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Magneto-capillary dynamics of amphiphilic Janus
particles at curved liquid interfaces†

Wenjie Fei,a Michelle M. Driscoll, b Paul M. Chaikinb and Kyle J. M. Bishop *a

A homogeneous magnetic field can exert no net force on a colloidal

particle. However, by coupling the particle’s orientation to its

position on a curved interface, even static homogeneous fields

can be used to drive rapid particle motions. Here, we demonstrate

this effect using magnetic Janus particles with amphiphilic surface

chemistry adsorbed at the spherical interface of a water drop in

decane. Application of a static homogeneous field drives particle

motion to the drop equator where the particle’s magnetic moment

can align parallel to the field. As explained quantitatively by a simple

model, the effective magnetic force on the particle scales linearly

with the curvature of the interface. For particles adsorbed on small

droplets such as those found in emulsions, these magneto-capillary

forces can far exceed those due to magnetic field gradients in both

magnitude and range. This mechanism may be useful in creating highly

responsive emulsions and foams stabilized by magnetic particles.

Introduction

The actuation of microscale particles by magnetic fields provides
a basis for the development of responsive materials,1–3 active
particle assemblies,4,5 and colloidal robots6,7 with increasing
functionality. In contrast to electric and optical fields, magnetic
fields are not screened or scattered by common materials and can
therefore act remotely, instantaneously, and specifically on magnetic
particles introduced for a desired purpose. Such particles are
characterized by a magnetic dipole moment m, which deter-
mines their response to an applied field B. Notably, a homo-
geneous field induces no force on a magnetic particle but rather a
torque, L = m � B, that acts to align the moment parallel to the
field. The generation of magnetic forces requires spatial gradients
in the field, F = m�rB, which allow for three-dimensional

positioning of magnetic particles.8 In practice, however, this
approach is limited by the complexity of the required fields and
by the magnitude of the forces generated. As a result, other
strategies for positioning or propelling magnetic particles have
been explored using time-varying homogeneous fields.9,10

In particular, rotating fields induce steady torques that couple
to particle translation in viscous fluids through the design of
particle shape11,12 or the proximity of fluid boundaries.5,13 The
use of hydrodynamics to couple magnetic torque to particle
translation suggests that other physics might be used to enable
new forms of magnetic positioning in static homogeneous fields.

One approach to coupling the orientation and position of a
colloidal particle is to confine its motion along a curved inter-
face. Particles of asymmetric shape14 or surface chemistry15 are
known to adsorb spontaneously at fluid–fluid interfaces in a
preferred orientation that minimizes the interfacial energy.
Particle motion along a curved interface is therefore accompanied
by particle rotation as to maintain this orientation. By exploiting
the coupling between particle position and orientation, it should
be possible to translate applied torques into particle motions
across curved interfaces. In particular, magnetic particles could be
driven to move by application of static homogeneous fields.16 This
idea was recently investigated using numerical simulations;17

however, it has yet to be demonstrated in experimental practice.
The use of homogeneous fields to redistribute magnetic particles
at liquid interfaces has important implications for the design of
field-responsive emulsions1 and foams.2,3

Here, we investigate the motion of magnetic Janus particles
(MJPs)18–22 along curved decane–water interfaces in response to
static homogeneous fields. Owing to their amphiphilic surface
chemistry, the MJPs adsorb onto spherical water drops with
their magnetic nickel hemisphere positioned in the aqueous
phase. Application of the magnetic field causes the particles to
move along the drop surface to align their magnetic moments
parallel to the field. These motions are captured quantitatively
by a simple model that accounts for the magnetic torque on
the particle and the constraints imposed by the interface. We
show how the particle velocity increases with increasing field
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strength and with decreasing drop radius R. Notably, the effective
magnetic force, F B mB/R, experienced by particles adsorbed on
small drops can be many orders of magnitude larger than those
due to field gradients. This result suggests that asymmetric
magnetic particles may be useful for creating highly responsive
emulsions and foams with tunable morphology and stability.

