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ABSTRACT: Colloids can be used either as model systems for
directed assembly or as the necessary building blocks for making
functional materials. Previous work primarily focused on
assembling colloids under a single external field, where
controlling particle−particle interactions is limited. This work
presents results under a combination of electric and magnetic
fields. When these two fields are orthogonally applied, we can
independently tune the magnitude and direction of the dipolar
attraction and repulsion between the particles. As a result, we
obtain well-aligned, highly dense, but individually separated
linear chains at intermediate particle concentrations. Both the inter- and intrachain spacings can be tuned by adjusting the
particle concentration and relative strengths of both fields. At high particle concentrations and by tuning the electric field
frequency, the individual microspheres can assemble into colloidal oligomers such as trimers, tetramers, heptamers, and
nonamers in response to the electric field due to the synergy between dipolar and electrohydrodynamic interactions. These
oligomers, in turn, serve as building blocks for making hierarchical structures with finer architectures upon superimposing a
one-dimensional (1D) magnetic field. In addition to experiments, Monte Carlo (MC) simulations have been performed on
colloids confined near the electrode, interacting through a Stockmayer-like potential. They faithfully reproduce key
observations in the experiments. Our work demonstrates the potential of using orthogonal electric and magnetic fields to
assemble diversified types of highly aligned structures for applications in high-strength composites, optical materials, or
structured battery electrodes.
KEYWORDS: directed assembly, electric field, magnetic field, hierarchical structures, dipolar interaction

Colloids have been used as model systems for
investigating fundamental phenomena in materials
science, such as crystallization, phase transition, and

glass formation. Additionally, the arrangements of colloids in
one, two, or three dimensions can remarkably enhance the
mechanical, optical, or electrical properties of functional
materials.1−9 Therefore, acquiring the ability to direct the
assembly of colloids with fine architectures has remained a
compelling driving force behind extensive research efforts over
the past decade.10−16

Among the myriad approaches to colloidal assembly, the use
of externally applied electric and magnetic fields has garnered
significant interest. These fields induce dipolar interactions
among colloids, swiftly leading to diverse structures, including
microlassos,14 colloidal switches,17 chiral clusters,18 and
colloidal molecules.19−21 Furthermore, the magnitude and
effective range of these dipolar interactions can be tuned
conveniently by varying the field’s strength or frequency.16

Notably, one-dimensional (1D) magnetic or electric fields have
been widely used to align fillers such as nanospheres,
nanotubes, and platelets into linear chains within composite
materials. This alignment enhances mechanical strength26−28

or improves the ionic conductivity of battery electrodes.29,30

They have also been used to tune the structure and rheological
properties of fluids.31,32

However, those chain-like structures often lack precise
control, particularly at high particle concentrations, where
strong and short-range dipolar attractions between chains often
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result in the formation of aggregated bundles and fibrous
structures with nonuniform spacing. This limitation arises
because, under the influence of a single external field (electric
or magnetic), the nature of dipolar interactions (i.e., attraction
vs repulsion) cannot be independently controlled. Instead, it
depends on the angle between the separation vector of the
particles’ centers and the direction of the applied field. Such a
deficiency motivates this work that combines orthogonally
applied electric and magnetic fields to fabricate high-density
and well-aligned hierarchical structures of colloids.
When magnetic and electric fields are compared, it may

initially appear that the structures formed under one type of
field could also be achieved by the other because a magnetic
dipole is mathematically equivalent to an electric dipole.

However, as we will elucidate in this paper, subtle yet
significant distinctions exist between these two fields, both
conceptually and practically.33 To begin, a noteworthy
distinction is the absence of free magnetic monopoles. In
contrast, ions in a solvent can readily respond to the applied
electric field, resulting in intricate electrohydrodynamic flow
patterns around the particles depending on the frequen-
cies.34−36 More often than not, these electrohydrodynamic
effects introduce additional mechanisms through solvent-
mediated interactions, enabling the formation of complex
structures that cannot be attainable by magnetic fields alone.
Furthermore, the presence of a conducting substrate (i.e., the
electrode) introduces another layer of complexity. The
substrate serves as an equipotential surface and, as such,

