a result, the side
width of the MNC strand has a broad distribution. On the other
hand, the nanochains exhibit an extremely narrow distribution in
widths, as displayed in Figure 2D. Even when stacked, the chains
tend to attract each other end-to-end instead of side-by-side, re-
sulting in longer chains with a width equal to only one nanocube
side length. It is worthwhile to mention that this unique struc-
ture helps to minimize the unfavorable interaction that degrades
remanent magnetization (deteriorates switching behaviors and,
in turn negatively affects the resolution of actuation), which will
be confirmed in the following magnetic characterization.
The hysteresis loops measured for both the aligned MNC

strands and chains are shown in Figure 2F and the key mag-
netic parameters are reported in Table 1. Comparing the hys-
teresis loop of the aligned MNCs (Figure 2F) with that of the
randomly-orientedMNC sample (Figure 2E), we observed a simi-
larHc value (126.7 Oe) and a 28% increase inMr/Ms (to 0.087) for
the aligned MNCs. Compared to this meager increase in rema-
nence forMNCs, the 0.5 vol% alignedmagnetic chain sample, on
the other hand, showedmuchmore significant enhancements in
Hc andMr/Ms values— both values doubled. As indicated by the
more square hysteresis loop and the values in Table 1, the rema-
nent magnetization of the aligned nanochain sample approaches
half the saturation magnetization.
The magnetic behavior of randomly-oriented versus aligned

samples of nanocubes or chains can be explained through an
analysis of the inter-cube/chain interactions. Previous studies
have shown that interactions always suppress coercivity.[53,54]

Adv. Funct. Mater. 2023, 2305502 © 2023 Wiley-VCH GmbH2305502 (4 of 13)

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202305502 by C
ornell U

niversity, W
iley O

nline Library on [24/10/2023]. See the Term
s and C

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

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



www.advancedsciencenews.com www.afm-journal.de

However, the impact of these interactions on the remanence
of the sample varies based on the alignment. Specifically, a
ferromagnetic-like configuration enhances the remanentmagne-
tization, while an antiferromagnetic-like configuration results in
reduced remanentmagnetization. Ourmeasurements of coerciv-
ity and remanent magnetization support this finding.
The comparable coercivity values of the randomly-oriented and

aligned nanocube samples suggest that the magnetic interac-
tions between nanocubes are equally strong in both cases, despite
the different degrees of order leading to varying remanence val-
ues. In the 0.5 vol% aligned MNC sample, the elongated struc-
ture induces uniaxial shape anisotropy, which helps increase
the collective remanent magnetization as compared to when the
nanocubes were randomly ordered. However, each nanocube still
behaves as a single magnetic unit. Since not all the nanocubes’
〈100〉 axes are aligned perfectly with the long axis of the strand,
the individual nanocube’s magnetic moment may temporarily
align with the direction of the applied field when forming the
aligned chain but then settle back to a certain degree to its pre-
ferred magnetocrystalline anisotropy’s 〈100〉 axis, still yielding a
low net remanence for the MNC strand.
In contrast to the MNCs, the 0.5 vol% aligned chains experi-

ence much weaker interactions among all the investigated sam-
ples. Theseweaker interactions are expected to result in increased
values of Hc and Mr/Ms. As anticipated, the chain samples ex-
hibit significantly higher remanentmagnetization in the hystere-
sis loop compared to the aligned MNC strands, indicating an im-
provement in magnetic anisotropy. This is due to the fusing to-
gether of nanocubes as they form the long chain, which then acts
as a single magnetic unit and maintains a stable remanent mag-
netization along the direction of the previously applied magnetic
field. These results validate the superior performance of chains
as magnetic fillers in microactuators.

2.4. Magnetic Properties as a Function of Volume Percentage

To maximize magneto-mechanical transduction, magnetic actu-
ators must maximize their remanent magnetic moment per unit
volume. Higher concentrations of magnetic filler, however, can
have two major drawbacks. The first is the mechanical stiffen-
ing of a soft matrix. The second is that inter-cube/chain dipolar
interactions tend to reinforce the magnetization only if the in-
teraction distance along the length direction (head to tail of the
magnets) is reduced, but tend to counteract the desired magne-
tization orientation if the interaction distance along the width,
or lateral, direction (head to head of the magnets) is reduced.
The latter encourages an antiparallelmagnetization state with net
zero remanentmagnetization. At high concentrations, bothmag-
netic interactions are present, which makes their effects on the
net magnetization hard to deconvolve. Here, we examined the
role of lateral distance between cubes/chains (representing the
concentration of the filler in the matrix) on the magnetic prop-
erties of the collective magnetic system. The external field was
kept constant at 100 mT as the lateral distance was tuned by the
volume percentage of the nanochain solution.
The aligned chain samples were prepared with concentrations

