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ABSTRACT: Magnetic field-directed colloidal interactions
offer facile tools for assembly of structures that range from
linear chains to multidimensional hierarchical architectures.
While the field-driven assembly of colloidal particles has
commonly been investigated in unbounded media, a knowledge
gap remains concerning such assembly in confined micro-
environments. Here, we investigate how confinement of
ferromagnetic nanoparticles in microspheres directs their
magnetic assembly into hierarchical architectures. Micro-
droplets from polydimethylsiloxane (PDMS) liquid precursor
containing dispersed iron oxide magnetic nanoparticles
(MNPs) were placed in a static magnetic field leading to the
formation of organized assemblies inside the host droplets. By changing the MNP concentrations, we revealed a sequence of
microstructures inside the droplets, ranging from linear chains at a low MNP loading, transitioning to a combination of chains
and networked bundles, to solely 3D bundles at high MNP loading. These experimental results were analyzed with the aid of
COMSOL simulations where we calculated the potential energy to identify the preferred assembly conformations. The chains
at high MNP loading minimized their energy by aggregating laterally to form bundles with their MNP dipoles being out-of-
registry. We cured these PDMS droplets to immobilize the assemblies by forming soft microbeads. These microbeads
constitute an “interaction toolbox” with different magnetic macroscale responses, which are governed by the structuring of the
MNPs and their magnetic polarizability. We show that thanks to their ability to rotate by field-induced torque under a rotating
field, these microbeads can be employed in applications such as optical modulators and microrollers.
KEYWORDS: microdroplets, magnetic assembly, soft microbeads, hierarchical structures, responsive, magnetic torque, micro rotors

INTRODUCTION
The self-assembly of colloidal particles has emerged as a robust
method to fabricate highly ordered structures composed of
nanoscale building blocks of different sizes, shapes and
compositions.1−4 Such assembled superstructures can help in
the creation of advanced functional materials with tunable
properties.5−7 The assembly of magnetic particles originates and
can be controlled by the dipole−dipole interactions between the
particles in a magnetic field.8−10 These interactions are
directional in nature and lead to the formation of out-of-
equilibrium superstructures, which otherwise would not form in
nonmagnetic particle systems.11−13 Field-directed assembly has
major advantages in that it is robust and contact-free. This allows
the assembly to be controlled from outside the system without
the manipulation of the experimental conditions such as

temperature, pH and solvent composition.14−16 The magnetic
dipole−dipole interactions can be attractive or repulsive, based
on the angle between the field and the dipoles, imparting
significant freedom to the design of experiments.
Colloidal assembly using magnetic fields depends on the

interplay between different intrinsic forces including van der
Waals and dipole−dipole forces.17 The magnetic dipolar
interactions are usually stronger than the van der Waals forces
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and are governed by the magnetic characteristics of the particles
such as coercivity, saturation magnetization, and magnetic
anisotropy.18,19 Based on the magnetic energy landscape and the
assembly kinetics, the particles can become arrested in
kinetically stable states, for example, linear arrangements such
as chains, or higher-dimensional structures like sheets and
bundles.20−24 Additional complexity and precise directionality
of the assemblies can be attained by either using colloidal
particles that exhibit asymmetry in shape, polarizability and
surface properties, or by modulating the field intensity and
direction.25−28 Further, long chains can interact laterally and
coalesce in a “zippered’ configuration in the presence of toggled
fields, and can even form fibrous structures containing bundles
of chains.29 One can also attain crystalline superstructures using
paramagnetic colloidal particles in the presence of a magnetic
field that pulsates on and off at a given frequency.30,31 Based on
the particles’ magnetic characteristics, these assembled
structures can exhibit different macroscale responses and
interactions with and without field. For example, when the
field is switched off, the thermal fluctuations can be sufficiently
high to overcome the remnantmagnetization of the particles and
break down the assemblies.32

One recent advance in this area is the fabrication of composite
particles made of a nonmagnetic material such as a hydrogel or
elastomer within which magnetic nanoparticle (MNP)
assemblies are embedded.33−40 Such magnetically responsive
composites could find diverse applications such as actua-
tors,41−43 microbots,44−46 magnetorheological fluids,40 mag-
netically controllable colloidal crystals,47,48 and biological
manipulation.49−51 While the assembly behavior of magnetic

nanoparticles in bulk systems or large domains has been
reported in multiple studies,20,21,30,31,52,53 an emerging question
is how magnetically responsive particles assemble in confined
microdomains. In such cases, the patterns formed by the
assembled particles not only depend on the strength of the
magnetic field, but also on topological constraints such as
geometry of the confining environment and the particle
packing.54−56 Normally, in the absence of field interactions,
hard particles can transition from a disordered fluid into an
ordered crystal or other organized structures due to the spatial
confinement.57,58 In those cases, confinement mediates the
entropy effects to determine the final structures of the
assemblies. However, in the case of field-mediated assembly,
we do not have prior knowledge of the basic process outcome,
for example, how change in the size of domain geometry, MNP
loading, and field strength can reciprocally affect the structures
of the assemblies. Hence, there is a need to elucidate the
organization of MNPs within restricted microenvironments that
are traversed by magnetic fields.
In this study, we characterized the hierarchical evolution of

the microstructural motifs confined inside PDMSmicrodroplets
of various sizes under a uniform magnetic field as the MNP
concentration inside is increased. By systematically varying the
MNP concentration from 1.25 wt % to 20 wt %, we discovered
many structural phases ranging from disconnected short chains
to 2D linear chains to 3D networked bundles. We established
correlations between the numbers of chains formed inside the
host droplets and the cross-sectional area of the droplets.
COMSOL simulations were used to evaluate how the magnetic
energy of the microdroplets varies as the chain conformations

Figure 1. (a) Synthesis of PDMSmicrobeads by the method of shear-induced droplet breakup in a bulk medium of 14% PVA, and (b) synthesis
of PDMS microbeads with embedded MNPs inside the PDMS matrix. The MNPs can be (i) kept randomly dispersed in the absence of a
magnetic field (MB-ROMs) or can be (ii) organized into directionally oriented structures (MB-DOMs) in the presence of a uniform magnetic
field. (c) Schematics of the structural contents inside each type of microbeads.
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change within a microdroplet of a specific size under an applied
field, corroborating our experimental findings. Finally, we cure
these droplets to form microbeads and show how predicting the
assembly behavior aids in the design of functional materials for
applications such as optical modulation and active propulsion.