Figure 1. Colloidal monolayers are assembled under magnetic and electric fields. (a) Optical image of bundles of linear chains formed by a
one-dimensional AC magnetic field parallel to the y-axis. By = 4.25 mT, f B = 50 Hz, and ηL = 0.510. (b) Schematic showing the assembly of
microspheres into linear chains and bundles. Black arrows represent the magnetic field and induced magnetic dipoles. (c) Optical image of
the nonclose-packed hexagonal array formed under an AC electric field parallel to the z-axis (Ez = 105 V/m, f E = 1,300 Hz, and ηL = 0.510).
(d) Schematic showing the assembly of microspheres into hexagonal arrays. Cyane arrows represent the induced electric dipoles. (e) Optical
image of high-density and well-aligned colloidal chains when the magnetic and electric fields are superimposed (Ez = 105 V/m, f E = 1,300 Hz,
By = 4.25 mT, f B = 50 Hz, and ηL = 0.374). The insets show a magnified area of the chains and the diffraction pattern of the whole image.
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interacts with particles through forces such as charge-image
charge and dipole-image dipole interactions, which influence
particle behaviors.
While it is true that electric fields can induce more complex

colloidal interactions than magnetic fields, the practical
implementation of three-dimensional (3D) electric fields
poses significant experimental challenges. This is primarily
because different sets of electrodes are needed to generate
multiaxial electric fields. Unfortunately, the field generated by
one set typically interferes with other fields, leading to a
fringing effect and field inhomogeneity within the sample.
Moreover, when the samples are not in direct contact with the
electrodes, a significant potential drop can occur across the
dielectric medium between them, thereby reducing the
effective electric field within the sample. In comparison, the
generation of multiaxial magnetic fields by assembling several
Helmholtz coils in different directions is much easier. No field
attenuation or “charge” screened interaction will occur within
the sample. Therefore, the combination of electric and
magnetic fields, capitalizing on the strength of both, offers a
novel avenue to exert precise control over interparticle
interactions and, by extension, the assembled structures.13,37,38

In this work, we combine a 1D alternating-current (AC)
magnetic field parallel to the substrate with a 1D AC electric
field oriented perpendicular to the substrate. This combination
enables us to effectively direct the assembly of colloidal
particles effectively. By inducing two mutually orthogonal
electric and magnetic dipoles on each particle, we gain precise
control over several aspects independently, including the
strength, direction, and nature of the dipolar interactions (i.e.,
whether they are attractive or repulsive). This level of control
allows us to create highly dense and precisely aligned colloidal
structures with complex architectures. Our results underscore
the tremendous potential of combining these two fields in an
orthogonal manner to achieve advanced colloidal assembly.

RESULTS AND DISCUSSION
Our experimental setup is shown in Figure S1. An aqueous
solution containing carboxyl functionalized magnetic micro-
spheres (1.05 μm DynaBeads) is sandwiched between two
indium−tin oxide (ITO) glass slides separated by h = 100 μm.
An AC electric field normal to the substrate (along the z-
direction) can be generated between the two ITO slides. In the
meantime, four air-cored copper solenoid coils arranged
orthogonally in the x-y plane allow us to create two-
dimensional (2D) magnetic fields. Under the 1D magnetic
field, although particles can be aligned into individual linear
chains at low particle concentrations, the assembled chains
tend to further aggregate into bundles at intermediate and high
particle concentrations (Figure 1a) in response to the uniaxial
magnetic field B = By cos(2πf Bt)ŷ (where f B is the magnetic
field frequency and By is the field strength). This phenomenon
can be understood by considering two adjacent chains in
Figure 1b. While there is strong magnetic dipolar repulsion
between two chains separated side by side, the total energy can
be minimized by staggering them, especially when they are
close enough. As such, there is a driving force for the
aggregation of neighboring chains until the bundles are
separated far enough that the dipolar interaction between
them is weak. This process depends sensitively on the local
concentration of chains, and as a result, there is often a wide
distribution in interbundle spacing.

On the other hand, when a 1D AC electric field E =
Ez cos(2πf Et)z ̂ (where f E is the electric field frequency and Ez
is the field strength) is applied along the z-axis, the same
microspheres assemble into a nonclose-packed hexagonal
crystal due to the electric dipolar repulsion arising from the
induced electric dipoles perpendicular to the substrate (Figure
1c,d). Here, we define the area fraction of the particles as ηL =
NLπσ2/4A, where NL is the number of bottom-layer particles, σ
is the particle diameter, and A is the field of view area.
Interestingly, when the two fields are applied orthogonally, we
obtain highly dense but well-aligned chains (Figure 1e and
Movie S1). While the particles still align into chains due to the
in-plane magnetic dipolar attraction, the out-of-plane electric
dipolar repulsions cause the chains to remain separated. From
the diffraction pattern (inset, Figure 1e), we can determine the
separation between the nearest neighboring particles along a
chain and the separation between chains. This type of structure
can be assembled because the amplitude and direction of the
two fields can be tuned independently. As such, the combined
magnetic and electric fields generate two orthogonally aligned
dipoles, allowing for fine control of the attractive and repulsive
interactions. Since the magnetic field is along the y-direction,
the induced magnetic dipole on each particle points toward the
same direction. The head-to-tail attraction between magnetic
dipoles is the driving force for chain formation. However, a
side effect is that neighboring chains also feel a driving force to
reduce the total energy by staggering together. We resolve this
issue by inducing an electric dipole on each particle orthogonal
to the magnetic dipoles. As a result, all particles feel a uniform
shoulder-to-shoulder electric dipolar repulsion among them-
selves. This force is weak enough not to interfere with the
magnetic alignment of the individual stripes. Still, it is strong
enough to prevent the aggregation of neighboring stripes,
leading to the pattern shown in Figure 1e.
The same structure cannot be obtained by applying a

