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FesOs MNPs and thermoplastic polyurethane (TPU) in an
external magnetic field (Figure 1). Magnetometry
measurements were conducted to evaluate the anisotropic
magnetic properties of MPNC. Higher magnetization was
obtained parallel rather than perpendicular to the MNP chains.
Magnetic anisotropy associated by chaining MNPs is the
prevailing kind of magnetic anisotropy in this system. The
magnetization directions of the MNPs are determined by
minimizing the magnetostatic energy, for which the dipolar
interaction energy among the MNPs and the Zeeman energy
generated by the applied field are the most significant terms.
Assembly of the MNPs into chains causes a directional
dependence in the magnetostatic energy, allowing for
anisotropic actuation of the composite in 3D. Actuation
experiments were conducted on a thin film composite sample
cut into the shape of a cross, where the arms facilitate bending
and the chains of MNPs point along two of the arms. The terms,
“parallel arms” and “perpendicular arms” refer to orientations
of the arms parallel and perpendicular to the chains,
respectively. Actuation was investigated in both spatially
uniform fields and field gradients.

In  the spatially uniform, horizontal field of the
electromagnet, the sample was supported in the center, while
gravity caused the arms of the thin elastomer film to hang
down, nearly vertically. Two orientations of the sample were
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Figure 1. (a) Schematic for the process of preparing a chained magnetic polymer
nanocomposite (MPNC) cross sample, (b) left to right: TEM image of magnetic
nanoparticles (MNPs), optical micrograph of chained MPNC, photograph of cross
sample, and (c) magnetometry of a chained MPNC at 300 K measured parallel and
perpendicular to the chains.
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studied (Figure 2a), parallel arms hanging to the left and right
sides (LR) and parallel arms hanging to the front and back (FB).
In orientation LR, as the field is increased, the parallel arms ™
up toward horizontal, bringing the arms and MNP chains close
to alignment with the field. The perpendicular arms ar:
unaffected, since the chains are already aligned with the fi~ld
In orientation FB, the chains in all of the arms are oriente !
perpendicular to the field. Since the sample is pinned in the
center, the field causes a twisting torque in each arm to brir :
the chains closer to alighnment with the field. Rotating the
sample within the gap of an electromagnet also shows a marke i
dependence on orientation. Periodicity in the lifting behavior o1
360° was observed for the parallel arms (ESI?, Video S1 ana
Figure S2). At certain angles of rotation, the perpendicular arm.
snapped to obtain a new, more stable configuration. Snappir ,
is caused by the release of elastic energy that accumulates ¢
the arm twists.4!

For experiments in a magnetic field gradient, the sampl.
was pinned in the center on a flat rotating stage, an’
permanent magnet was held at a fixed height above the edge of
the sample, such that the ends of the arms would pass bene
it (Figure 2b and ESI, Video S2). Only the parallel arms lift toward
the magnet as they are rotated below. If the MNPs had b__.
dispersed uniformly in the elastomer without chaining, th
same result would be expected for all four arms, either lifting i
the magnetic force overcomes gravity, or not lifting if gravit -
prevails. Selective lifting of the parallel arms can be understen !
from the magnetic force (Figure 2c), which is the negative
gradient of the magnetostatic energy. The magnetic force .:
strongest when the moments point in the direction of the field
gradient. For both perpendicular and parallel configuration .
the field causes (via the Zeeman energy) magnetic moments ot
the MNPs to tilt toward the field direction, and the fiel |
gradient generates an attractive lifting force toward the
permanent magnet. The magnetization of the chained MNPs i1
the direction of the field gradient is expected to be higher for
the parallel arms than for the perpendicular arms, whick .
consistent with the higher magnetization of parallel than
perpendicular chains at a given field, observed in
magnetometry measurements (Figure 1c). Furthermore
magnetizing the parallel arm causes increasingly favorabl
dipolar coupling as the arm lifts up, generating a sufficient fc
to overcome gravity. Dipolar coupling in the perpendicular arr
under the permanent magnet reduces the magnetization in th
direction of the field gradient; the resulting force is too weak t-
lift the perpendicular arm. As the sample rotates, aligning th.
field lines with the perpendicular arms is expected to generat-
twisting rather than lifting, which is observed as a minc-
deflection in their ends as they pass beneath the permanen’
magnet. The selectivity of lifting depends on the distanc
between the sample and the magnet. At significantly shorter
separations, both parallel and perpendicular arms lift, whilo
neither arm lifts at longer distances.