RESULTS AND DISCUSSION
Synthesis of Microbeads Containing Randomly Or-

ganized (MD-ROMs) and Directionally Oriented (MD-
DOMs) MNPs. First, we discuss the making of a dispersion of
PDMS liquid microdroplets without embedded nanoparticles
(MDs) through impeller-induced fragmentation in shear
thinning fluids (Figure 1a). Here, the liquid PDMS precursor
and the curing agent were premixed in a bulk medium of 14 wt %
poly(vinyl alcohol) (PVA). They were first emulsified at 150
rpm and then sheared at different impeller speeds ranging from
250 to 1000 rpm to form spherical PDMSmicrodroplets (Figure

S1). The wt % of PVA was chosen such that the viscosity of PVA
nearly matches the one the PDMS precursor, which led to the
formation of monodisperse droplets.59,60 For the lower shearing
speed of 250 rpm, we obtained a size distribution of 7.39 ± 2.3
μm, which narrowed down to 3.94 ± 1.04 μmwhen the impeller
speed was increased to 1000 rpm (Figure S2). These droplets
were finally cured at 60 °C to form the microbeads (MBs).
The synthesis of microbeads with embedded MNPs followed

a similar procedure as discussed above except that we dispersed
the iron-oxide nanoparticles in the PDMS liquid precursor
medium before the shearing step. We first dispersed the MNPs
in tetrahydrofuran (THF) and then added it to the PDMS
precursor to achieve a uniform suspension of PDMS precursor
with embedded MNPs (Figure 1b). Consequently, in the
emulsification phase, we generated microdroplets containing
MNPs. The MNP concentrations in the PDMS precursor were
systematically varied from 1.25% to 20% (w/w). At this stage, in

Figure 2. (a) Schematic of the orientation of theMD-DOMs in the vicinity of a permanentmagnet rotating along the y-axis. TheMNP structures
assembled inside the MD-DOMs can be aligned laterally or vertically by creating a rotating magnetic field. (b) Direction of orientation of the
chains as the microdroplets are rotated. The chains are oriented parallel to P∥POV and P⊥POV planes for lateral and vertical orientations,
respectively. (c) Distinction between chains and bundles inside the droplets or microbeads. Optical images from RI-matched beads show that
the chains are separated from each other, while in bundles, multiple chains are aggregated in thick formations. (d) Optical micrographs of MD-
DOMs in vertical and lateral alignments at different MNPwt % illustrating the structural organization change from chains to bundles. The scale
bar represents 10 μm.
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the absence of magnetic field, there is no preferential
arrangement of the MNPs; they were randomly organized
(ROMs) throughout the droplets. We refer to these micro-
droplets as MD-ROMs, which can be cured to form microbeads
with randomly organized MNPs (MB-ROMs). A sequence of
optical micrographs of the MB-ROMs for different MNP
concentrations is presented in Figure S3, which shows that the
nanoparticles exist in a state of micron-sized clusters, possibly
formed as a result of their residual ferromagnetic interactions.
Since we avoided the shearing of the droplets at different
impeller speeds in this case, we attained a broad size distribution
of the MB-ROMs ranging from 1 to 25 μm for all MNP
concentrations.
In the case of microdroplets with directionally orientedMNPs

(MD-DOMs), we applied a static magnetic field of 15mTbefore
and during the curing step. The field is uniform at the scale of
any individual droplet, although the intensity of the global
magnetic field may vary slightly. This field organized the
randomly distributed MNPs inside the droplets to form
directionally aligned anisotropic structures during cross-linking,
as seen in Figure 1c. It is important to note that the chains shown
in the schematic are linear assemblies of micron scale
nanoparticle clusters, rather than single nanoparticles.
Hierarchical Patterns of MNP Assemblies inside

Microdroplets under Magnetic Field. We used PDMS
microdroplets as our confinedmicrogeometrymodel system and
examined the organization of the magnetic architectures inside
the MD-DOMs as we varied the concentration of the MNPs.
The assemblies and the interactions between them were
observed by rotating and aligning the MD-DOMs using a
permanent magnet (Figure 2a). This caused the assemblies to
transition their configuration from laterally aligned structures to
vertically aligned structures. We refer to the former structures as
being coplanar with any planes parallel to the plane of view of the
microscope (P∥POV), and the later ones as being coplanar with
any planes perpendicular to the plane of view (P⊥POV) (Figure
2b). By immersing the beads in refractive index (RI) matched
silicone oil, we could visualize the cross-sectional structure of
these assemblies along P⊥POV and could accurately distinguish

between chains and bundles (Figure 2c). As seen from these
high magnification optical images, the thin chains are spaced far
apart due to repulsive interactions, while in the case of bundles,
the chains aggregate laterally during the assembly process.
We present a set of optical images in Figure 2d, showcasing