of 2, 4, 6, 8, and 10 vol% (Figure 3A here and Figure S5, Support-
ing Information), resulting in the lateral distance between chains

varying from 10 to 2.5 μm. In Table 2, we present a summary of
the relationship between volume percentage and the structural
characteristics of elongated chains, including lateral distance and
aspect ratio. At a concentration of 2 vol%, in Figure 3A, linear
structures with a length of 50 μm, width of 0.3 μm, and aspect ra-
tio of ≈167 were formed. When the volume percentage increases
to 4 vol%, correlated with decreasing lateral distance, the aspect
ratio of the linear structures increases (≈200) but also shows a
broader distribution in chain length and width. Surprisingly, the
aspect ratio distribution of the chains prepared at a concentra-
tion of 6 vol% (lateral distance between chains of 6 μm) becomes
narrower with an average of 280, as shown in Figure 3A and
Figure S5C, Supporting Information. When the volume percent-
age continues to increase, the linear structures exhibit not only
increased length but also increased width. This leads to a similar
aspect ratio as observed in the case with a 6 μm lateral distance
(6 vol%). In other words, the aspect ratios of the elongated struc-
tures prepared at 6, 8, and 10 vol% are nearly the same.
A higher degree of chain–chain interaction and end-to-end

stacking is expected with increasing concentration of nanochain
solution (decreasing lateral distance). Magnetostatics dictates
that the chains attract or repel one another depending on their
positions in a magnetizing field. At low concentrations, small
chains are formed quickly and aligned with the applied magnetic
field. As the chain concentration increases, small chains have two
possible outcomes: they can both connect end to end and form
longer chains, or they can attach side by side, which causes the
chains to broaden. Once the assembled structure is fixed, the
magnetic field can be removed and the chains may then cou-
ple ferro- or antiferromagnetically, depending on their lengths,
separations, and relative orientations. For the lateral distance be-
tween chains larger than 6 μm, the inter-chain interactions are
very weak. Under this condition, short chains tend to form longer
chains by attaching to the end of one another, rather than aggre-
gating and forming wider chains. Specifically, at a concentration
above 6 vol%, individual short chains no longer exist, indicat-
ing that chain end-to-end coupling becomes dominant. Although
chains of single-nanocube width can be observed at a lateral dis-
tance of 6 μm,when the distance between the chains is reduced to
4 μm, some long chains start to aggregate and attach at the sides.
As shown in Figure 3A, there is no significant decrease in the lat-
eral distance at a concentration of 10 vol% (lateral distance of 2.5
μm). Instead, two ormore chains tend to attach at the side leading
to the widening of the agglomerate. Overall, these results suggest
that the aspect ratio of the chains depends on the concentration
of the nanochain solution and achieves a maximum at 6 vol%.
The middle and the right columns of Figure S5, Supporting

Information, show the full magnetic hysteresis loops and re-
spective graphical enlargements. Clear differences in the mag-
netic response as a function of angle from 0° to 90° (angle taken
from the long axis of the chains) provide strong evidence for
anisotropy in the chains regardless of the lateral distance between
chains. This is not surprising, since the ultra large aspect ratio
of the chains should yield a single magnetic easy axis oriented
along the chain axis, which is coincident with one of the iron
cobalt cube 〈100〉 crystallographic axes, thereby combining the
effects of both shape and crystalline anisotropy. As expected, the
highest remanence is observed parallel to this high-anisotropy
axis along the length of the chain. However, unlike the earlier
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Figure 3. A) SEM images for aligned chain samples as a function of volume percentage: 2 vol%, 4 vol%, 6 vol%, 8 vol%, and 10 vol%. B) Normalized
remanence and coercivity of aligned chain samples as a function of volume percentage. C) SEM images for the aligned nanocube sample prepared
at 6 vol%. D) Experimental angular dependence of the anisotropic field for magnetically-aligned nanocube (6 vol%) and chain(6 vol%) samples; and
polar plots of the (E) normalized remanent magnetization and F) coercivity of the corresponding samples along with the simulated results for the chain
sample.