Experiment

Our experiments were based on magnetic Janus particles (MJPs)
with amphiphilic surface chemistry (Fig. 1a, inset). To prepare the
particles, we first deposited successive layers of metal – 5 nm Ti
adhesive layer, 25 nm Ni magnetic layer, and 20 Au functionalization
layer – onto monolayers of 4 mm fluorescent sulfonated polystyrene

(PS) particles by e-beam evaporation.20 The gold hemispheres of
the MJPs were rendered hydrophilic by chemical functionaliza-
tion with 3-mercaptopropionic acid (MPA) ligands.23 Such particles
were observed to adsorb at the decane–water interface with their
MPA-functionalized hemispheres directed toward the aqueous
phase in agreement with previous reports (Fig. S1, ESI†).23 Addi-
tionally, the nickel layer gave the particles a permanent magnetic
moment m E 3 � 10�14 A m2 directed parallel to the Janus
equator.4,24 The particles’ magnetic properties were determined
from measurements of particle translation along a solid substrate
(‘‘rolling’’) in a rotating magnetic field as a function of the applied
frequency (Fig. S2, ESI†).5

MJPs were spread onto the curved interface of a water drop
in decane supported between two hydrophobic glass slides
(Fig. 1a). A drop of water (B0.5 mL) was first deposited onto
a cover slip treated with a hydrophobic silane. Amphiphilic
MJPs suspended in a mixture of water and isopropyl alcohol
(7 : 3 ratio) were spread onto the interface using a micropipette.
The cover slip was then incorporated as the base of a glass
chamber, into which decane was flowed.25 The chamber was
sealed with UV-curable epoxy (NOA 68) and positioned on the
stage of an inverted microscope for imaging. The particles
settled under gravity to the three-phase contact line at the
bottom of the drop (Fig. 1b).

Application of a magnetic field B antiparallel to the gravity
direction caused the particles to migrate to the drop equator
along radial trajectories (Fig. 1b). Two electromagnet coils
positioned above and below the drop created a spatially uni-
form field with variations of less than 0.5% within the 0.4 cm3

region of interest (Fig. S3, ESI†). Upon application of the field,
some particles moved radially outward from the axis of sym-
metry along the interface of the drop. Others remained pinned
at the three-phase contact line and did not move (Fig. 1b),
perhaps due to attractive surface forces with the hydrophobic
substrate. Particle motions were captured by fluorescent video
microscopy, during which the focal plane was manually
adjusted to keep the particle in focus as it moved to the drop
equator. Particle trajectories projected onto the imaging plane
were reconstructed from the videos using standard particle
tracking algorithms (Trackpy v0.3.2). When the field was
switched off, the mobile particles slowly settled back toward
the three-phase contact line. By cycling the magnetic field on
and off, we captured multiple trajectories of a single particle
moving on the interface of single drop (Fig. 1c).

Results and discussion

The experimental observations are explained by a simple model
that accounts for the magnetic torque on the particle and the
constraints imposed by its amphiphilic surface chemistry. The
magnetic energy of the system is minimal when the particle’s
magnetic moment m is aligned parallel with the applied field B.
Similarly, the interfacial energy of the system is minimal when
the symmetry axis of the amphiphilic MJP is aligned perpen-
dicular to the interface. For the particles described here, both

Fig. 1 (a) Schematic illustration of a magnetic Janus particle (MJP) moving
on the curved interface of a water drop in decane due to a homogeneous
magnetic field B. The inset shows the preferred orientation of the MJP at the
interface and its magnetic moment (white arrow). (b) Optical micrograph of
the water drop showing the radial trajectories of six different MJPs; scale bar
is 100 mm. (c) Projected radial position of an MJP as a function of time
for successive applications of the magnetic field. Here, the field strength is
B = 15 mT, and the drop radius is R = 291 mm.
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conditions are satisfied only when the particle is located at the
drop equator. At other locations, magnetic and interfacial
torques compete with one another to drive rotational and
translational particle motions.

The characteristic scale of the magnetic torque mB is much
smaller than that of the interfacial torque ga2 where g is the
interfacial tension; here, mB/ga2 B 0.002 { 1. Consequently, the
applied field does little to change the preferred orientation of the
particle axis relative to the interface;26 such rotations are effec-
tively prohibited by the particle’s amphiphilic surface chemistry.
By contrast, the particle is free to rotate about its symmetry axis
and to translate across the surface of the drop without changing
the interfacial energy. Importantly, the constraints imposed by
the interface allow one to translate magnetic torques applied
to the particle into translational motions along the drop surface.