magnetic field simultaneously along both the y- and z-
directions. As shown in Figure S2, individual chains are tilted
relative to the substrate. This is because even a weak magnetic
field along the z-direction would favor particle chaining along
the vertical direction as long as the gravitational energy barrier
(small for micro−or nanoparticles) can be overcome. Stronger
magnetic fields in the y and z-directions will lead to tilted
chains along the overall field direction, and chain bundling is
unavoidable if the chains are close to each other. Compared
with the magnetic field, there is an additional attraction
between the particles and the conducting substrate under the
electric field, i.e., the dipole-image dipole attraction, which can
attract all particles toward the substrate, making it much harder
to form vertical chains. Moreover, we will demonstrate later
that electrohydrodynamic flow (and interactions) can be
generated under low-frequency electric fields, which creates
more complex and intriguing structures that are not possible
under magnetic fields alone. Therefore, our work demonstrates
the advantages of combining the two fields.
We also used MC simulations to investigate the impacts of

relative magnetic and electric field strengths on a monolayer of
microspheres. The interaction between particles i and j is
modeled by a Stockmayer-like potential

U r U r U r U r( , , ) ( ) ( , ) ( , )ij ij ij ijE B LJ E E B B= + + (1)

which includes the Lennard-Jones (LJ), electric dipolar, and
magnetic dipolar interactions
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where rij is the separation between particles i and j, εLJ is the LJ
potential well depth, and σ is the LJ distance parameter. The
induced electric (magnetic) dipole moment of a particle is
taken to be aligned with the externally applied field direction
(electric field along the z-axis and magnetic field along the y-
axis). θE (θB) is the angle formed by vector rij and the z-axis (y-

Figure 2. MC simulations reveal the effect of combined electric and magnetic fields. (a) Colloids align into chain bundles in response to a
magnetic field only due to in-plane magnetic dipolar attraction. (b) Out-of-plane electric dipolar repulsion causes the particles to assemble
into a hexagonal lattice in response to an electric field only. (c−f) When both electric and magnetic fields are applied, particles align into
dense but well-separated chains. Insets indicate the strengths and directions of the electric (λE) and magnetic (λB) interactions. ηL = 0.50,
and N = 1000 for all simulations.

Figure 3. Impact of magnetic field on stripe patterns. The optical images illustrate the chain orientation at different magnetic field
conditions. (a) Bx = 4.25 mT, By = 4.25 mT, ϕ = 0°, and ηL = 0.400. (b) Bx = 4.25 mT, By = 4.25 mT, ϕ = 180°, and ηL = 0.400. (c) Bx = 4.25
mT, By = 0 mT, and ηL = 0.400. (d) Intrastripe spacing, Ly, can be tuned by the magnetic field strength. The electric field is held constant at
Ez = 105 V/m and at f E = 1,300 Hz.
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axis), as illustrated in Figure S3. The parameter εE represents
the strength of the electric dipolar interaction energy

K E /16E s
3

E
2

rms
2= (5)

where ϵs is the permittivity of the solvent, KE is the electric
Clausius−Mossotti factor, and Erms is the root mean square of
the applied electric field. The parameter εB characterizes the
strength of the magnetic dipolar interaction energy

K B /16B
3

B
2

rms
2

s= (6)

where KB = (μp − μs)/(μp + 2μs) is the magnetic Clausius−
Mossotti factor, μp(μm) is the permeability of the particle
(solvent), and Brms is the root mean square of applied magnetic
field strength. Here, we choose μp = 2 × 10−6 H/m based on
the literature.22 We define nondimensional parameters λE =
εE/εLJ (which characterizes the strength of the electric dipolar
interaction) and λB = εB/εLJ (which characterizes the strength
of the magnetic dipolar interaction). The relative strength is
defined as Λ = εB/εE = λB/λE. Since we fix the z-positions of
particles and make them into a monolayer, no particle−
electrode interaction needs to be considered in our
simulations.
When only a magnetic field (λB = 10) is applied along the y-

axis, particles align into linear chains along the field direction
first. They then aggregate into a staggered configuration,
forming dense bundles (Figure 2a), consistent with what was
observed in Figure 1a. When only an electric field (λE = 10) is
applied along the z-axis, repulsive interactions between
particles induce a nonclose-packed hexagonal array (Figure
2b). With the combined fields (Λ = 0.5), the hexagonal array
reorganizes and assembles into loosely aligned chains (Figure
2c). This critical ratio of Λ can be understood by considering
the magnitude of the electric and magnetic dipolar interactions
between a pair of spheres at contact. The electric dipolar
repulsion UE = εE because θE = 90°, while the magnetic dipolar
attraction UB = −2εB since θB = 0°. Therefore, a linear chain
can only be formed when |UB| ≥ |UE|, or equivalently Λ = εB/