characterization of the highly-concentrated, aligned nanochains,
the hysteresis loops of measured samples with well-defined lat-
eral distances do not follow the Stoner–Wohlfarth single-domain
magnetization switching model along the chain, since the hys-
teresis loop perpendicular to the chain axis is not anhysteretic,
suggesting the chain is not entirely single domain.
Moreover, in contrast toMr, the highest coercivity is observed

along directions neither parallel nor perpendicular to the chain
axis. Specifically, higher energy needs to be overcome to effect a
reversal of themagnetization when the field is applied at an angle
to themagnetic axes. Imperfect alignment of both theMNCs and
their magnetizations within the chains can give rise to this effect
because the applied field is never simultaneously perpendicular
to the easy axis of all the MNCs. Instead, it is offset from this
direction for a subset of MNCs, and this results in the observed
enhanced coercivity along the off-chain axis.
Figure 3B summarizes the volume percentage dependence

of the normalized remanence, Mr/Ms, and coercivity, Hc. Both

properties exhibit one maxima at the volume concentration of
6 vol%. The Mr/Ms ratio appears to decrease significantly above
and below 6 vol%. The low remanence at low concentrations is
directly due to the lower effective shape anisotropy correspond-
ing to the chain length/width aspect ratio. For a better under-
standing of the magnetic configuration, we have investigated
elongated chains by atomic (AFM) and magnetic force (MFM)
microscopy. As the volume percentage is increased to 6 vol%,
short chains experience strong ferromagnetic-like coupling to-
ward each other and combine to form longer chains with higher
effective anisotropy and higher remanent magnetization (shown
in the MFM image of Figure S7, Supporting Information). The
decrease in remanence at higher concentrations results from the
antiferromagnetic dipolar interaction. More specifically, when
the magnetic field is removed, the relatively short lateral distance
between chains (at high volume fractions) causes their magneti-
zations to prefer an antiparallel alignment (shown in the MFM
image of Figure S8, Supporting Information), so as to reducetheir

Adv. Funct. Mater. 2023, 2305502 © 2023 Wiley-VCH GmbH2305502 (6 of 13)

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202305502 by C
ornell U

niversity, W
iley O

nline Library on [24/10/2023]. See the Term
s and C

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

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



www.advancedsciencenews.com www.afm-journal.de

Table 2. Summary of the relationship between volume percentage and
structural characteristics of elongated chains.

Concentration 2 vol% 4 vol% 6 vol% 8 vol% 10 vol%

Lateral distance 10 μm 7.5 μm 6 μm 4 μm 2.5 μm

Aspect ratio 167 200 280 280 280

magnetostatic energy. The cause for the peak coercive field at 6
vol% is perhaps less clear. When the short chains combine to
form longer chains at higher concentrations, the higher coer-
civity seen in these longer chains is likely due to the fact that
the nodes where the short chains link together serve as pin-
ning points in the magnetization reversal process. Longer chains
would therefore result in more pinning cites and higher coer-
civity. For volume percentages higher than 6 vol%, however, the
small lateral distance causes higher inter-chain interaction, re-
sulting in lower Hc.

[53] Since 6 vol% achieves the highest re-
manent magnetization and coercivity, this volume percentage
should be considered optimal, and any additional filler added to
the soft magnetic actuator should be avoided since it would not
only reduce the remanent magnetization and coercivity but also
increase the stiffness of the elastomer matrix.

2.5. Enhanced Magnetic Anisotropy in Chains

Most technological applications, including soft magnetic actua-
tors, rely on the magnetic anisotropy energy to determine the
initial orientation of the magnetization with respect to the de-
vice structure and to provide a stable magnetization direction
throughout device operation. To demonstrate the superiority of
chains over MNC strands for device applications, we investigated
the strength of their magnetic anisotropy as a function of the an-
gle in the aligned samples of the ideal volume concentration of 6
vol%, as determined in the previous section. We first prepared
the 6 vol% aligned MNC sample, which formedmulti-nanocube-
wide strands, as shown in Figure 3C. This observation is con-
sistent with studies in the literature,[24,55–57] where MNCs, upon
application of an external field, tend to aggregate into irregularly
shaped, broad (tens of microns in width) strands along the field
direction. M–H loops as a function of angle are presented in
Figure S6, Supporting Information. These MNC strands exhibit
lower remanence along the easy axis than do the aligned chains
previously discussed. AlthoughMNC strands exhibit 1D features
at the microscale and yield a net magnetic anisotropy globally,
they have relatively disordered 3D structures at the nanoscale.
Due to the short range disorder and random orientation of the
crystal axes of the small MNC building blocks, the agglomerated
MNC strands have lowermagnetic anisotropy compared with the
magnetic nanochains. In contrast to MNCs, chain assemblies ex-
hibit a relatively more ordered structure and higher cohesion,
which might confer enhanced mechanical stability.[58,59]