The position and orientation of an MJP adsorbed at the
interface of a spherical drop can be specified by three angles:
the polar angle y, the azimuthal angle j, and the orientation
angle b that describes the direction of the particle’s magnetic
moment in the plane of the interface (Fig. 2). The angle a
between the particle’s magnetic moment and the unit vector
normal to the interface is assumed to be constant (Fig. 2); a = p/2
in our experiments. In a uniform magnetic field B = Bez, the
magnetic energy of a single ferromagnetic particle is U =�m�B. By
differentiating this expression with respect to each coordinate, we
obtain the generalized forces that act to move and rotate the
particle on the drop interface. At low Reynolds numbers, these
forces are balanced by the viscous drag, resulting in the following
overdamped dynamics

_y ¼ � 1

ltR2

@U

@y
¼ mB

ltR2
sin a cosb cos yþ cos a sin yð Þ; (1)

_b ¼ � 1

lr

@U

@b
¼ �mB

lr
sin a sin b sin y; (2)

where lt E 6pZa and lr E 8pZa3 are drag coefficients for
translation and rotation, respectively, and Z = 9.1 � 10�4 Pa s is
an effective fluid viscosity at the interface. For spherical drops,

there is no particle motion in the azimuthal direction since
qU/qj = 0.

These dynamics can be solved analytically when the particle
is much smaller than the drop (a { R). Under these conditions,
the orientation angle b relaxes quickly to a stable value of b = p,
and the particle moves slowly to its stable position. Integrating
eqn (1) with a = p/2 and b = p, we obtain the following expression
for the projected radial position measured in experiment

rðtÞ ¼ R sin 2 tan�1 tanh
1

2
kmtþ C

� �� �� �
: (3)

Here, C 4 0 is a constant that determines the position of the
particle at t = 0, and km � mB/ltR

2 is the characteristic rate for
magnetic particle actuation. Physically, the particle moves to the
equator of the drop (r - R) to align its magnetic moment with
the applied field. This model can be generalized to include the
effects of gravity as detailed in the ESI.†

The model predicts that the rate of magnetic actuation
should increase with decreasing drop size as km p R�2. To
evaluate this prediction, we measured the field-induced particle
trajectories on droplets of different sizes (Fig. 3a). For each
drop, we tracked the motion of a single particle during several
cycles of magnetic actuation and sedimentation under gravity.
For each particle, we used Bayesian inference27 with Markov

Fig. 2 The position and orientation of an amphiphilic Janus particle on a
spherical drop can be described by the angles y, j, and b. The angle a
between the particle’s permanent magnetic moment m and the unit
normal vector n is held constant by interfacial forces.

Fig. 3 (a) Projected radial trajectories of MJPs on drops of different radii
for B = 15 mT. For each drop, the wide curves show multiple tracks from
a single particle superimposed over the model prediction (thin curve).
(b) Rate parameter vs. drop radius inferred from the data in (a). (c) Projected
radial trajectories of a single MJP moving on a drop of radius R = 112 mm at
different field strengths. (d) Fitted rate parameter vs. field strength for
different drop radii. Error bars denote one standard deviation above and
below the mean.
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chain Monte Carlo (MCMC) sampling28 to estimate the rate
parameter km from the reconstructed trajectories (see ESI† for
details). Fig. 3b shows the inferred rate parameter as a function
of the drop radius for a constant field strength of B = 15 mT.

The experimental results agree with the model predictions
of eqn (3) when accounting for the observed variability in the
motions of different particles. For each particle, the root-mean-
square (rms) error in the rate parameter was small (ca. 0.6% of the
mean), indicating good reproducibility during successive applica-
tions of the field. In the rare cases when multiple mobile particles
were present on the same drop, we analyzed each particle separately
to assess the variability in the rate parameter from one particle to
the next. The motions of different particles subject to identical
conditions varied by ca. 60%, perhaps due to differences in their
magnetic moments, their orientation at the interface, or their
resistance to motion.29 The error bars in Fig. 3 represent this larger
variability in the motions of different particles. Using the data in
Fig. 3b, we infer the average magnetic moment of the particles to
be m = 2.9 � 10�14 A m2, which agrees well with independent
estimates from our magnetic characterization (Fig. S2, ESI†).