εE = λB/λE ≥ 0.5. With increasing magnetic field strength, the
chains become more aligned, and particles within each chain
are more close-packed (Figure 2d,e). Interestingly, at high
magnetic field strength (e.g., Λ = 3), the long chains break into
shorter ones. In a chain segment exposed to high magnetic
field strengths, the two end particles experience a strong pull
from neighboring particles, placing the segment under tension
that could cause it to break into shorter chains. This might
explain the observation of shorter chains in simulations under
very strong magnetic fields. However, simulations with longer
time scales and larger simulation boxes would be required to
fully understand this phenomenon.
We further investigated how both fields can control the

chain patterns. First, we show that the applied magnetic field, B
= Bx cos(2πf Bt)x̂ + By cos(2πf Bt + ϕ)ŷ, can control the chain
orientations. Here, Bx (By) is the magnitude of the x- (y-)
component of the magnetic field strength, and ϕ is the phase
angle. As shown in Figure 3a,b, when Bx = By and φ = 0° (or
180°), the chains are oriented 45° (or −45°) relative to the x-
axis. Horizontally oriented chains can be obtained when By = 0
(Figure 3c). The chain orientation can be conveniently
adjusted by tuning either the field strength or the phase
angle between the magnetic fields along the x- and y-axes. As
the magnetic field direction changes, long chains break into
shorter ones (∼3−4 colloids long) before quickly reassembling
and aligning with the field (Movie S2). Furthermore, the
intrachain spacing (Ly), i.e., the separation between neighbor-
ing particles along the same chain, can be tuned by the
magnetic field strength (Figure 3d). As the magnetic dipolar
interaction is proportional to the square of the field strength,
stronger magnetic fields can drastically reduce the intrachain
spacing until the electrostatic repulsion between neighboring
particles balances the magnetic attraction.
The interstripe separations (Lx) can also be tuned by

changing the particle area fraction. As shown in Figure 4, with
increasing particle area fraction, the interstripe spacing
decreases under the same magnetic and electric field
conditions. Figure 4d shows that Lx is approximately inversely

Figure 4. Control of the interstripe spacing by tuning the particle surface area fraction, η. Optical images of the stripe pattern at (a) ηL =
0.248, (b) ηL = 0.186, and (c) ηL = 0.107. (d) Dependence of the interstripe spacing Lx on ηL. By = 4.25 mT, f B = 50 Hz, Ez = 105 V/m, and f E
= 1,300 Hz.
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proportional to ηL, i.e., Lx ∝ ηL−1. By definition, ηL = NLπσ2/A.
For a given field of view area A, the number of particles NL is
inversely proportional to the intrachain spacing Lx. Therefore,
it is expected that the interchain spacing is inversely
proportional to the area fraction. However, the spacing cannot
be reduced below ∼1.5 μm; as the particle concentration
increases further, the microspheres can no longer maintain a
monolayer array.
Individual particles can assemble into small nonplanar

colloidal clusters at high particle concentrations and under a
low-frequency AC electric field alone.19,20 For example, at f E =
2,000 Hz, linear trimers in which a central sphere sits on the
top of two bottom spheres are observed (Figure 5a). Pyramid-
like tetramers in which a sphere in the upper layer is associated
with three spheres in the lower layer can be found at a lower
frequency, e.g., f E = 750 Hz, as shown in Figure 5c. The
formation of those 3D oligomers can be attributed to the
synergy between the out-of-plane head-to-tail electric dipolar
attraction and electrohydrodynamic (EHD) flow, as discussed
in our previous work.19,23 At high particle concentrations, the
in-plane electric dipolar repulsion prevents more particles from

forming a monolayer. Instead, some particles tend to jump on
top of others, and the out-of-plane electric dipolar attraction
facilitates the association of the central top particles with the
bottom petal particles (blue and red particles in Figure 5a).
Although there is an energy barrier in switching from dipolar
repulsion to attraction (as the angle, θE, between the
interparticle separation vector (rij) and the electric field (E)
needs to be less than the magic angle of ∼54.7°),39 this energy
barrier can be significantly reduced by an additional extensile
EHD flow near each particle at low frequencies. As illustrated
in Figure S4, this extensile and circulating flow40 repels
neighboring particles on the substrate but attracts them (in
bulk) back toward the void between the bottom-layer particles.
It facilitates the formation of nonplanar clusters but prevents
vertical chain formation along the direction of the electric field,
although it is more energetically favorable from the dipolar
interactions alone. Indeed, since EHD flow is inversely
proportional to frequency,41 the nonplanar clusters disassem-
ble and vertical chains are observed at frequencies above 20
kHz, where EHD flow diminishes and dipolar interactions
dominate.

