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ABSTRACT: Self-assembly of nanoparticles at fluid-fluid interfaces is a promising route to fab-
ricate functional materials from the bottom-up. However, directing and controlling particles into
highly tunable and predictable structures – while essential – is a challenge. We present a liquid
interface assisted approach to fabricate nanoparticle structures with tunable properties. To demon-
strate its feasibility, we study magnetic Janus particles adsorbed at the interface of a spherical
droplet placed on a substrate. With an external magnetic field turned on, a single particle moves
to the location where its position vector relative to the droplet centre is parallel to the direction
of the applied field. Multiple magnetic Janus particles arrange into reconfigurable hexagonal lat-
tice structures and can be directed to assemble at desirable locations on the droplet interface by
simply varying the magnetic field direction. We develop an interface energy model to explain our
observations, finding excellent agreement. Finally, we demonstrate that the external magnetic field
allows one to tune the particle deposition pattern obtained when the droplet evaporates. Our results
have implications for the fabrication of varied nanostructures on substrates for use in nanodevices,
organic electronics, or advanced display, printing and coating applications.

Keywords: Janus particles, direct assembly, tunable deposition, colloids at interfaces, advanced printing
techniques

The self-assembly of nanoparticles provides a promis-
ing route to fabricate nano- and microstructured func-
tional materials.1 In this type of self-assembly, the par-
ticles organise into interesting structures due to particle-
particle interactions such as molecular bonds,2 electro-
magnetic interactions,3 and capillary interactions. For
technological applications, we need the ability to direct
and control the particles so that they assemble into desir-
able structures, and this ability remains one of the biggest
challenges in nanoscience.4,5

Fluid-fluid interfaces have been identified as a promis-
ing platform for the controllable assembly of nanopar-
ticles. Nanoparticles trap irreversibly at fluid interfaces
because they reduce the area of the energetically-costly
interface, and once absorbed, they try to arrange into
their lowest energy configurations.6,7 For example, spher-
ical CdSe nanoparticles assemble into a disordered but
densely packed monolayer to reduce the total interfacial
energy.7 Moreover, going beyond the canonical case of
spherical particles with uniform surface properties to par-
ticles that exhibit anisotropy (e.g., ellipsoids, rods) and
non-uniform surface properties (e.g., Janus-like particles)
provides more varied behaviour. For example, nanorods
can be used to generate different packing structures sim-
ply by varying their aspect ratio.8 However, until re-
cently5,9 it has been difficult to direct and control the
assembly process since the arrangements of particles de-
pended only on the intrinsic properties of the particles
and interfaces and not on properties that can be con-
trolled on-the-fly.

The synthesis of anisotropic particles with specific

physical properties (e.g., electric or magnetic moments)
that interact with an external magnetic or electric field
allows greater control of the self-assembly process at fluid
interfaces because we can easily vary the external field:
the interfacial energy of anisotropic particles at a fluid-
fluid interface depends on their orientation10–13 and the
external field can be used to change the orientation of the
particles. Recently, Davies et al.14 investigated the be-
haviour of magnetic ellipsoidal particles at flat fluid-fluid
interfaces, and they demonstrated that the capillary in-
teractions between magnetic ellipsoidal particles can be
tuned by varying an external magnetic field, resulting
in switchable, network-like monolayer structures. Simi-
larly, Xie et al.15 showed that spherical magnetic Janus
particles adsorbed at flat fluid-fluid interfaces can gen-
erate highly ordered, chain-like structures that can be
controlled by altering an external magnetic field.

Most research to date, however, has focussed on the
behaviour of these particles at flat fluid-fluid interfaces,
a situation that is quite artificial in the real world where
most fluid-fluid interfaces exhibit some degree of curva-
ture. More recently, particles at curved fluid-fluid inter-
faces were used to show interesting phenomena. Cavallaro
et al.16 demonstrated that on a curved fluid interface,
rod-like particles move to areas of greatest curvature due
to the interaction between particle induced deformation
and the natural curvature gradient of the interfaces. Er-
shov et al.17 showed that isotropic colloids organise into a
square pattern aligned along the principle curvature axis
of a curved interface. However, the interface curvature
driven assembly approach investigated to date relies on
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having quite complex control of the interface curvature,
and is therefore less relevant to the situation where par-
ticles assembly at an isotropically-curved fluid interface,
such as a spherical droplet interface.