the assemblies inside the droplets as a function of increasing
MNP loading for two different configurations, i.e. when the
chains are laterally aligned and when they are vertically aligned.
At the lower MNP loading of 1.25%, the MNPs aligned
tangential to the field, forming multiple short chains as evident
from their lateral alignment images. Upon increasing the MNP
concentration to 2.5%, they further formed long thick chains
running from one to the other ends of the droplet. The chains
were spaced far apart from each other, indicating the lack of
lateral attraction between them. Similar short and long chains
have been reported earlier by Liu et al. in their simulation study
of dynamic magnetic assembly of paramagnetic particles in
confined microspheres.61 An intermediate MNP loading of 5%
led to lateral coalescence of the 2D chains normal to the field
direction due to short-range attraction between neighboring
chains. These chains then started to coarsen to form bundles.
This transformation was most effectively visualized when the
assemblies were reoriented along P⊥POV, revealing the
emergence of large irregular cross sections in the assemblies
due to chain aggregation. Yet, some 2D chains were still far away
from each other, and did not fall within the capture radius of
each other, i.e. the interchain separation is large enough such
that the attractive interactions do not dominate to assemble
them further. Subsequently, with increasing MNP concen-
trations reaching 10% and beyond, all of the chains eventually
collapsed to form semicrystalline structures or thick bundles.
In the presence of a magnetic field H⃗, the MNPs acquire a

magnetic moment mi
⃗ = ViXH⃗, where Vi is the volume of

magnetized domain, X is the effective magnetic susceptibility.
The MNPs exhibit attractive dipolar interactions along the field
direction, resulting in alignment even over long interparticle
distances. Two dipoles separated by a distance of rij experience
an interaction potential, which is given by

Figure 3. (a−d)Optical micrographs ofMD-DOMS at 1.25wt%MNPswith different number of chains at different diameters. (e) Bar plot of the
number of chains vs microdroplet diameter at MNP wt % ranging from 1.25 to 5. (f) Average lateral area per chain vs MNPs wt % showing the
increase in their cross-sectional thickness.
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where μ0 is the vacuum permeability, rij
÷÷ is the position vector

between the dipoles and θ is the angle between the position
vector and the magnetic field. At θ = 0°,the strength of the
dipolar interactions at low MNP loadings (such as 1.25 and 2.5
wt %) is maximized, leading to assembly of linear MNP chains
with a head-to-tail configuration among the particles. These
chains laterally repel each other and stay as far as possible apart.
Although the chains were fragmented in the case of 1.25 MNP
wt %, the chain separation decreases with increasing MNP
density such as 2.5% MNP loading. As a result, the short chains
interacted to form long chains, which extend throughout the
MD-DOMs. In bulk systems, the final equilibrium state of these
assemblies is mostly determined by the particle concentration
and the interactions between the MNPs. However, in droplets,
the confinement represents a third factor, which affects the final
states. The characteristic length of the chains inside the MD-
DOMs is governed by their position inside the droplets. It is
evident that the chains near the equatorial plane of MD-DOMs
oriented along the field were longer than the ones far away from
the equatorial plane. This is an interesting finding, which we do
not generally see in bulk systems, where the particles form chains
of uniform length. Second, because of confinement, the chains
are not allowed to grow indefinitely, as in bulk systems. Instead,
the chains separate out across multiple planes coplanar with the
field along z directions inside the microdroplets. Third, at high
MNP concentrations of 5 to 20%, in spite of very strong lateral
interchain repulsion, the chains could not separate as far as
possible to minimize their energy since they are confined inside
the droplets. Thus, the system reaches a magnetostatically
unstable state.23 An attractive short-range potential exists
between flexible chains that seems to coarsen the system to
form 3D bundles.20,21

Next, we counted the number of chains inside theMD-DOMs
of increasing sizes at MNP concentrations from 1.25% to 5%
(Figure 3a−d and Figure S4). It is evident that the number of
chains was strongly correlated to the droplet size, irrespective of
theMNP concentration (Figure 3e). ForMD-DOMs larger than
10 μm, we also see that the number of chains increased with
increasing MNP concentration. We further fitted the scatter
plots with curves to evaluate how the number of chains (nchains)
varied as a function of the PDMS microdroplet diameter,
dMD−DOMs (Figure S5). It was found that the number of chains
followed a power-law scaling relationship, i.e., nchains ∼
(dMD−DOMs)z. The scaling exponent z was ≈2, which confirmed
that the number of chains increased linearly with respect to the
microdroplet cross-sectional area. The density of chains per unit
area of the microdroplets remained constant and thus helped us
to accurately predict the number of chains insideMD-HOMof a
fixed size. Overall, nchains ∼ (dMD−DOMs)2 × concentrationMNP.
Finally, we plotted the average lateral area per chain (Figure 3f),
which was determined from the cross-sectional area of the chains
as they face along P⊥POV. The lateral area was found to increase
from 0.83 μm2 to 8.39 μm2 as the MNP concentration increased
from 1.25% to 5%. The increase in the cross-sectional area of the
chains validated the evolution of hierarchical structures from

thin chains to thick chains to coexistence of chains and bundles
as we vary the MNP concentration from 1.25% to 5%.
An overall state diagram summarizing the phase transition of

the microstructures across various diameters of MD-DOMs and
different MNP loadings is presented in Figure 4. We have

identified 4 distinct phases: uniform dispersion or empty beads
(red), only chains (green), chains coexisting with bundles
(orange) and only bundles (blue). Below a threshold diameter
of MD-DOMs (0−4 μm) and concentration of MNPs (0−8 wt
%), chain formation is absent. From eq 2, it is evident that

U
VV

rmin
i j

ij
3 , when θ = 0°. The interparticle distance at which this

magnetic energy is equal to the thermal energy is known as the
capture radius Rc and is given by