We compared the experimental M–H curve measurement re-
sults as a function of angle for the nanochains and the aligned
MNC strands, both at the same volume percentage of magnetic
content (6 vol%). As expected, the anisotropy field (Hk), repre-
senting the magnetic field at which magnetization saturates, is
strongest in the direction orthogonal to the magnetic easy axis.

As seen in Figure 3D,Hk exhibits a clearly sinusoidal trend, being
much larger at 90° than at 0°. Compared to the nanochain sam-
ple, the MNC strands have a more muted trend, with a smaller
variation in Hk between the easy and hard axis directions, con-
firming the conclusion that these strands have lower anisotropy
than the nanochains. The polar plot of the normalized rema-
nent magnetization for each sample consists of the characteris-
tic dumbell shape expected from uniaxial anisotropic samples,
with maximum remanence along the 0° and 180° directions.
This maximum value corresponds toMr/Ms = 0.17 for the chain
sample, which is higher than the Mr/Ms = 0.13 for the lower-
anisotropy nanocube sample.
Micromagnetic simulations of the nanochain magnetic be-

havior, as described in the Supporting Information, were uti-
lized to corroborate the experimental M–H curve measurement
results for the chains as a comparison with the aligned MNC
strands. Angle-dependent hysteresis simulations were carried
out to assess the magnetic behavior of individual isolated mag-
netic chains, that is, chains without interactions from nearest
neighbors. This approach disregards interactions, providing a
useful approximation of the real systems (with 6 vol% concen-
tration) being investigated. This is valid because the remanence
of a pair of chains remains similar to that of isolated chains when
the lateral distance between chains exceeds 3 μm, as illustrated
in Figure S11, Supporting Information. It is important to empha-
size that the fact the simulation result for the nanochain sam-
ple replicates the experimental data with some accuracy rein-
forces the understanding that the 6 vol% sample is themost ideal
concentration, having the proper length to induce a large shape
anisotropy and remanent magnetization but being far enough
from neighbors to experience little to no antiferromagnetic-like
coupling. In Figure 3E the simulations overlap with the exper-
imental data for magnetic remanence in the parallel configu-
ration (for applied field angles ranging from 0° to 45°), and
slightly underestimateMr/Ms in the perpendicular configuration
(from 45° to 90°). The discrepancy between the simulated and
experimental Mr/Ms values might be ascribed to the misalign-
ment of the building blocks with respect to the chain axis in
the experimentally-synthesized structures. Furthermore, to un-
derstand the magnetization reversal behavior, the coercive field
as a function of angle was also extracted from the simulation,
as shown in Figure 3F. The simulated remanent magnetization
state illustrated in Figure S9, Supporting Information, provides
evidence for the interpretation that the magnetization is non-
uniform throughout the nanochain at zero field, which would
result in complex magnetization reversal behavior and large co-
ercivity, especially at an angle to the main axes, explaining the
maximum coercive field at an off-axis angle.
Although the major hysteresis loop measurements are pow-

erful and sufficient to describe a magnetic structure in terms
of the global behavior, they fail to fully describe complex mag-
netic nanostructure interactions. A comprehensive insight into
the qualitative and quantitative interpretation of interactions be-
tween neighboring elements is necessary. A simple technique to
investigate these interactions is using FORC. These curves offer
information about the distribution of both switching and inter-
action fields. By studying the correlation between structural ar-
rangements and interactions, we can further investigate the in-
fluence of interaction on magnetic anisotropy in these samples.

Adv. Funct. Mater. 2023, 2305502 © 2023 Wiley-VCH GmbH2305502 (7 of 13)
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Figure 4. FORC diagrams for randomly-oriented A) nanocube, (B) chain, and C) aligned chain samples each at 6 vol% concentration. D) Irreversible
switching field distributions (ISFD) for each of the three samples.