In this paper, we study the behaviour of spherical mag-
netic Janus particles adsorbed at a spherical droplet in-
terface interacting with an external magnetic field. We
show that we are able to direct the location of particles by
varying the magnetic field direction on this isotropically
curved interface and exploit the anisotropic surface prop-
erties of Janus particles. We demonstrate that the par-
ticles assemble into a highly ordered hexagonal lattice-
like monolayer at a spherical droplet interface, which is
drastically different from the structures formed at a flat
fluid-fluid interface.15 Moreover, we demonstrate that by
changing the direction of the magnetic field, it is possible
to tune the particle deposition pattern during the evap-
oration of a Janus particle-laden droplet, thus providing
a controllable platform for the fabrication of desirable
nanostructures on substrates for various nanodevices.

RESULTS AND DISCUSSION

Geometry and surface properties. In order to un-
derstand the behaviour of multiple Janus particles ad-
sorbed at a surface droplet interface during evaporation,
we first study the behaviour of a single Janus particle.
Fig. 1 illustrates the system, which comprises of a spher-
ical magnetic Janus particle of radius a adsorbed at the
interface of a droplet deposited on a chemically patterned
substrate. The substrate covered by the droplet is hy-
drophilic with contact angle 30◦ and the rest of the sub-
strate is hydrophobic with contact angle 120◦. Thus, the
droplet will be confined to the hydrophilic area with an
effective contact angle, and for simplicity we limit our-
selves to investigating a droplet of radius R with an initial
contact angle of 90◦. We consider the case of low Bond
numbers in which the effect of gravity of the fluids is neg-
ligible and the system is surface tension dominated, thus,
the droplet has a spherical shape with its centre located
at O, as shown in Fig. 1a.

The Janus particle comprises an apolar and a po-
lar hemisphere with opposite wettability, defined by the
three-phase contact angles θA = 90◦+β and θP = 90◦−β,
respectively, where β represents the amphiphilicity of the
particle. The boundary between these two hemispheres
is called the Janus boundary. The particle’s magnetic
dipole moment m is orthogonal to the Janus boundary,
and the applied external magnetic field is denoted by H.
We define a dipole-field strength Bm = |m||H|, which
represents the magnitude of the interaction between the
magnetic dipole and the external magnetic field. The an-
gle between the particle’s magnetic dipole vector and the
horizontal axis is denoted by α. We define a droplet field
vector r0 beginning at the droplet centre O and ending at
the droplet interface that is directed parallel to the exter-
nal magnetic field. We further define a particle position

(a) (b)

FIG. 1: Side views of a single Janus particle adsorbed at
a droplet interface in its equilibrium orientation (a) and
under the influence of a vertical magnetic field (b). The

Janus particle comprises an apolar and a polar
hemisphere. The particle’s magnetic dipole moment m
is orthogonal to the Janus boundary, and the external
magnetic field, H, is directed vertically upward. The
angle φ is defined as the angle between vector r0 and

particle position vector ri.

vector ri that points from the droplet centre O to the
particle centre. Finally, the angle φ is defined as the an-
gle between droplet field vector r0 and particle position
vector ri.

In its equilibrium state, the two hemispheres of the
Janus particle are fully immersed in their preferred fluid,
as shown in Fig. 1a. After switching on an upward mag-
netic field, H, the particle experiences a magnetic torque
that aligns it instantly with the dipole axis parallel to
the field, as shown in Fig. 1b.
Single magnetic Janus particle.
To simulate the behaviour of the Janus particle ab-

sorbed at the droplet interface, we use a lattice Boltz-
mann method combined with a molecular dynamics algo-
rithm that has been developed and validated extensively
in previous research projects,12,15,18–21 which we briefly
summarise in the Methods section. Initially, we place a
particle at the droplet interface with fixed orientation
α = 23.6◦ vertically located at z = 0.4R and let the sys-
tem equilibrate. After equilibration, we release the par-
ticle and simultaneously switch on an upward magnetic
field.