R
VV

Tc
i j

1/3i
k
jjjj

y
{
zzzz

(3)

The second important length scale that governs the magnetic
assembly is the initial average interparticle spacing of the
randomly distributed MNPs in the droplet prior to field
exposure, which is given byR0 ∝ (Φi Φj)−1/3, whereΦ represents
the volume packing fraction of the magnetic domain.62 If Rc/R0
< 1, the thermal fluctuations dominate over the magnetic
interactions and the assembly is diffusion-limited, i.e. the MNP
must diffuse into the capture radius to form chains. This typically
happens in smaller droplets with low MNP loading. However,
due to high viscous drag of the PDMS precursor, the diffusion
kinetics is much slower than the time scale of curing, which
inhibits chain formation. As a result, they displayed a gas-like
behavior. However, as both the microbead diameter and MNP
wt % increased, Rc/R0 becomes >1 and the magnetic energy
dominates over thermal fluctuations. MNPs instantaneously
start forming chains or string fluids parallel to the field

Figure 4. Microstructural state diagram of the organization of the
hierarchical assemblies inside MD-DOMs of different diameters at
MNPs wt % ranging from 1.25% to 20%. The system marked as E
corresponds to randomly dispersed particles or empty beads, C
corresponds to chains only, C+B corresponds to chains + bundles, B
corresponds to bundles only (schematic not to scale).
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direction.63 Hynninen and Dijkstra reported similar types of
structures of colloidal dipolar hard spheres in an infinite domain
by simulation at low particle densities oriented by external
fields.64 As depicted by the schematic in Figure 4, there can be
either thin chains or thick chains which consist of multiple
MNPs.
A phase transition from only chains to coexistence of both

chains and bundles is observed at MNP weight percentages as
low as 4% for MD-DOMs with sizes ranging from 15 to 25 μm,
and as high as 16% for MD-DOMs with a size of 1 μm. This is
equivalent to the hard sphere phase behavior with a dipole
moment where the system shows a first-order phase transition

from fluid phase (chains) at low MNP volume fraction to face-
centered-cubic solid (bundles) at high volume fraction.65,66 At
MNP wt % ≥ 9, the packing fraction of the body-centered-
tetragonal phase keeps on increasing as the chains vanish
entirely, and the assemblies consist solely of bundles. This region
broadens at high MNP concentrations where the nanoparticles
have less mobility and are unable to relax to their lowest energy
because of high lateral repulsion between the chains. Therefore,
the MNP chains collapse on each other out of registry by
overcoming the energy barrier forming bundles with “zipped”
chains.

Figure 5. (a−d) Arrangement of themicrostructures withinMD-DOMs at a 1.25 wt %MNP loading when the chains are aligned vertically along
P⊥POV plane. Configurations a and c represent the preferred out-of-plane triangular and quadrilateral arrangements, whereas configurations b
and d are the less favorable. The insets provide 3D schematic representations of these chain configurations within confined spaces. (e and f)
Frequency of observing various configurations based on experimental data from 3 chains and 4 chains systems, respectively.

Figure 6. Effect of chain separation distance, d, on the calculatedmagnetic energy difference by COMSOL simulation for (a) two chains and (b)
three chains inside MD-DOMs. The chain separation distance is presented in multiples of 2a (a is the MNP radius).
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We further explored the orientation of the microstructures
inside the MD-DOMs under conditions of very low chain
densities such as MNPs forming 3 or 4 chains (Figure 5a−d and
Figure S6). This offers an insight into how the structural
characteristics of the magnetic assemblies differ in confined
microgeometries compared to unconfined systems. Two types
of configurations were observed in the 3 chains system: 1) the
chains aligned such that they formed an out-of-plane triangular
configuration, and 2) they aligned on the same plane. The
frequency of the chains with out-of-plane alignment observed
experimentally from 30 droplets is roughly 7× higher than the
frequency of coplanar conformation for 1.25 MNP wt % and
20× higher for 2.5 wt % (Figure 5e). This finding showed that
the out-of-plane triangular configuration of the chains is a more
stable state as opposed to their in-plane configuration. The
former permits larger distance of separation between the three
chains than their in-plane configuration in a confined geometry
of a fixed area and minimized the overall potential energy.
Similarly, in a 4 chains system, they aligned in a quadrilateral
pattern (Figure 5f), which is the preferable arrangement of
fitting a fourth chain in the confined space with chain repulsion.
We do not see this unconventional chain arrangement in
unconfined geometries, where in fact the opposite holds true, i.e.
the chains mostly arrange in the same plane, parallel to the field.
Therefore, our results confirmed that the spatial confinement of
the host droplets plays a role in the arrangement of the MNP
microstructures during the assembly.
Modeling of MNP Assembly in Confined Micro-

geometries. To evaluate the effect of MNP concentration on
the microstructural phase transition, we performed 2D and 3D
finite element analysis of the magnetic field distribution in
systems with chains with MNPs of radius a confined in a PDMS
microdroplet under a static magnetic field of 15 mT. Here, we
followed a “quasi-Monte Carlo” approach where the position of
the chains was changed to simulate and compare the different
types of structures that could form inside the MD-DOMs at
various MNPs weight fractions.32,67 The total magnetic energy
stored in the system was calculated. This procedure was
repeated until we identified the configuration with minimum
stored magnetic energy, which corresponds to the most
favorable chain arrangement.
For low MNP concentration, we simulated MD-DOMs