Figure 4 shows the 2D FORC diagrams for different samples.
(More details on the FORC measurements and analysis are pre-
sented in the Supporting Information.) In all three sample cases,
there is a distribution in both interaction (Bu, vertical axis) and
switching (Bc, horizontal axis) fields, with the former being due
to inter-element interactions, and the latter to different nanos-
tructure elements switching at different applied field strengths.
In a FORC diagram, entirely closed contours are typically con-

sidered to be a fingerprint of single-domain particles, whereas
open contours that diverge at the Bu axis are a fingerprint of
multi-domain behavior.[60] Since the results shown in Figure 4
demonstrate open contours in all three cases, multi-domain be-
havior can be assumed for each of the samples based upon the
conventional interpretation of FORC diagrams. This, once again,
suggests that the hysteresis behavior of the samples can not be
explained using the simple Stoner–Wohlfarth model and is sup-
ported by the simulation result in Figure S9, Supporting Infor-
mation, which does not exhibit a single domain remanent state
in an individual nanochain.
As shown in Figure 4A, the FORC diagram for the randomly-

oriented nanocube sample shows typical features for interacting
magnetic elements, where a peak is centered at the origin and
spreads both vertically and horizontally. The FORC diagram for
the randomly-oriented chain sample also shows a pattern similar
to that of the nanocube sample, with one important difference—a
slightly narrower peak along the interaction field axis (Bu, vertical
axis in Figure 4B), which implies that the effective field eachmag-
netic element imposes upon its neighbor is smaller and creates
a weaker interaction than in the nanocube-to-nanocube interac-
tions. This can be explained by the relatively small volume of the
MNCs, which allows them to be more densely packed than in
chains. The larger interactions in the MNC sample can further
explain its lower coercivity and remanence compared with those
of the randomly-oriented chain sample (Figure 2F). In contrast to
the two prior samples, the FORC diagram for the aligned chain
sample (Figure 4C) displays an elongated distribution along the
coercivity axis, while the distribution along the interaction field
axis is only slightly narrower than in the case of the randomly-
aligned nanochains. The peak on the interaction field axis (Bu,
vertical axis) in the FORC distribution, therefore, narrows as the
magnetic ordering of the sample increases, which can suggest
that magnetic interactions are becoming less dominant. These
results qualitatively support the hypothesis that the randompack-

ing of small elements, like nanocubes, yields a higher interac-
tion between the elements but a low anisotropy; but increased or-
der in the system through chain formation and alignment helps
to reduce the interaction between neighbors and increase the
anisotropy, as expected.
To expand upon this qualitative interpretation of the FORC re-

sults, we quantified the behavior by extracting the irreversible
switching field distribution (ISFD) for each of the samples. Here,
the FORC distributions were projected onto the reversal fieldHr
axis, as explained in the Supporting Information. As shown in
Figure 4C, the aligned FeCo nanochain sample shows the nar-
rowest peak, and the peak broadens for the randomly-oriented
FeCo nanochain sample, indicating that the aligned nanochains
have a more uniform magnetic response when the applied field
is parallel with the chain axis. The nanocube sample has the
widest ISFD peak due to the strong nanocube–nanocube in-
teractions that tend to counteract the effect of the applied
field.
The reversal field distribution reflects a convolution of not only

the individual elements’ coercive fields but also their interaction
strengths with neighboring structures. In the nanocube case, the
distribution in the coercive fields of the individual nanocubes is
further exacerbated by the random orientations and distances
between the nanocubes that result in varying degrees of cou-
pling interactions and significantly different reversal fields from
nanocube to nanocube across the assembly. Thus, the random-
ness of the arrangement of elements in the assembly broadens
the switching field distribution. As the degree of order increases
(from randomly-ordered nanocubes to random chains), the coer-
civity of the individual element increases, making it less suscep-
tible to coupling from other elements.[61] This results in a sig-
nificantly narrower reversal field distribution for the randomly-
ordered chain assembly. Finally, as the degree of order further
increases (from random chains to aligned chains), the switch-
ing field distribution again decreases, but only slightly. This is
believed to be due to the fact that interaction between elements
tends to reduce the coercivity,[53] as in the case of the random
nanocubes and chains, but when the interaction approaches zero,
the value of switching field, Hr, settles to that of the individual
element, or the chain in this case, which would correspond to
Hr = −Hc. However, as seen in Figure 4C, though the interac-
tion field distribution is narrow, the coercive field distribution of
the chains is still quite broad, leading to a similar, only slightly
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Figure 5. A) The illustrative figure showing the cross-section of the elas-
tomer film and EDS element mappings of cross-section of the elastomer
prepared with a 6 vol% nanochain concentration; and B) the IP and the
OOPmagnetic hysteresis loops for the elastomer (inset: zoomed-in loops
from −200 to 200 Oe).

narrower, switching field distribution as in the randomly-
oriented chain case.