Fig. 2 shows time evolution of the vertical position z for
particles with different amphiphilicities and dipole-field
strengths Bm/πa2γ12 = 1.31. The time is normalized by
the viscosity of the fluid µ, particle radius a, and surface
tension γ12. For all amphiphilicities, the particle experi-
ences a quick acceleration and moves upward. When the
particle approaches the top of the droplet, it slows down
and finally remains at the droplet’s top (φ = 0). More-
over, we observe that particles with larger amphiphilic-
ities β move faster just after the magnetic field is ap-
plied. This observation cannot be explained by theories
that suggest particles to move to areas of highest curva-
ture17 since the curvature of a spherical droplet interface
is isotropic.

To understand these observations, we develop a model
describing the interface energy of this system assum-
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FIG. 2: Time evolution of vertical position z for
particles with different amphiphilicities β = 21◦ (red),

β = 30◦(cyan) and β = 39◦(blue).

ing that (i) the interface deformation caused by the
nanometer-sized Janus particle is negligible,10 (ii) and
that the particle radius is substantially smaller than the
droplet radius. To derive our model, we compare the in-
terface energy for the particle in its equilibrium state
absorbed on the droplet interface with its energy under
the influence of an external magnetic field.

The interface energy for a particle in its equilibrium
state (Fig. 1a) is

Eint = γ12A
int
12 + γa1A

int
a1 + γp2A

int
p2 . (1)

Here, γij are the interface tensions between phases i and
j and Aij are the contact surface areas between phases i
and j, where i, j = {1: fluid, 2: fluid, a: apolar, p: polar}.
The interface energy for a particle in an external mag-
netic field (Fig. 1b) is

Emag = γ12A
mag
12 + γa1A

mag
a1 + γp2A

mag
p2

+ γa2Aa2 + γp1Ap1. (2)

The interface energy difference between the magnetic
field induced orientation state and the initial equilibrium
state is

∆E = 4φa2γ12 sinβ. (3)

The detailed introduction to this model is presented in
the Methods section.

The interaction energy ∆E in Eq. (3) is proportional
to the particle position angle φ. Thus, minimising the in-
terface energy requires that the particle moves to the top
of the droplet where φ = 0, in agreement with our sim-
ulation results. Our theoretical model also predicts that

particles with larger amphiphilicities cause a larger inter-
face energy jump, explaining why the particle with higher
amphiphilicity moves faster to the top of the droplet, as
observed in our simulations.

We note that the magnetic Janus particles will relo-
cate when we vary the direction of the magnetic field,
which has potential applications in sensor or display tech-
nology. To estimate the responsive time of the magnetic
Janus particles, we assume that a nanoparticle with ra-
dius a = 10 nm is adsorbed at an oil-water droplet inter-
face of radius R = 100 nm, with surface tension γ12 = 70
mN/m, and viscosity µ = 1.0 mPa · s.22,23 Based on
our simulation results shown in Fig. 2, the normalized
time t/(µa/γ12) needed for the particle to relocate to the
droplet top is ≈ 3 × 103. Therefore, the estimated re-
sponse time is around (µa/γ12)× 3× 103 ≈ 4× 10−7s ≈
400ns, which is fast enough to satisfy the requirements
of responsive materials for advanced sensor or display
technology.24 For a possible experimental relization of
our system, we note that surface nanodroplets can be
produced through a solvent exchange process in experi-
ments.25,26
Multiple magnetic Janus particles. Having ob-