Figure 5. Chains were assembled from colloidal trimers and tetramers. In each image, experiment results are shown on the top. The ideal
structure is shown schematically in the upper right corner, while the left insets zoom in on the structure. The simulation results are shown at
the bottom. Red (blue) spheres represent particles in the lower (upper) layer. (a) Trimers formed in response to an electric field only
(experiment: Ez = 105 V/m, f E = 2,000 Hz, and ηL = 0.241; simulation: λE = 10, γ = 1:2, and ηL = 0.270). (b) Aligned chains assembled from
the trimers in part (a) upon superposition of a 1D orthogonal magnetic field (experiment: By = 5.1 mT and ηL = 0.257; simulation: λB = 5
and ηL = 0.270). (c) Tetramers formed in response to an electric field only (experiment: Ez = 105 V/m, f E = 750 Hz, and ηL = 0.385;
simulation: λE = 10, γ = 1:3, and ηL = 0.367). (d) Aligned chains assembled from the tetramers in part (c) upon superposition of a 1D
orthogonal magnetic field (experiment: By = 5.1 mT and ηL = 0.376; simulation: λB = 5 and ηL = 0.367).
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In our previous work,23 we have successfully modeled the
formation of clusters in MC simulations by confining the
particles to bilayers and tuning the ratio of the numbers of the
upper-plane to lower-plane particles, i.e., γ = NU/NL. For
example, by choosing γ = 1:2 and using the corresponding
experimental field strength and particle concentration, we
simulated the assembly of spheres into trimers, while tetramers
(Figure 5c) can be obtained by setting γ = 1:3. As such, we
demonstrate that the correct γ is needed to assemble clusters of
different sizes, which can be achieved in experiments by tuning
the particle concentration, field strength, and frequency. Note
that EHD flow and hydrodynamic interactions are not
explicitly considered in our MC simulations because the
hydrodynamic interactions are not additive. However, by
confining the particles in bilayers, we can still capture the
formation of smaller clusters since they are held together
primarily by dipolar interactions. We also emphasize that EHD
flow occurs at low particle concentrations, too. In a monolayer
of well-separated particles, the extensile EHD flow generates
hydrodynamic repulsion between neighboring particles. The
far-field approximation of this repulsion scales with 1/r3,41

similar to the electric dipolar repulsion. Consequently,
although EHD interactions are not included in our simulations
in Figure 2, they can still capture the essential structures and
dynamics of chain formation at low particle concentrations.
The assembly of nearly monodisperse colloidal clusters such

as trimers and tetramers under an electric field allows us to
conveniently investigate the influence of magnetic fields on
building blocks beyond simple microspheres. As shown in
Figure 5a,b, while the trimers assembled under the electric field
alone are randomly oriented, they realign into trimeric stripes
when a 1D AC magnetic field is superimposed along the y-axis.

Here, both the magnetic (in-plane head-to-tail) and electric
(out-of-plane head-to-tail) dipolar interactions favor the
alignment of the trimers. In contrast, the tetramers can no
longer preserve their shapes in response to the additional
magnetic field (Figure 5c,d) due to the strong magnetic
alignment along the y-direction. Instead, the tetramers are
disassembled into trimers and monomers arranged alternately
into stripes. Under the corresponding experimental conditions,
the simulated structures in Figure 5b,d closely resemble our
experimental results. Therefore, we find a route to introduce
finer architectures into the aligned stripes using more complex
building blocks than colloidal spheres assembled by the electric
field.
Stripes with more exotic structures can be made using other

building blocks assembled at lower electric field frequencies
and higher particle concentrations. For example, at f E = 450
Hz, two neighboring tetramers can further assemble into a
butterfly-like heptamer, in which they share a common lower-
plane particle (Figure 6a). In simulations, we found that similar
clusters can be modeled by setting γ = 2:5. Similar to what is
observed in experiments, we note that the butterfly clusters
tend to be stable at higher concentrations. At an even lower
frequency, i.e., f E = 350 Hz, triangular nonamers are assembled
from three tetramers, each sharing two lower-plane particles
with the other tetramers (Figure 6c). The dependence of the
cluster size on frequency (i.e., from trimer to nonamer) is
consistent with our hypothesis that the extensile EHD flow
reduces the energy barrier for switching from dipolar repulsion
between particles in the same plane to dipolar attraction
between particles located in different planes. As the EHD flow
becomes stronger at low frequencies, larger clusters (formed by
five or more particles) are observed. While the formation of