It is also important to consider potential non-magnet :
effects caused by assembling the MINPs on the bending modulus
of the composite, for example due to particle jamming
Mechanical deformation tests on chained MPNCs have shc
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Figure 2. Photos showing anisotropic actuation under (a) uniform magnetic field (7.2 kOe, 570 kA/m) for the cross mounted by its center, where the chains for tt :
flattened cross would be aligned (left) parallel (LR) to the field and (right) perpendicular (FB) to the field, and (b) field gradients from a permanent magnet that selective.
lifts parallel but not perpendicular arms as the sample is rotated. (c) schematic showing relative orientation of MNP dipoles with respect to the chain direction in tt

presence and absence of field lines generated by a permanent magnet, which causes selective lifting in (b). See ESI, Videos S1-2 for movies of these lifting processes.

that MNP chains increase the modulus parallel to them.4243
Therefore, the modulus for bending the parallel arms is
expected to be higher than for the perpendicular arms, if the
MNPs would have a structural effect. Selective lifting of the
parallel arms despite the potential increase in modulus caused
by chaining indicates that the magnetic, rather than structural,
anisotropy of the MPNC is the dominant effect in these
experiments.

To better understand the actuation mechanism, the
bending angle of the parallel arms aligned with the field of an
electromagnet (orientation LR in Figure 2a) was measured as a
function of the horizontal magnetic field strength, H. As H
increases, the arms lift higher toward horizontal, decreasing the
bending angle, 6. A simple model (see ESI for details) was
constructed for interpreting this experiment. The equilibrium
positions of the arm and of the magnetic moments within the
arm are obtained by balancing the mechanical torques on the
arm and the magnetic torques on the MNP moments. Linear,
continuous chains of touching spherical MNPs with negligible
interchain interactions are used to model the MPNC. Two
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Figure 3. Plots of the bending angle 6, as a function of the applied uniform magnetic
field for experimental data and the model.
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magnetic forces generate torques on the moments: dipol:

interactions between MNPs, which favor alignment with th

chain direction, and the Zeeman energy, which favors alignmer.

with the direction of the applied field. The model of the torq

on the moments mimics the Stoner-Wohlfarth model for the
magnetization of single-domain, single-crystal magn
particles, where the Zeeman energy is balanced by crystal
anisotropy.#* Two forces generate mechanical torques on ...

arm: gravity and dipolar interactions between MNPs, whic

favors alignment of the arm with the moments in the chains
thereby generating more favorable head-to-tail interactior."
and fewer side-by-side interactions. Dipolar interactior :
between MNPs therefore affect equilibrium of both the
moments and the arm. The process of lifting the arm up towar !
the field direction can be understood as follows: The applied
magnetic field rotates the moments slightly out of the chai
direction (at a “moment angle,” a) and toward the applied field
direction, causing less favorable dipolar interactions among th »
moments. Lifting the arm toward the field direction gives more
favorable dipolar interactions while also allowing the momen ;
to point toward the field direction and reducing a.

In the experimental sample, the chains are multiple MM _
wide (Figure 1b), as also noted elsewhere.1?32 The chain widtn
has not been accounted for in this model of chains of a single
MNP in width. A disorder parameter () is introduced to accoun’
for the accompanying magnetic disorder within the chains. I
disordered chains, saturation of the moments along the ct
axis causes side-by-side interactions along with favorable heac
to-tail interactions. We compensate for the side-by-sia
interactions by multiplying the moment of the MNP by y, wher
0 < y < 1. The limit ¥ = 1 corresponds to the perfect chain.
described by the model without correction, and y = 0 woul”’
describe an isotropic arrangement of moments without
chaining direction. The value of ¥ has been approximated as thr
remanent magnetization divided by the saturatio
magnetization (Mgr/Ms) for measurements parallel to the chair
direction. This is a reasonable approximation,*> because
perfect chain would theoretically have Mg = Ms.

According to the model, at

cosé

equilibriui

H =0.598 — kOe, where sin2a = 0.742c0s@ . Whenp
sin(6-a)
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this expression for @vs. H is plotted along with the experimental
data, ¥ = 0.445 from magnetometry gives an excellent match
(Figure 3), which is remarkable for a simple model with a single,
experimentally determined parameter. The maximum value of
a is less than 0.4° (ESI, Figure S2), which suggests the moments
remain nearly aligned with the chain direction. Several
simplifying assumptions, described in the ESI, have been made
about the magnetic properties of the MNPs. It should further be
noted that the mechanical properties of the polymer have been
neglected in this model; the mechanical response of the MPNC
is determined solely by the magnetic behavior of the chains
rather than the mechanical properties of the polymer. The good
agreement between the model and the experimental system,
however, indicates that the properties of such anisotropically
responsive materials can be predicted and controlled by
corresponding adjustments in the magnetic characteristics of
the MNPs and their arrangement within the polymer.

Conclusions

In conclusion, we have demonstrated and modeled the
anisotropic response of a chained MPNC via selective and
directional bending of the arms of a large elastomer film. The
interaction of the magnetic anisotropy of the chains with
magnetic fields and field gradients allows for controlled
actuation of these macroscale samples in 3D. These flexible thin
films with magnetically driven, directional mechanical
responses can be employed for
manipulation of soft actuators, valves, motors, and other soft
robotics applications.

remote directional
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