tained a good understanding of the behaviour of a single
magnetic Janus particle adsorbed at a surface droplet
interface, we investigate the self-assembly of multiple
magnetic Janus particles. Starting from a random ini-
tial placement of 3 magnetic Janus particles adsorbed at
the interface, we let the system reach the steady-state.
We then add one more particle at the droplet interface,
let the system reach steady state again and repeat this
process for up to N = 6 particles. We show the structures
obtained in Fig. 3 for a given number of particles.
N = 3 particles arrange into a triangular lattice-like

structure around the droplet centre (Fig. 3a), instead of
the straight chain-like configuration found by magnetic
Janus particles at flat fluid-fluid interfaces.15 This struc-
ture is similar to the 3-particle structure observed for
colloidal particles adsorbed at a liquid crystal droplet in-
terface27 and for colloidal particles interacting with short
range-interactions.28,29 For N = 4 − 6 particles, we find
the particles all favour hexagonal arrangements (Fig. 3b,
Fig. 3c and Fig. 3d), which suggests the hexagonal ar-
rangement may be the interface energy minimum config-
uration for N > 3 particles.

Applying our free energy model for a single particle
to the case for N particles with assuming that the mag-
netic dipole-dipole interactions between the particles are
negligible, the interface energy is:

∆Et = 4a2γ12 sinβ

N∑
i

φi. (4)

To estimate the total interface energy for the 3-particle
system, we fix two particles next to each other, and move
the third particle with the pair angle ϕ from ϕ = 0◦ to
ϕ = 120◦, as illustrated in the inset of Fig. 4. Fig. 4 shows
that the interface energy decreases monotonically with
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(a) (b)

(c) (d)

FIG. 3: Clusters observed in simulations for N = 3− 6
particles with amphiphilicty β = 30◦ and external

dipole-field strength Bm/πa2γ12 = 1.31. The particles
exhibit a hexagonal lattice-like arrangement.

increasing particle pair-pair angle ϕ and the interface en-
ergy becomes minimal at ϕ = 120◦, which represents a
triangular arrangement, in agreement with simulation re-
sults.

For N = 4 − 6 particles, it is nontrivial to esti-
mate the interface energy as a function of a single pa-
rameter, however, after some mathematical analysis we
find that minimising

∑N
i φi is identical to minimising

the total particle-centre to droplet-centre distance L =∑N
i |ri − r0|, with the following two constraints: 1) par-

ticles are located at the droplet interface, |ri| = R, and
2) particles do not overlap, |ri − rj | ≥ 2a. In addi-
tion, in a strong magnetic field, the orientation of the
particle is fixed parallel to the magnetic field direction
and the particles are adsorbed at the droplet interface,
which leaves only two degrees of freedom for the par-
ticles. Therefore, we can model our system as a quasi-
2D system. Minimising L for spherical particles in a 2D
system yields particles that conform to closest packing,
which is a hexagonal arrangement. Therefore, our the-
oretical model’s prediction that hexagonal arrangement
is energetically favourable for self-assembly of multiple
magnetic Janus particles agrees with our simulation re-
sults.
Varying the magnetic field direction. With even

more particles N = 40, we investigate the relocation
and rearrangement of particles by varying the external
field starting from pointing vertically upward, to verti-
cally downward and finally to left horizontal direction.
Under an upward magnetic field, the particles assemble
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FIG. 4: Normalized interface energy ∆Et/a
2γ12 as a

function of particle pair-pair angle ϕ. The interface
energy takes a minimum at ϕ = 120◦, which represents
a triangular lattice-like arrangement, in agreement with

our simulation results.

at the top of the droplet ordered in a hexagonal arrange-
ment (Fig. 5a and Fig. 5d). When we switch the magnetic
field to the downward direction, the particles rotate in-
stantly by 180◦, move immediately downwards towards
to the surface droplet contact line and finally align in
a ring-like structure at the edge of the droplet (Fig. 5b
and Fig. 5e). On switching the magnetic field to the left
horizontal direction, the particles rotate by 90◦, move to
the left side of the droplet and form highly ordered layers
(Fig. 5c and Fig. 5f). [Movie S1]