systems containing 2 chains (Figure 6a) and 3 chains (Figure

6b). For the 2-chain system, the configuration with the chains at
a separation distance (d) of 12a is considered as the baseline. It
corresponds to the largest separation distance possible, as the
chains cannot move further because of the microdroplet
confinement. This base assembly was compared with other
configurations where we decreased the chain separation distance
by 2a, until they were aligned laterally to each other. The
simulation of the magnetic flux density (Figure S7) showed that
the magnetic energy was lower in the case of maximal separation
of the chains and that the energy difference increased as we
decreased the interchain separation. Similarly, for the 3-chain
MD-DOMs, the equilibrium configuration was an equilateral
triangle in good correspondence of what was found in the
experimental observations. In this case, the magnetic energy also
decreased with an increase in the interchain separation distance
from 0 to 10a, thereby confirming the triangular configuration of
chains as the favorable one.
Four configurations were examined for the case of modeling

of systems at higher MNP loading where we saw bundle
formation in our experiments (Figure 7a−d). In configuration A,
the chains were evenly spaced, while in the remaining
configurations, the chains started interacting laterally and
formed bundles. Both configurations B and C had two pairs of
chains at the top and bottom forming bundles. In configuration
B, the MNP dipoles in each of these bundles were in registry, i.e.
the center of the MNP in one chain was aligned with the center
of the MNP of the other chain in the bundle. In configuration C,
the chains had offset dipoles or out of registry, i.e. the second
chain is shifted by 3a with respect to the other. Finally for
configuration D, all chains collapsed laterally to form three
bundles. As anticipated, our simulation showed that although
the energy increases as the chains with induced dipoles aggregate
laterally, it drops when the dipoles are organized in the more
favorable out-of-registry configuration (Figure 7e). The energy
decreased further as more out-of-registry chains formed bundles.
For reference, we also simulated a microdroplet with the same
number of randomly dispersed MNPs (Figure S8). It was found
to have an (unfavorable) energy difference of 1.42× 10−13 J with
respect to the baseline chained configuration. This difference is
nearly 600× higher than the energy difference of configuration B
with respect to the baseline, which confirms our hypothesis that
the bundles are the dominant configurations at higher MNP
loading. Theoretical calculations had shown previously that

Figure 7. (a−d) Simulations of the magnetic flux density for different configurations ranging from individual chains to bundles inside MD-
DOMs at higher MNP loading. The bar to the right of a-d indicates the magnetic flux intensity (in G). (e) The effect of chain configuration on
the magnetic energy difference.
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there is a critical length of the chains above which the formation
of bundles with chains in zipped configuration is energetically
favorable. The calculated critical length depends on the number
of particles in the chains, and is typically >14.68 This happens
because the decrease in magnetic energy for head-to-tail
alignment of longer chains saturates at ̃ −1.64 Umin (Umin is
the minimum magnetic energy).69 Therefore, at high MNP
loading inside the droplets, the chains form bundles in zipped
configuration through short-range attraction at the expense of
long-range repulsion.
Magnetic Properties of MB-ROMs and MB-DOMs. The

magnetization (M) of the microbeads with randomly organized
(MB-ROMs) and directionally oriented (MB-DOMs) MNPs
were measured at 300 K as we scanned the magnetic field (H)
between ±50 kOe (Figure 8). Diamagnetic contributions of the

PDMS polymer and sample holder were removed by adding a
linear magnetization with an intercept at the origin to the
magnetization curve, forcing the curves to saturate to a flat line.
These curves were then normalized with respect to the
maximum magnetization (Mmax) to make |M| ≤ 1 because the
low mass of MNPs in each sample is difficult to measure and
would result in significant uncertainties in an absolute
magnetization scale. The magnetization of the MB-ROMs and
MB-DOMs was found to be consistent with those of the MNPs
(Figure S9). Chaining had a minor effect on the steepness of the
magnetization curves corresponding to the difference in the
magnetization along the chain direction and perpendicular to
the chain direction.
For both the 1.25 and 20 wt % MD-DOMs, the parallel

orientation of the assemblies has the easiest magnetization, and

the perpendicular orientation has the hardest magnetization, i.e.
the parallel orientation had a steeper slope in theM vsH curve as
compared to the perpendicular orientation. For reference, we
also characterized the MB-ROMs, which had an intermediate
magnetization that is somewhat closer to the perpendicular
curve than the parallel curve. These differences are reflected in
the remanentmagnetization (Mrem) whenH is equal to 0Oe. But
the coercivity or the magnetic field required to demagnetize the
microbeads (seeH at |M| = 0) is not affected by chaining, which
is consistent with previous studies of chained MNPs.14 Among
all measurements, the coercivity ranges between 80 and 90 Oe,
which is relatively low and consistent with MNPs that are
ferromagnetic at room temperature, but are strongly affected by
thermal energy and are nearly superparamagnetic. These results
are consistent with expectations for the chains to impart
magnetic anisotropy, such that magnetization parallel to the
chains is favorable and perpendicular to the chains is
unfavorable. In principle, the differences in the magnetization
curves can be related to the magnetic torque exerted on the
chain, but we are not aware of straightforward models for
establishing this relationship.