2.6. Actuator Prototype

2.6.1. Design, Fabrication, and Characterization of Anisotropic
Magnetic Elastomer Actuators

As implied by the previous results, the optimal magnetic filler
concentration for a soft magnetic actuator was found to be 6
vol%, which gave the highest anisotropy and remanent magne-
tization, while also yielding the lowest element-to-element inter-
action. To further verify this finding, we experimentally studied
the deformations of the anisotropicmagnetic films preparedwith
different volume fractions (2, 4, 6, 8, and 10 vol%) of magnetic
nanochains in the varyingmagnetic field. The fabrication process
of anisotropic magnetic elastomers can be found in the Experi-
mental Section. The as-fabricated elastomers have a thickness of
200 μm.
Figure 5A shows an illustrative image of the cross-section of

the elastomer film fabricated with 6 vol%, where chains are
oriented perpendicular to the plane of the film. The struc-

tural anisotropy was confirmed by EDS mappings of the cross-
section of the elastomer. The EDS mappings in Figure 5A depict
the expected columnar orientation of the nanochains in the out-
of-plane direction of the anisotropic film, corresponding to the
direction of the applied field during curing.
The elastomer’s deflection was tested in a magnetic field gra-

dient with a custom-built experimental setup. In this setup, the
elastomer was securely clamped within a circular cavity of 10mm
diameter. The specifics of the setup and the procedures for mea-
surement are explained in detail in the Supporting Information.
Figure S15, Supporting Information, shows the mechanical hys-
teresis loops measured for the anisotropic elastomers with dif-
ferent volume percentages. The deflection data shows a distinct
trend, indicating that as the volume percentage of nanochains in
the films increases, the magneto-responsiveness is initially en-
hanced, resulting in amore pronounced deflection. Nevertheless,
this trend levels off at 6 vol% and exhibits a slight decrease when
the nanochain concentration exceeds this optimal percentage of
the total composite volume.
The enhancement in the deflection is very effective at lowmag-

netic fields (e.g., ≈100 μm at 40 mT), about five times that of
microparticle-based elastomers having a morphological arrange-
ment in the form of particle strands (≈20 μm at 40 mT).[12]

Table S2, Supporting Information, provides a summary of the
literature[10,12,62] with similar deflection measurement setups,
which entail clamped magnetic elastomers within cavities. One
such study using microparticles reported a deflection of 125 μm
at an external magnetic field of 210 mT.[10] In a nanoparticle-
based elastomer reported by Pirmoradi et al.,[62] the elastomer
requires a 160 mT magnetic field to achieve an approximate
110 μm deflection. Compared to these two isotropic magnetic
elastomers, we conclude that the anisotropy of ourmagnetic elas-
tomers is what enables a larger deflection at lower fields.
Themagnetic behavior of the optimal (6 vol%) anisotropic film

made of nanochains was investigated by measuring magnetiza-
tion as a function of applied magnetic field in the out-of-plane
(OOP) direction (same direction as the previously-used curing
field and the magnetic field used during actuation of the films)
and compared with theM–H loop for the in-plane (IP) direction
(orthogonal to the nanochain/actuation axis). The magnetic be-
havior of the elastomer along each direction can be seen to dif-
fer in Figure 5B for applied fields smaller than the saturation
field of 6 kOe (600 mT). However, the distinct differences in the
hysteresis loops observed for applied fields less than 100 Oe (in-
set in Figure 5B) suggest potential for enhanced actuation along
the OOP direction, as desired. Therefore, this concentration was
used as the basis for an experimental demonstration of a soft
magnetic actuator.

2.6.2. Actuation of Cantilever

To visually exemplify the reprogrammable capabilities of the ac-
tuator, a vertical cantilever with two magnetic elastomer panels
magnetized OOP was designed, as depicted in Figure 6A. The
magnetic elastomer panels integrated in the cantilever can be
magnetized in opposite or the same directions, leading to varied
actuation behavior. For the first set of actuation experiments, the
cantilever was mounted vertically on top of an aluminum plate