Our simulations therefore show that it is possible to
direct the particles to assemble at desirable locations at
the droplet interface based on the direction of the exter-
nal magnetic field, and that the final assembled structure
is tunable depending on the direction and magnitude of
the applied magnetic field. One can immediately forsee
technological applications as e.g., a photonic material or
alternative to currently used electrophoretic/electronic
inks (E-inks), where electrophoretic particles encapsu-
lated in a microdroplet are relocated by an external elec-
tric field.30

Particle deposition during evaporation. Finally,
we investigate the case of many magnetic Janus particles
adsorbed at a surface droplet interface that undergoes
evaporation, a scenario that occurs frequently in reality
when coatings and paints dry. To simulate fluid evapo-
ration, we use a diffusion dominated evaporation model,
developed recently in our group.18 The starting config-
uration of the system before evaporation is the same as
those shown in e.g., Fig 5. Once a steady-state is reached,
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(a) upward H - top
view

(b) downward H -
top view

(c) left H -
top view

(d) upward H - side
view

(e) downward H -
side view

(f) left H -
side view

FIG. 5: Snapshot of N = 40 particles adsorbed at a
droplet interface with amphiphilicty β = 30◦ and

dipole-field strength Bm/πa2γ12 = 1.31 under different
magnetic field directions. The particles relocate and
form different ordered structures depending on the

direction of the magnetic field.

we start to evaporate the droplet.
When an upward magnetic field is applied, the parti-

cles stay at the top during the evaporation of the droplet
(Fig. 6a). The contact angle of the droplet decreases until
it reaches 30◦, after which the contact lines de-pins from
the border of the hydrophilic area and moves towards the
centre (Fig. 6b). This is the well-known stick-slip phe-
nomenon,25 usually encountered during the evaporation
of droplets on a rough solid substrate. After the contact
line depins, the droplet continues to dewet (Fig. 6c) and
approaches the geometry of a planar film. The Janus par-
ticle will deform the planar film in a monopolar fashion,
introducing attractive capillary forces between particles.
The attractive capillary forces ensure close packing of
the particles, and finally, a dried highly ordered particle
monolayer remains on the substrate (Fig. 6d). [Movie S2]

Under the influence of a downward magnetic field, the
particles stay at the edge of the droplet, forming a ring-
like structure during the evaporation of droplet (Fig. 6e).
The contact angle of the droplet continuously decreases.
We do not observe depinning behaviour once the con-
tact angle reaches 30◦, in contrast with the behaviour
observed for an upwardly directed magnetic field. This
is caused by self-pinning due to the particles confined at
the contact line. The colloidal particles experience fric-
tion with the substrate, thus strengthening the pinning of
the contact line on the substrate. When the contact an-
gle decreases further approaching zero degrees, the liq-
uid film begins to rupture at areas on the edge of the
droplet (Fig. 6f) and the droplet rapidly dries in these
areas (Fig. 6g). Finally, after full evaporation, a ring-like
particle structure is deposited on the substrate (Fig. 6h).
[Movie S3]

Under a left oriented horizontal magnetic field, the par-
ticles stay at the left side of the droplet during the evap-

oration, as naively expected (Fig. 6i). The contact angle
of the droplet continuously decreases, and the contact
line depins first at the right side where there is no self-
pinning due to the Janus particles (Fig. 6j). The contact
angle approaches zero degrees and the droplet geometry
tends to that of a planar film, similar to the case of an
upwardly directed magnetic field. In contrast with the up-
wardly directed magnetic field, under a horizontal mag-
netic field, the Janus particles deform the planar film in
a dipolar fashion12,15, and dipolar capillary interactions
arise (Fig. 6k). This dipolar capillary force is repulsive
between neighbouring particles in the horizontal direc-
tion15, thus the final structure shows a looser arrange-
ment of particles (Fig. 6l) compared with the particle
deposition formed in an upward magnetic field (Fig. 6d).
[Movie S4]

Our results demonstrate that the direction of the mag-
netic field allows one to tune the particle deposition pat-
tern obtained due to the evaporation and drying of a
Janus particle-laden droplet, which can find potential ap-
plications in e.g. advanced printing, electronics or display
technology.