Figure 6. Well-aligned chains formed by colloidal heptamers and nonamers. (a) Butterfly-like heptamers formed in response to an electric
field only (experiment: Ez = 105 V/m, f E = 450 Hz, and ηL = 0.486; simulation: λE = 11, γ = 2:5, and ηL = 0.459). (b) Aligned zipper-like
stripes formed by the heptamers in part (a) upon superposition of a 1D orthogonal magnetic field (experiment: By = 5.1 mT and ηL = 0.475;
simulation: λB = 4 and ηL = 0.459). (c) Triangular nonamers formed in response to an electric field only (experiment: Ez = 5 × 104 V/m, f E =
350 Hz, and ηL = 0.752). (d) Aligned double-column bundles formed by the nonamers in part (c) upon superposition of a 1D orthogonal
magnetic field (experiment: By = 5.1 mT and ηL = 0.771; simulation: λE = 7, λB = 5, γ = 2:3, and ηL = 0.790). While the nonamers in part (c)
cannot be simulated, the structures in part (d) were obtained in the simulation by choosing an initially random distribution of particle
bilayers with γ = 2:3.
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large clusters is primarily driven by frequency, higher particle
concentrations tend to yield a more uniform distribution of
building blocks within the field of view. This strategy creates a
favorable pathway for assembling particles into heptamers,
nonamers, and larger clusters. We note that our Monte Carlo
simulations do not produce nonamer structures, likely due to
the omission of complex near-field EHD interactions, which
are critical in forming close-packed colloidal clusters and the
mutual dipole model at high particle concentrations. Never-
theless, our previous results,23 along with other results
presented in this work, demonstrate that the Stockmayer-like
potential is sufficient to model the electric-field-directed
assembly of colloids in most cases.
Similar to what is observed with the trimers and tetramers,

arrays of heptamers and nonamers reconfigure in response to
the addition of a magnetic field (5.1 mT) along the y-axis. As
shown in Figure 6b, the heptamers reorient and assemble into
zipper-like stripes to maximize the gain in magnetic energy. We
observe a similar behavior in our simulation when the relative
magnetic dipole strength is Λ ∼ 0.36. Unlike the transition of
trimers and tetramers into stripes, which occurs at constant γ,
we note that the transition from heptamers to zipper-like
stripes occurs with a small change in γ (γ = 2:5 vs γ = 1:2).
Therefore, some defects exist in the zipper-like stripes due to a
lack of upper plane particles initially. Similarly, the nonamers
become unstable in response to the magnetic field as particles
reorganize into wide columns consisting of rectangular unit
cells (Figure 6d). Arguably, they are equilibrium structures that
minimize the sum of magnetic and electric energies. While the
nonamer structures in Figure 6c are not observed in our
simulations, we find that the double-column stripes could still
be reproduced in simulations (Figure 6d) by choosing an
initially random distribution of particle bilayer with γ = 2:3. We
note that the formation of colloidal clusters serves as excellent
kinetic intermediates for developing the complex striped
patterns in Figures 5 and 6. Experimentally, applying electric
and magnetic fields simultaneously at high particle concen-
trations can also yield hierarchical stripes, although this
approach typically results in a higher number of defects.
We have performed more simulations with varying the upper

to lower-plane particle ratio (γ), particle concentration (ηL),
and relative magnetic field strength (Λ) to better understand
the impacts of these parameters on the stripe architectures. In
all simulations, particles were randomly distributed initially to
mimic our experiments. The electric and magnetic fields were
applied simultaneously. The equilibrium structures, however,
do not differ from what is obtained when an electric field is
applied before the introduction of a magnetic field or vice
versa. When γ = 1:1, straight stripes of dimers align along the y-
axis, formed by pairs of an equal number of red and blue
particles (Figure 7a). Particles in each plane are in contact with
the nearest neighbor along an individual stripe. Such a
structure is primarily stabilized by a strong magnetic field (Λ
= 1). When γ is changed to 1:3 and ηL is changed to 0.60, we
find a mixture of pentameric stripes and chains of monomers,
as shown in Figure 7b. In Figure 7c, when γ = 1:2 but with Λ =
0.7 and ηL = 0.67, we obtain an array of columns where a single
upper plane stripe (blue) is surrounded by two stripes of the
bottom plane particles (the red). This structure is noticeably
different from the array of trimeric stripes shown in Figure 5b.
The difference in stripe architecture is caused by increasing the
area fraction. At ηL = 0.60, particles in the lower plane prefer to
be assembled into square tiles, forming the base of a pentamer