Adv. Funct. Mater. 2023, 2305502 © 2023 Wiley-VCH GmbH2305502 (9 of 13)
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Figure 6. Actuation of elastomer with a 6 vol% nanochain concentration. A) Schematic design of the cantilever made of two panels of elastomers
magnetized with opposite directions; B) Left column: Photos of the cantilever deforming in different modes induced by magnetic forces and right
column: Schematic illustration of the corresponding deformation mechanisms of the cantilever; and C) Left: Photo of the film performing U-shaped
bending induced by magnetic torques, and right: Schematic illustration of the corresponding deformation mechanism of the film.

such that the nanochains inside the elastomer actuator were par-
allel to the top surface of the plate. The top view of this actuation
testbed is shown in the photos of Figure 6B.
Bending and S-shaped twisting actuation modes can be ob-

served in the case when both panels are magnetized along the
same direction, by either moving the aluminum plate toward
one of the two block magnets on the sides or rotating the alu-
minum plate about the center axis, respectively. As shown in the
video (which can be found in the Supporting Information) and
Figure 6B, when moved toward one of the block magnets, the
cantilever experiences a field of approximately ±30 mT and gra-
dient of ±10 mT cm−1 and bends toward the magnet. When the
cantilever approaches either side, the field of ±30 mT (300 Oe) is
strong enough to temporarily magnetize both panels in the can-
tilever along the field direction of the block magnet (as seen from
the hysteresis loop in Figure 5B). The bending results from the
magnetic force due to the strong field gradient ±10 mT cm−1 act-
ing upon the magnetized film (F⃗ = ∇(m⃗ ⋅ B⃗)). By rotating the alu-
minum plate toward either the north or the south side, S-shaped

twisting is observed, where the direction of the magnetic field
controls the shape of the cantilever. The rotation of the cantilever
gives rise to magnetic torques (𝜏 = m⃗ × B⃗) due to a magnetic
flux density of 30 mT acting on its magnetization. The cantilever
twists into the shape of an S because the magnetic moments in
the two panels experience the same torque.
For the set of actuation experiments done when the panels in

the film are magnetized in opposite directions, the actuator was
laid down flat on top of an acrylic plate such that the nanochains
inside the elastomer actuator were perpendicular to the top sur-
face of the plate. The side view of this actuation testbed is shown
in Figure 6C. As the actuator is brought closer to the top of the
magnet, opposite magnetic torques (𝜏 = m⃗ × B⃗) are exerted on
the oppositely-magnetized panels due to the 40 mT flux den-
sity acting on them. The actuator bends into a U shape. Thus,
by programming the orientation and the strength of the exter-
nal magnetic field, a variety of actuation modes ranging from
cantivlever bending to both S-shaped twisting and U-shaped
bending of the actuators can be achieved to develop complex

Adv. Funct. Mater. 2023, 2305502 © 2023 Wiley-VCH GmbH2305502 (10 of 13)
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deformations for use in magnetic-actuator systems such as hap-
tics and soft robotics.

3. Conclusion

In summary, we presented detailed experiments on the verifica-
tion of enhancement in magnetic properties in microscale col-
lectives of 1D nanochains and MNCs. This study reveals that
the synthesized nanochains can be aligned at an optimized con-
centration to increase their net remanent magnetization and
anisotropy, which improves the device performance when incor-
porated into a matrix, such as an elastomer matrix for a soft
magnetic actuator. In contrast, MNCs are also able to form elon-
gated strands but only show a moderate increase in the rema-
nent magnetization. Furthermore, the successful formation of
single-nanocube-wide 1D nanochain arrays having controlled lat-
eral distance between chains (ranging from 2.5 to 10 μm) allowed
for magnetic measurements to be done as a function of mag-
netic filler density— a proxy for varying interchain interaction
strength. Of these 1D chain arrays, an optimal nanochain den-
sity arose to be 6 vol% magnetic concentration, which gave the
highest remanent magnetization and coercivity.
The magnetic anisotropy of the nanochains at 6 vol% was

compared with the reference case, that is, the MNC strands
formed under the same volume percentage. These results clearly
demonstrate that 1D nanochain arrays can produce a net uniax-
ial anisotropy energy that well exceeds the strength that of MNC
strands (those most commonly formed in the literature by ap-
plying a field to align MNCs), a conclusion that is also supported
by FORCmeasurements. A soft magnetic actuator, fabricated us-
ing the optimal 6 vol% magnetic filler concentration, achieved
a relatively large mechanical response, with a deflection of up
to 0.4 mm at very small magnetic fields of <100 mT. Thus, re-
sults from this research elucidate the impact of lateral distance
between magnetic elements on their collective magnetic behav-
ior. We have shown that only by having the proper concentra-
tion of magnetic content can the net magnetic remanence and
anisotropy of the collective magnetic system be increased and
the desired magneto-mechanical transduction (or other forms of
transduction) bemaximized.With such optimizations, future de-
vices and actuators, like the soft actuators demonstrated here, can
be scaled down to sub-millimeter dimensions while still achiev-
ing large force densities.