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

FIG. 6: Snapshots of the assembled structures during
droplet evaporation and with an upward (a)-(d),

downward (e)-(h) and left horizontal (i)-(l) applied
magnetic field. Influenced by an upward magnetic field
(a-d), the particles remain at the top of the droplet

while the contact line decreases before it de-pins. Under
a downward magnetic field (e-h), the particles form a
ring-like structure that self-pins the contact line, and
the contact line deceases continuously. Finally, in a

horizontal magnetic field (i-l) the particles migrate in
the field direction and cause self-pinning on one side of

the droplet, while the contact line recedes on the
opposite side and causes inhomogeneous evaporation

leading to looser particle arrangements.
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CONCLUSION

We investigated the behaviour of magnetic Janus par-
ticles at a surface droplet interface interacting with an
external magnetic field and showed that it is drastically
different from the behaviour of such particles adsorbed
at a flat fluid-fluid interface. We found that the particles
move to the location where the particle position vector is
parallel to the direction of applied the field. When multi-
ple Janus particles adsorb at the interface, the particles
arrange hexagonally in contrast to the straight chains ob-
served for magnetic Janus particles at a flat interface.15
We developed an interface free energy model describing
this system, and found that our model predicts the be-
haviour observed in our simulations.

Finally, we investigated the behaviour of magnetic
Janus particles adsorbed at a surface droplet interface
that undergoes evaporation, finding interesting behaviour
at the contact line. In addition, we showed that it is pos-
sible to tune the deposition of the particles by varying
the magnetic field direction during evaporation.

Our results describe a possible way of creating highly
ordered and – more importantly – tunable structures for
hierarchical materials assembly. Possible applications are
ubiquituous not only in the bottom up formulation of
nanostructured surfaces and materials, but also where
the ease of reconfiguration by applying an external mag-
netic field is of advantage: The fast response time of mag-
netic Janus nanoparticles together with their tunable col-
lective behaviour have implications for advanced display,
E-ink, and sensor technologies.

METHODS

Simulation method. We use the lattice Boltzmann
method (LBM) for the simulation of fluids. The LBM
can be treated as an alternative solver for the Navier-
Stokes equations in the limit of low Knudsen and Mach
numbers and has gained popularity due to its straight-
forward implementation. The locality of the algorithm al-
lows for efficient parallelization.31 The method’s popular-
ity also stems from the variety of multiphase/ multicom-
ponent extensions32,33 and the ability to simulate suspen-
sions.34 We utilize the pseudopotential multicomponent
LBM model, developed by Shan and Chen32 and present
some relevant details in the following. Two fluid com-
ponents are modelled by following the evolution of the
single-particle distribution function discretized in space
and time,

f ci (x + ci∆t, t+ ∆t) = f ci (x, t) + Ωci (x, t), (5)

where i = 1, ..., 19. f ci (x, t) are the single-particle distri-
bution functions for fluid component c = 1 or 2, ci is the
discrete velocity in the ith direction, and

Ωci (x, t) = −f
c
i (x, t)− f eq

i (ρc(x, t),uc(x, t))

(τ c/∆t)
(6)

is the Bhatnagar-Gross-Krook (BGK) collision opera-
tor.35 Here, f eq

i (ρc(x, t),uc(x, t)) is a third-order equi-
librium distribution function.36 τ c is the relaxation time
of component c, which determines the speed of relax-
ation of the distribution function towards the equilib-
rium. The macroscopic densities and velocities are given
as ρc(x, t) = ρ0

∑
i f

c
i (x, t), where ρ0 is a reference den-

sity, and uc(x, t) =
∑
i f

c
i (x, t)ci/ρ

c(x, t), respectively.
For simplicity, We choose the lattice constant ∆x, the
timestep ∆t, the unit mass ρ0 and the relaxation time τ c
to be unity throughout this paper.