Applications of MB-DOMs Based on Field-Induced
Torque. Now, we discuss how the macroscopic magnetic
response of the cured microbeads (MBs) depends on the MNP
structuring inside them. Our results allow us to distinguish 4
different systems where the response of the beads differs based
on the structuring of the embedded MNPs and their magnetic
polarizability. Magnetic particles that are homogeneously
distributed throughout the MB-ROMs have weak polarizability
and do not respond to torques under continuously rotating fields
(Figure 9). However, the anisotropic organization of the MNPs
inside MB-DOMs leads to a strong magnetic polarization in the
direction of the chains as shown from the magnetometry results.
If the MB-DOMs are subjected to a rotating magnetic field, they
will exhibit torque due to the tangential component of the
dipolar force and will align with the field. This field-induced
torque of the microbeads will subject them to rotate in-plane or
out-of-plane depending on the rotation direction. Video S1
shows how our MB-DOMs rotate in place in dilute suspensions
upon applying an in-plane rotating field.
If the MNPs embedded inside the MBs are super-

paramagnetic, the MNP chains will lose memory of their
previous polarization when the field is turned off, due to their
negligible residual polarization. As a result, the microbead chains
will disassemble via Brownian motion and can be reconfigured
on-demand. In contrast, if the aligned MNPs have residual
polarization such as iron oxideMNPs used in our study, they can
remainmacroscopically chained when the field is turned off. The
magnetic permeability of the cured PDMS matrix is close to one
of vacuum and can be safely ignored. Rather, the magnetic
polarizability of the MNP assemblies embedded inside the
microbeads governs the overall chaining behavior of the MB-
DOMs. As seen in Figure 9, the MNP assemblies inside the
microbead face head-to-tail in dipolar interaction with other
microbeads. Further investigations are needed to understand the
dynamic arrangements of the bead assemblies in concentrated
systems in response to different types of magnetic fields.
Overall, the 4 types of MB systems synthesized here by

combining different types of MNP structures inside the
microbeads along with various remanent magnetization profiles
provide an “interactions toolbox” for these soft micro magnets.
Based on the applications needed, this toolbox can be used to
adjust the required response, dynamics, and structuration of the

Figure 8. Field-dependent magnetization for MB-ROMs and MB-
DOMs measured parallel and perpendicular to the direction of the
MNP assemblies at 300 K: (±1000 Oe) (a) 1.25 wt % and (b) 20 wt
%. Insets show the full magnetization curves.
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MB system. In the next section, we describe how we take
advantage of the torque-induced rotation of the MB-DOMs to
demonstrate two types of potential applications: (i) active
microrollers and (ii) systems with optical modulation of the
transmitted light.
Magnetically Actuated Micro Rotors. Our MB-DOMs

have excellent magnetic responsiveness, and, as a result can serve
as magnetically actuated microrollers. One common method to
propel a magnetic microroller is by actuating it with a magnetic
field in the plane perpendicular to a surface or a wall, which
breaks the flow-field symmetry around the particle.70−72 As a
result, the rotating spherical particle experiences different
hydrodynamic resistances at the bottom and the top, resulting
in translational motion.73 The MB-ROMs and MB-DOMs
dispersed in DI water were subjected to a circularly polarized
rotating magnetic field by a permanent magnet in the x−z plane,
characterized by H⃗(t) = H[cos (ωt)ex − sin (ωt)ez], where ω is
the angular frequency of the magnetic field, t is the time and ex
and ez represent the unit vectors along x and z axes (Figure 10a).
Notably, the nonstructured MB-ROMs were not able to

respond to the magnetic torque created due to the rotating field
and were not able to tumble in any direction (Figure 10b,e). On
the other hand, MB-DOMs, with the chains continuously trying
to align with the field, rotated due to a magnetic torque equal to
Tm = μ0(m*H) where m is the magnetic moment of the
microbeads. By rotating the permanent magnet clockwise or
anticlockwise we generated clockwise or anticlockwise rotation
of the microbeads (Figure 10c,d). TheMB-DOMs roll along the
substrate on top of the lubrication layer between theMB-DOMs
and the substrate,71,72 and can tumble forward (Video S2) or
backward depending on the direction of rotation as shown in
Figure 10f and g respectively. The dynamics of the microbeads is
dictated by the balance between the magnetic torque (Tm) and
viscous torque, Tv = −αrΩ where αr is the rotational friction
coefficient and Ω is the angular velocity of the microbead.74 By
tracking the displacement of the MB-DOMs (Figure 10h), we
found that they could propel at a linear speed of 200 μm/min at a
magnetic rotational frequency of 35 rpm. The speed of the MB-
DOMs was linearly proportional to the rotational frequency of
the field and these rollers can have applications such as efficient

microscale mixers or as microbots in biomedical and drug
delivery.

Magnetically Responsive Optical Modulation. The
anisotropic structure of the MB-DOMs could be used to control
the transmission of the light through the microbeads when the
orientation of the chain assemblies inside them is changed in
relation to incident light.75 PDMS exhibits high transparency to
visible light,76 and the light attenuation is entirely dependent on
the nanoparticle structures in the beads. The uniformly
distributedMNPs inMB-ROMs absorb incident light regardless
of their orientation. They are also unresponsive to rotating fields
and therefore lack optical modulation. In contrast, MB-DOMs
enable localized optical modulation and macroscopic visual
changes by adjusting chain orientation using a rotating magnetic
field relative to the light source.
Figure 11a,b illustrates how when incident light is

perpendicular to the magnetic field, laterally aligned chain

Figure 9. General behavior of cured MB-ROMs and MB-DOMs in rotating magnetic fields. MB-ROMs do not experience any torque, while the
MB-DOMs experience torque and align dynamically with the rotating field. MB-DOMs can be further redispersed or can remain assembled into
chain-like structures when the rotating magnetic field is switched off depending on the residual polarization of the embeddedMNPs structures.