4. Experimental Section
Synthesis of the FeCo Nanostructures: Nanochains were synthe-

sized using a highly concentrated polyol method, reported in detail
elsewhere.[47] First, FeCl2 (1.2 mmol, VWR International) and Co(Ac)2 ·

4 H2O (0.4 mmol, VWR International) were added to 5 mL of ethylene
glycol (obtained from Fisher Scientific) and ultrasonicated for 30 min to
achieve complete dissolution. In a 50-mL three-neck round bottom flask,
64 mmol NaOH pellets (VWR International) were dissolved in 20 mL of
ethylene glycol, which was heated to 130°C and stirred at a constant rate of
300 rpm. Subsequently, the metal precursor solution was injected into the
flask and refluxed at 130°C for 10 min. N2 flowed continuously through
the flask during the synthesis to prevent oxidation. Finally, the products
were separated by amagnet and washed with a two-step process, first with
distilled water (Fisher Scientific), followed by absolute ethanol (Fisher Sci-

entific), and then washed again a second time with the same two-step pro-
cess. Nanocubes were prepared under the same experimental conditions
as the nanochains except that a total volume of 100 mL of ethylene glycol
was used instead of 25 mL.

Structural and Magnetic Characterization: Dilute suspensions were
prepared with varied concentrations of magnetic nanostructures, ranging
from 0.5 to 10 vol%, by adding a measured quantity of the as-synthesized
FeCo into ethanol and ultrasonicating for 30 min to ensure a homoge-
nous solution. 10 μL aliquots of these suspensionswere then dropped-cast
onto silicon substrates (5 × 5 mm2) for subsequent experimental charac-
terization of the random arrangement of chains or nanocubes. Samples
with aligned chains or nanocubes were prepared with the same protocol
but were dropped-cast onto silicon substrates under a magnetic field of
100 mT. The schematic explanation of the preparation process is shown in
Figure S2, Supporting Information. SEM images were taken using a Zeiss-
Gemini-500microscope with an attached EDS. The EDSwas used for com-
positional analysis as well as confirmation of the uni-directional alignment
of the FeCo nanostructures inside the polymer matrix, in the latter part of
this work. TEM bright-field images and a SAED pattern were acquired on
an FEI Tecnai 12 BioTwin TEM. The crystal structure of the magnetic sam-
ples was characterized using XRD (Bruker D8 Advance ECO). Magnetic
measurements were performed with a vibrating sample magnetometry
system (8600 Series VSM from Lakeshore) to recordM versus H hystere-
sis loops at room temperature with a maximum applied field of ±15000
Oe for all samples.

Actuator Prototype Fabrication:: The anisotropic magnetic-chain-
elastomer composite was prepared by incorporating 6 vol % of FeCo
chains into a mixture of silicone elastomer (Smooth-On, Ecoflex 00-30),
where parts A and B were mixed in a 1:1 ratio. Figure S13, Support-
ing Information, schematically shows the fabrication process. First, FeCo
nanochains (with a volume concentration of 6% of the final mixed com-
ponents) were mixed manually into Ecoflex Part A. The resulting mixture
was ultrasonicated in a bath (40 kHz and 180 W) at room temperature for
2 min, allowing them to be well dispersed into the organic matrix. Ecoflex
Part B was then added, and the final solution wasmixedmanually for a few
seconds. The compositemixture was immediately transferred to a custom-
made aluminum mold, which had been pre-sprayed with Ease Release
200. The mold was kept under vacuum for 2 min in a desiccator to elimi-
nate any air bubbles entrapped in the mixture. To define the orientation of
the FeCo chains out-of-plane, through the thickness of the elastomer, the
mold (with the mixture inside) was placed along the xy-plane in a uniform
100mTmagnetic field along the z-direction of an electromagnet. Once the
composite had fully cured (≈4 h at room temperature), the elastomer was
removed from the mold and cut in half along its width. The resulting elas-
tomer had a thickness of about 200 μm. The two pieces of the elastomer
were placed side-by-side with opposite chainmagnetization directions and
bonded with additional silicone elastomer to make up the final actuator.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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