The model also predicts that the rate parameter km should
increase linearly with the magnitude of the applied field. To test
this prediction, we varied the applied field over the experimentally
accessible range of B = 4–15 mT. Larger fields were inaccessible due
to significant Joule heating of the electromagnet coils; smaller
fields led to weak magnetic forces that struggled to compete with
those due to gravity. Fig. 3b shows the projected radial trajectories
for a single MJP adsorbed on a drop of radius R = 112 mm for three
different field strengths. From these data, we inferred the rate
parameter km for each field strength assuming the validity of
eqn (3). The inferred rate increased monotonically with increasing
field strength but deviated from the expected linear dependence –
particularly at weak fields (Fig. 3d).

The failure of the model at weak fields is likely caused by
other forces due to gravity, light-induced Marangoni stresses, or
gradients in the drop curvature. The predicted dynamics of MJPs
moving under the influence of both magnetic and gravitational
fields is derived in the ESI.† This augmented model is characterized
by an additional dimensionless parameter, G � MgR/mB, which
measures the relative importance of gravitational and magnetic
forces (here, M is the bouyant mass of the particle, and g is
the acceleration due to gravity). At low fields, this parameter is
G = 0.2, and the effects of gravity cannot be neglected. However,
even when accounting for gravitational forces, the inferred rate
parameter km was still considerable smaller than that predicted
by theory (Fig. S8, ESI†).

In addition to gravity, spatial variations in the interfacial
curvature and tension give rise to other forces that may alter
magneto-capillary particle motions. MJPs adsorbed at liquid
interfaces are known to induce capillary disturbances that inter-
act with the curvature field imposed by the interface.23,30,31 Such
capillary forces are absent for particles adsorbed at spherical
interfaces, which have zero deviatoric curvature (i.e., equal
principal curvatures, c1 = c2 = 1/R). However, it is possible that
the drops used here deviate slightly from their ideal spherical shape
(e.g., due to gravity or pinning of the three-phase contact line)

resulting in nonzero capillary forces. A more likely explanation
for the anomalous behavior at low field strengths is motion due
to Marangoni stresses caused by light-induced heating of the
particles. Particles at liquid interfaces are known to move via self-
generated surface tension gradients when heated by irradiation
with visible light.32 Under bright illumination (5.4 mW mm�2),
the field-induced motions of our MJPs were observed to deviate
significantly from those at low illumination (0.15 mW mm�2)
detailed above. At low field strengths, magneto-capillary forces
may compete with light-powered Marangoni propulsion in directing
the motion of MJPs along curved interfaces (Fig. S5, ESI†).

Conclusions

The constraints imposed by a liquid interface on the motions of
magnetic Janus particles enables uniform magnetic fields to induce
strong magnetic forces of order Fm B mB/R. For particles adsorbed
on small droplets such as those found in emulsions, these magneto-
capillary forces can far exceed those due to magnetic field gradients
in both magnitude and range. This mechanism may therefore be
useful in controlling the stability, drop size, and morphology of
emulsions and foams stabilized by magnetic particles.1,2,33 For
example, the application of a uniform magnetic field could drive
the redistribution of MJPs on the surface of emulsion drops,
thereby altering their stability to coalescence along specified
directions (e.g., at the drop poles). In this context, further work is
required to understand the impact of interfacial rheology on
field-induced particle motions at complex fluid interfaces.34,35

We emphasize that the magneto-capillary forces described here are
not limited to magnetic Janus particles, which provide a convenient
model system. Similar behaviors are also expected for other
anisotropic particles that adsorb at liquid interfaces in a preferred
orientation14 and respond to external magnetic fields (e.g., hematite
ellipsoids36). Beyond the simple dynamics described here, more
complex particle motions are possible using spatially uniform fields
with time-varying magnitude and direction.
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