unit cell. Finally, with γ = 2:3 but a relatively low field strength
ratio (Λ = 0.2), the stronger in-plane repulsive electric dipolar
interactions increase the spacing between particles within each
stripe. As a result, we observed stripes of rectangular bands
(Figure 7d). As the magnetic field increases, the rectangular
bands become denser, eventually evolving into double-column
bundles in Figure 6d. Therefore, our simulation results show
that particle ratio γ, particle area fraction ηL, and relative field
strength Λ can all be used to fine-tune the architectures of
various hierarchical stripes.
The AC electric field used in this study is necessary to

prevent water electrolysis and to enable additional control over
colloidal cluster formation and EHD flow through frequency
adjustments. While a one-dimensional DC field could replace
the AC magnetic field with similar effects, tuning the frequency
and phase angle of AC magnetic fields along the x- and y-axes
offers further versatility. This approach could enable the
formation of novel colloidal structures in future studies.

CONCLUSIONS
In this work, we present a strategy to control the spatial
arrangement of colloidal microspheres, resulting in high-
density and well-aligned stripes with finely tuned architectures.
This is achieved by simultaneously applying orthogonal electric
and magnetic fields. The combined fields generate orthogo-
nally aligned electric and magnetic dipoles on each particle,
enabling us to independently manipulate the magnitude and
direction of both attractive and repulsive dipolar interactions
between the particles. As a result, we obtain high-density arrays
of well-aligned and individually separated stripes. Furthermore,
exploiting the synergistic effects arising from the interplay
between electric dipolar interactions and electrohydrodynamic
flow at high particle concentrations and low frequencies, we
were able to generate new types of colloidal clusters such as
linear trimers, pyramid tetramers, butterfly-like heptamers, and
triangular nonamers. Upon the superposition of a 1D magnetic
field, these colloidal clusters, as new and more complex
building blocks, were assembled into stripes and columns with
hierarchical microstructures, depending on the initial config-
urations of the colloidal cluster arrays. Furthermore, the
structures can be reconfigured and relaxed within a short time
scale of approximately 1 s by toggling the electric and magnetic

Figure 7. Effects of upper to lower-plane particle ratio (γ), particle
density (ηL), and relative field strength (Λ) on chain architecture.
(a) Dimeric stripes (γ = 1:1, ηL = 0.57, and Λ = 1.00). (b) Mixture
of pentameric stripes and chains of monomers (γ = 1:3, ηL = 0.60,
and Λ = 0.50). (c) Pentameric stripes (γ = 1:2, ηL = 0.67, and Λ =
0.70). (d) Stripes of rectangular bands (γ = 2:3, ηL = 0.60, and Λ =
0.2).
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field strengths, highlighting their potential for use in stimuli-
responsive materials.
The experimental findings in this study are further

complemented by MC simulations, where particles are
confined to either a monolayer or a bilayer arrangement and
interact through a Stockmayer-like potential. These simula-
tions are conducted using a variety of tunable parameters,
including particle concentration, electric and magnetic field
strength, and the ratio of particles between the upper and
lower planes. Our MC simulations faithfully reproduce many
colloidal structures observed in our experiments. Moreover,
our simulations unveil additional types of stripe formation,
achievable through fine-tuning the upper plane to lower-plane
particle ratio and the relative strengths of the electric and
magnetic fields. This not only validates our experimental
results but also offers valuable insights into the creation of new
structures in future endeavors. Collectively, our research
underscores the advantages of leveraging orthogonally aligned
electric and magnetic fields to steer the colloidal assembly.
This approach not only provides a versatile tool for generating
a variety of highly aligned structures but also holds promise for
applications in making high-strength composites, advanced
optical materials, and structured battery electrodes.

EXPERIMENTAL AND COMPUTATIONAL SECTION
Materials. Composite magnetic particles (Dynabeads MyOne

Carboxylic Acid, 1.05 μm in diameter) were purchased from Thermo
Fisher Scientific (Waltham, MA). Indium−tin oxide (ITO) glass
slides (sheet resistance 15−25 Ω/square) were purchased from
Sigma-Aldrich. Polyester films (100 μm thick) were purchased from
Micron Wings. Solvents such as acetone and 2-propanol (99%) were
purchased from Pharmco. Poly(sodium 4-styrenesulfonate) (molec-
ular weight = 70,000) was purchased from Sigma-Aldrich.
Experimental Setup. Our experimental setup is shown in Figure