Shan and Chen introduced a pseudopotential interac-
tion between fluid components c and c′. A sufficiently
strong interaction parameter (gcc̄=0.1 in our case) trig-
gers the separation of components and the formation of a
diffuse interface with a well defined surface tension. The
typical width of this interface is ≈ 5∆x.32 The compo-
nents separate into a denser majority phase of density
ρma and a lighter minority phase of density ρmi, respec-
tively. In order to simulate evaporation, we impose the
density of component c at the boundary sites to be a
constant value.18 In addition, we apply Shan-Chen type
potentials between solid walls and the fluid37 in order to
tune the wettability of the substrate.

To model the particles, we discretize them on the fluid
lattice and couple them to the fluid species by means of
a modified bounce-back boundary condition as pioneered
by Ladd and Aidun.34,38 Lubrication forces between par-
ticles are properly resolved by the LBM until a distance
of one ∆x between the particle surfaces. If particles get
closer, we add a short-range lubrication correction34 as
well as a Hertz force between the particles.19 The method
was later extended to multiphase flows.19,39,40

For particles with magnetic dipole moment m, the
dipole-dipole interaction is

Uij =
µ0

4π

mimj

r3
ij

[ôi · ôj − 3(ôi · r̂ij)(ôj · r̂ij)] , (7)

where µ0 = 4π × 10−7 is the magnetic constant, ô is
the unit vector of the orientation of the particle, rij is
the distance between particle i and j, r̂ij =

ri−rj
|ri−rj | and

mi is the magnitude of the magnetic dipole in particle
i. The dipole-dipole interaction force is Fdd ≈ µ0

4π
mimj

r3ij
.

A magnetic dipole in an external magnetic field H ex-
periences a force Fi = miôi · ∆H, and a torque Ti =
miôi × H. In our simulations, we set the dipole mo-
ment |m| = 1, the magnetic field |H| = 20, and the
particle radius a = 10 or a = 20. Thus, the dipole-
dipole interaction force Fdd ≈ µ0

4π
mimj

r3ij
is of order 10−10,

and the magnetic torque is of order 10. Based on our
previous work, we furthermore know that the particle-
interface interaction force can be of order 10−3.15 Thus,
we can neglect magnetic dipole-dipole interactions be-
tween the particles. Experimentally, the magnetic torque
Me can be of order of the capillary torque γ12a

2. Taking
a = 10nm, and using the surface tension γ12 ≈ 70 mN/m
of a water–oil interface, we obtain the magnetic torque
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Me ≈ 7 × 10−18Nm. This torque should be achievable
with a strong magnet (e.g., H ≈ 0.07T ) and a magnetic
moment of 1 × 10−16Nm/T . The resulting magnetic in-
teraction force is of order 10−17N , which is much smaller
than the resulting particle-interface interaction force γ12a
of order 10−9N .

For a detailed description of the method and our imple-
mentation including, we refer the reader to the relevant
literature.12,19,20

We perform simulations of single and multiple particles
in a system containing two fluid components. The system
size is S = 256 × 256 × 144 and the droplet radius is
100. Particles with radius 20 are used when there are
N = 1 − 6 particles in the system, while the radius is
lowered to a = 10 for the system containing N = 40
particles.
Interfacial energy of a single Janus particle at a

droplet interface. When Janus particles are absorbed
at the droplet interface, the interface can be deformed
due to gravity, rotation, anisotropic shape or surface
roughness of the particles. Our lattice Boltzmann sim-
ulations are capable of capturing the interface deforma-
tions without making any assumptions about the magni-
tude of the deformations or stipulating any particle-fluid
boundary conditions, as shown in our previous work.12
To develop a theoretical model to describe the behaviour
observed in the simulations, we consider particles with a
radius much smaller than the capillary length such that
we can neglect the effect of gravity. Our particles are
spheres, thus we can eliminate the deformation due to an
anisotropic shape or a rough surface of the particles.