Figure 10. (a) Rotating magnetic field along x−z plane acting on
different classes of microbeads. (b) No directional motion in the
case of MB-ROMs, (c) forward propulsion and (d) backward
propulsion of MB-DOMs due to clockwise and anticlockwise
tumbling, respectively, in the presence of a rotating magnetic field.
(e−g) Particle tracking of a 25 μm microbead for 30 s showing no
propulsion (MB-ROMs) vs forward/backward propulsion (MB-
DOMs). h) Net displacement vs time graph.
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assemblies have a high adsorbing cross-section, reducing light
transmission. Conversely, parallel alignment of incident light
and magnetic field allows more light to pass through the
microbeads, since the chains are aligned normal to the plane of
view (POV) and occupy less cross-sectional area inside the
microbeads. It is noteworthy that we must choose a suitable
MNP loading in which the longitudinal dimensions of the chain
assemblies will be greater than their lateral dimensions.
Therefore, we have chosen MB-DOMs with 2.5 wt % MNP
loading, where the MNP chains have much larger characteristic
length in one direction as compared to the other. As shown in
grayscale images of such MB-DOMs with varying sizes (Figure
11c,d), the greater surface coverage by chains within microbeads
indicate less transmission of light when the chains are aligned
laterally. As the beads are rotated and the chains are realigned
from P∥POV plane (perpendicular to incident light) to P⊥POV
plane (parallel to incident light), we see an increase in white
pixel intensity (Figure S10). The laterally aligned MB-DOMs
exhibit approximately 60% higher optical density than vertically
aligned ones (Figure 11e). Thus, our findings demonstrate that
the optical density of these microbeads can be modulated
through simple rotation under an external field.

CONCLUSIONS
We show that a static magnetic field can be used to create
hierarchical structures by assembling magnetic nanoparticles
confined inside microdroplets. At low MNP concentrations,
chains of various lengths are formed, which coalesce at high
MNP loading to form bundles with zipped chains by overcoming
lateral repulsion. The formation of bundles is attributed to the
confinement of the particles inside the droplets, where the
assembled particle chains cannot grow to lengths comparable to
the ones in bulk systems. The number of chains varies linearly
with the bead cross-section area, while the cross-section of the
assemblies increases with the nanoparticle concentration. We
also observed out-of-plane geometrically stable arrangements
such as triangular or quadrilateral patterns, which one does not
intuitively expect to see in infinite domains. COMSOL
simulations of the magnetic energy of various MNP structures
show good agreement with the configurations that were found in
the experimental studies. We show how four classes of particles
with different magnetic response, polarizability and interactions
can be formed after the assembled chains are immobilized in the
cured PDMS droplets. These microbeads represent an

“interaction toolbox” with different dynamic responses and
types of macroscale assemblies formed. We show how such
functional microbeads with torque driven response can be used
in systems with active roller propulsion and optical modulation.
These four types of soft microbeads can be easily synthesized in
scalable processes based on bulk emulsions. The possibility to
fabricate such soft magnetic particles on a large scale could
enable future applications such as biomedical formulations, drug
delivery techniques, optical filters, smart windows, and sensors.

EXPERIMENTAL SECTION
Synthesis of Microbeads without and with Internally

Embedded MNPs. In order to synthesize PDMS microbeads without
internalized MNPs, first 14% poly(vinyl alcohol) (PVA) solution was
prepared by adding 16.28 g of PVA (Mowiol 18−88, Sigma-Aldrich) to
100 mL of deionized water and was heated at 120 °C for 3 h under
vigorous stirring at 400 rpm. Five g of PDMS precursor (Sylgard 184,
Dow chemical) was mixed with the curing agent in the ratio of 10:1,
degassed under vacuum and then added in 25 g of prepared 14% PVA
solution. The emulsion was presheared using a Servodyne electronic
mixer (Cole-Parmer, Model # 50003, USA) equipped with an impeller
(three blades at 1 cm) at a shearing rate of 150 rpm for 15 min, leading
to the formation of large, polydisperse silicone droplets. The droplets
were further fragmented at various shearing rates of 250, 500, 750, and
1000 rpm for 30 min to synthesize PDMS microdroplets of higher
monodispersity. Finally, the droplets were cross-linked at 60 °C for 5 h
to synthesize the PDMS microbeads. The cured microbeads were
centrifuged while washed with 0.1 wt % Tween-20 solution at 4400 rpm
for 5 min to remove PVA from the suspension. This process was
repeated five times, and the microbeads were finally dispersed in
Tween-20 solution.

The making of MB-ROMs andMB-DOMs involved an initial step of
dispersing the iron-oxide (Fe2O3) nanoparticles (50 nm, MKNano) in
the PDMS precursor before emulsification. Calculated weights of
MNPs for different wt % ranging from 1.25 wt % to 20 wt % were
dispersed in tetrahydrofuran (THF) by ultrasonication using a probe-
sonicator for 30 min. Notably, the MNPs were dispersed in the form of
small micron-scale clusters, due to the residual magnetic interactions.
The silicone precursor was then added to the nanoemulsion and
ultrasonicated for another 30 min. In this way, THF temporarily
reduced the precursor’s viscosity. Finally, THF was Rota evaporated
overnight to uniformly distribute theMNPs in the PDMS precursor. To
synthesize MD-ROMs, the microdroplets were formed using a similar
procedure as described above by emulsifying the PDMS precursor
containing MNPs. An external attractive static magnetic field (15 mT)
was applied before and during the curing step to orient theMNPs inside
the droplet matrix, which formed MD-DOMs and eventually MB-
DOMs after curing.