S1. Two ITO glass slides were used as the bottom and top electrodes.
The ITO electrodes were treated to prevent particles from adhering to
their surfaces. They were first cleaned with acetone and isopropanol
for 15 min inside an ultrasonic bath. They were then exposed to
oxygen plasma for 1 min, making them hydrophilic. As a final step, the
electrodes were coated with aqueous poly(sodium 4-styrenesulfonate)
solution (5 mg/mL), giving them a negative surface charge. As a
result, the carboxyl functionalized DynaBeads experience electrostatic
repulsion from the electrodes. A pair of nonconducting polyester films
were used as spacers (h = 100 μm), forming a chamber between the
two electrodes. In a typical experiment, 5−10 μL of dilute Dynabeads
solution in deionized water was added between the two electrodes. An
AC electric field was applied perpendicular to the two ITO electrodes
via an AC function generator (RIGOL DS1054Z). The range of AC
electric voltage applied was 0−10 V in peak value, while the frequency
f E ranged between 350 Hz and 1 MHz. The magnetic field energy
source consisted of four air-cored copper solenoid coils of 50 mm
inner diameter, 51 mm length, and 400 turns, with a current capacity
of 3.5A. The frequency f B of the magnetic field was 50 Hz for all
experiments. This setup allowed for the generation of 2D magnetic
fields by arranging the four coils orthogonally in the x-y plane. A
custom-made MATLAB program was used to control the strength,
frequency, and phase angles of the applied magnetic field.
Experimental observations were captured in static images and real-
time movies using an inverted optical microscope (Olympus IX71)
with a black-and-white camera (EPIX SV643M).
Diffraction Patterns. Particle centroids were extracted from

optical images using custom-written MATLAB code. The threshold
value was chosen to illuminate individual particles better. The noise
was decreased by filling appropriate holes in shape-based filtering. The
peripherals were eroded for particles in close contact before their
centroids were identified. To calculate the associated diffraction
patterns, we evaluated the real part of the structure factor
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where q is the wavevector, ri is the position vector of particle i, and N
is the total number of particles. From the diffraction patterns, we can
obtain both inter- and intrastripe spacings.

Simulations Methods. For a monolayer of particles, the
simulation box (Figure S3) is a 3D slab with a width L and a height
σ. For bilayer structures, the slab height is σ + Δz. We chose the
center-to-center separation between the top and bottom layers of
colloids to be Δz = 0.7σ, which matched an average separation
measured between the top and bottom layers of colloids under typical
experimental conditions.19 We note that while the height of our
experimental chamber is ∼100 times the particle diameter, we
purposely chose the particle concentration so that the final structures
were either a monolayer or a bilayer of particles near the bottom
substrate for the convenience of characterization. The reason for
particle attraction toward the substrate upon application of an external
AC electric field remains elusive, although gravitational force and
electric image-dipole dipole interactions due to the conducting nature
of the substrate could play a role. In our simulations, we do not
explicitly include the substrate−particle interactions. However, we
effectively account for the observed confinement of particles into a
monolayer or bilayer by fixing the z-coordinate of each particle to be
in one of two planes normal to the z-direction, as we have done
previously.23 We color particles in the upper plane blue and those in
the lower plane red (i.e., closer to the bottom electrode). The
numbers of upper- and lower-layer particles in the simulation box are
NU and NL, respectively, with the total number of particles N = NU +
NL. The projected area fraction of the particles is ηL = NLπσ2/4L2, and
we define the ratio γ as the number of particles in the upper layer to
the number of particles in the lower layer (i.e., γ = NU/NL).

Monte Carlo (MC) simulations for both the monolayer and bilayer
of particles were carried out in the canonical (NVT) ensemble using
systems of N = 240, 500, or 1000 particles. They yield very similar
results. Periodic boundary conditions were imposed in the x- and y-
dimensions, and the minimum image convention was implemented
for particle interactions.24 We chose the reduced temperature T* =
kBT/εLJ = 0.35 (where T is the absolute temperature and kB is
Boltzmann’s constant) for all simulations. This temperature is low
enough for observing ordered structures but high enough to allow for
equilibration within reasonable simulation times. Each simulation was
conducted for at least 105 MC steps, where we estimated that the
system had reached equilibrium. For each MC step, N randomly
selected particles were sequentially moved in the x- and y-dimensions
while their z-coordinate remained fixed. Particle moves were accepted
or rejected according to the Metropolis algorithm.25 The particle
displacements in each direction were randomly selected from a
uniform distribution ranging from −d to d, with dmax = 0.1σ, which
was chosen such that approximately 30% of the moves were accepted.
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Butterfly-like heptamers formed under the electric field
(Ez = 2.8 × 104 V/m and f E = 450 Hz) reconfigure
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