The interface deformation in our system is mainly in-
duced by the rotation of the particles. However, the dif-
ficulty in modelling the shape of the interface and the
position of the contact line prevents any exact analytical
expression to exist for this problem. Park and Lee10 nu-
merically calculate the interface deformation introduced
by rotation of ellipsoidal and dumbbell Janus particles.
They find that the theoretical model that assumes no
interface deformation is able to predict the equilibrium
orientation of nanoparticles reasonably accurately. More-
over, the interface deformation is highly dependent on the
tilt angle of the Janus particle. The tilt angle is defined as
the angle between particle orientation and normal direc-
tion of the droplet interface. The interface deformation
increases with an increasing tilt angle for small tilt angles.
In our system, for example, under an upward magnetic
field, the particle will move to the top of the droplet,
which means the tilt angle of the Janus particle with
repect to the normal direction of the droplet interface is
zero. Therefore, we propose a theoretical model assuming
that interface deformation is negligible.

The interface energy of the particle in its equilibrium
configuration is

Eint = γ12A
int
12 + γa1A

int
a1 + γp2A

int
p2 , (8)

where γij are the interface tensions between phases i and
j and Aij are the contact surface areas between phases i

and j, where i, j = {1: fluid, 2: fluid, a: apolar, p: polar}.
Under the assumption that the particle radius is substan-
tially smaller than the droplet radius, the local interface
around the Janus particle can be approximated by a flat
plane that is tilted with respect to the horizontal direc-
tion by an angle φ. Thus, the global curvature of the
droplet interface has an effect on the interface energy of
this system and we can neglect the effect of the local cur-
vature. We then obtain Aint

12 = 2πR2 − πa2. In the case
of a symmetric amphiphilic spherical particle, the apolar
and polar surface areas are equal, i.e., Aa1 = Ap2 = 2πa2.

Under a strong magnetic field, the magnetic dipole will
align in parallel to the direction of the magnetic field. At
first, we assume the particle’s position is fixed, thus the
interface energy of a Janus particle can be written as

Emag = γ12A
mag
12 + γa1A

mag
a1 + γp2A

mag
p2

+ γa2Aa2 + γp1Ap1. (9)

where Amag
12 = 2πR2 − πa2.

The interface energy difference between the magnetic
field induced orientation state and the initial state is

∆E = Emag − Eint

= γ12

(
Amag

12 −Aint
12

)
+ γa1

(
Amag
a1 −Aint

a1

)
+γp2

(
Amag
p2 −Aint

p2

)
+ γa2Aa2 + γp1Ap1. (10)

Since Aint
a1 = Amag

a1 + Aa2 and Aint
p2 = Amag

p2 + Ap1, we
obtain

∆E = γ12(Amag
12 −Aint

12 ) + (γa2 − γa1)Aa2

+(γp1 − γp2)Ap1, (11)

According to Young’s boundary conditions,41 we ob-
tain

cos θA =
γa1 − γa2

γ12
, cos θP =

γp1 − γp2
γ12

. (12)

Using cos θA = − cos θP = − sinβ resulting from the
condition that the two hemispheres have opposite wetta-
bilities, we can further simply Eq. (11) to

∆E = γ12(Amag
12 −Aint

12 ) + γ12(Aa2 +Ap1) sinβ.(13)

Under the assumption that the interface deformation is
negligible, Amag

12 = Aint
12 , Aa2 = Ap1 = φ

2π4πa2 = 2φa2.
Therefore, Eq. (11) finally reduces to

∆E = 4φa2γ12 sinβ. (14)

Total interface energy of multiple particles at a
droplet interface. If there are N particles adsorbed at
the interface, the total interface energy becomes

∆ET = 4a2γ12 sinβ

N∑
i

φi. (15)

Based on a geometrical analysis, we get

sinφ/2 =
|ri − r0|

2R
. (16)
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Under the effect of an upward magnetic field, the particles
move to the top, resulting a small φ angle. Therefore, we
can write

φ/2 ≈ |ri − r0|
2R

. (17)

Then, we can rewrite Eq. (15) into

∆ET =
4a2γ12 sinβ

R

N∑
i

|ri − r0|. (18)
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