Figure 11. (a and b) Optical transmission of incident light when the magnetic field is perpendicular or parallel to the incident light causing the
MB-DOMs to rotate from laterally aligned chains to vertically aligned chains. (c and d) Grayscale images of laterally aligned and vertically
alignedMB-DOMs of different sizes at 2.5 wt %MNP loading. (e) Optical density variation between laterally aligned and vertically alignedMB-
DOMs of different sizes.
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Optical Characterization. The microdroplets/microbeads along
with the internalized structures were visualized by a bright field
microscope (BX-61 Olympus). A suspension of the microbeads was
placed on a glass slide and was enclosed from the top with a coverslip. In
the case of high magnification optical images of the assemblies, we
matched the refractive index by resuspending the microbeads in PDMS
precursor. Thus, the boundary of the droplets disappears, and we could
visualize only the assemblies inside. The assemblies may be difficult to
observe using optical microscopy as they align laterally in the absence of
an applied field. More specifically, the formation of dense or bundled
chains of MNPs might be hard to observe when examining a MD cross-
section across a single x−y plane. In order to address the limitation, a
rotating magnetic field with maximum field strength of 0.6 mT was
applied by rotating a Neodymium (NdFeB) magnet (size 1″ × 1″ ×
0.125″) 10 cm below the glass slide. This enabled us to rotate the
microbeads and reorient them such that the assemblies are aligned
perpendicular to the plane of view of the microscope (P⊥POV). The total
number of chains was calculated by counting the number of chains
inside the droplets when they are oriented perpendicularly. The cross-
sectional area of the chains inside the MD-DOMs was measured using
ImageJ by fitting a polygon around the chains oriented in the vertical
direction.

The optical density of the MB-DOMs with laterally aligned and
vertically aligned magnetic chains at 2.5 MNP wt % was determined by
using a similar rotating magnetic field as discussed above. Before and
after applying the rotating magnetic field, grayscale images were
captured at a manual exposure of 1/500 s and 200 ISO in all cases.
Subsequently, the images were binarized using MATLAB, and the pixel
intensities were converted to optical density values. A pixel intensity of
0 corresponded to an optical density of 3.6, while a pixel intensity of 255
corresponded to an optical density of 0.
COMSOL Simulation. The energy calculations were performed

using 2D and 3D finite element analysis with the magnetic field module
of COMSOL multi simulation package 4.2. The solution space was
divided into 3 subdomains: water media, spherical PDMSmicrodroplet
of radius 12 μm, and chains with 50 nm spherical iron-oxide MNPs.
Specifically, for 2D simulation, the geometry was specified as the cross-
sectional top view of the MD-DOMs. The physical property values for
relative permeability (μ) for each of these subdomains were specified as
water media (μ = 1 − χm = 1−9.04 × 10−6), PDMS (μ = 1−9.04 ×
10−6), and iron oxide MNPs (μ = 30000) where χm is the magnetic
susceptibility. An arbitrary background magnetic flux density was
applied to the system. After the boundary conditions within the
experimental cell were specified, the solution space was triangulated
into a conformational mesh and refined further. The solver was initiated
to calculate the magnetic field intensity by solving the Maxwell energy
equations. The local magnetic energy density, wB, in vacuum is

wB
B1

2

2

0
= where B is the magnetic field intensity and μ0 is the

permeability of free space (4π × 10−7 N/A2). The total magnetic energy
WB of the system was then calculated by integrating wB over the
subdomain volume (V): WB = ∫ VwBdV.

In the case of 2D simulation, this function integrated the magnetic
energy across the 2D area and was therefore transformed to a 3D energy
(with effective units of J) by multiplying by the microbead’s radius. The
calculations were repeated with more refined mesh sizes until the mesh
was small enough for the final calculated values to vary by less than
0.05%.
Magnetometry Measurements.Magnetic characterization of the

MB-ROMs and MB-DOMs was performed with a Quantum Design
MPMS 3 superconducting quantum interference device (SQUID)
vibrating sample magnetometer at 300 K. The magnetic microbeads
suspended in 0.1% Tween-20 solution were drop casted onto a glass
coverslip and dried before characterization. For the MB-DOMs, we
further applied a magnetic field of 100 mT during the drying step to
align all the microbeads along a specific direction. The sample was
placed on a quartz rod and inserted into the magnetometer. The
magnetization of the microbeads was measured with a scanning
magnetic field from 50 kOe to −50 kOe, then back to 50 kOe. The
“parallel” samples were measured with the field direction parallel to the

axis of the MNP assemblies for both 1.25 and 20 wt % samples, and the
“perpendicular” samples were measured with the field direction normal
to the axis of the MNP assemblies. It is worth noting that the parallel
and perpendicular measurements were comprised from the same drop-
casted sample but were from different sections and were not the same
piece measured sequentially.

Propulsion Studies. A 50-μL aliquot of suspension of the MB-
ROMS or MB-DOMs in DI water was placed on a glass slide and was
enclosed with a hydrophobic spacer at the periphery and a coverslip
from the top. A rotating magnetic field as discussed above was applied
using a permanentmagnet (size 1”× 1”× 0.125”) 10 cm below the glass
slide and the microbeads motion was recorded for 30 s using a bright
field Olympus BX-61 optical microscope. Particle displacements were
tracked using ImageJ and measured across time lapses.
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of bare MNPs; and (Figure S10) counts vs pixel intensity
for measuring optical density of the magnetic microbeads
when they are aligned laterally and perpendicularly to the
incident light (PDF)
Rotation ofMB-DOMs under an applied in-plane rotating
magnetic field (Video S1) (MP4)
Rorward tumbling ofMB-DOMs under an applied out-of-
plane rotating magnetic field (Video S2) (MP4)
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ABBREVIATIONS
PDMS:polydimethylsiloxane
MNPs:magnetic nanoparticles
MD:microdroplets with no nanoparticles inside
MB:microbeads with no nanoparticles inside
MD-ROMs:microdroplets with randomly organized MNPs
MD-DOMs:microdroplets with directionally oriented MNPs
MB-ROMs:microbeads with randomly organized MNPs
MB-DOMs:microbeads with directionally oriented MNPs
P∥POV:plane parallel to the plane of view through the
microscope
P⊥POV:plane normal to the plane of view through the
microscope
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