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Abstract. Bicontinuous interfacially jammed emulsion gels (bijels) are
soft materials characterized by an interconnected network of fluid do-
mains stabilized by colloidal particles. Their tunable microstructures
make them promising candidates for applications in material templat-
ing, membrane separations, and drug delivery. In this study, we explore
how magnetic fields influence the post-formation structural evolution of
bijels stabilized by magnetically responsive ellipsoidal particles. Using
hybrid Lattice Boltzmann—Molecular Dynamics simulations, we examine
the response of systems stabilized by oblate and prolate particles across
a range of magnetic field strengths (B = 0,0.2,0.5, 1). We quantify struc-
tural evolution through metrics including domain size, average interfacial
tilt angle and six-fold Steinhardt bond orientational order. Our findings
reveal that particle shape mediates the extent of anisotropy and domain
coarsening, with prolate particles promoting ordering and alignment,
while oblate particles tend to disrupt local structure. Finally, we com-
pare bijels formed under an applied field to those exposed post-formation,
showing that magnetic alignment can effectively tune microstructure in
both cases to an approximately equal degree, highlighting a viable route
for post-processing control of responsive bijel materials.

Keywords: particle-stabilized emlsions - lattice Boltzmann methods -
emulsion templating.

1 Introduction

Stimuli-responsive emulsions have gained interest for applications in enhanced
oil recovery, porous material templates, in-situ reaction separation, and drug de-
livery scaffolds [36,2]. These applications rely on microstructure modifications
driven by external stimuli, altering the permeability, surface area, and mor-
phology of the emulsion. With advances in particle synthesis and concerns over
surfactant toxicity, particle-stabilized emulsions have regained popularity since
their discovery by Ramsden and Pickering in 1907 [29,46]. Stimuli response in
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these systems has been achieved using pH, temperature, or chemical composition
changes 22,21, 27, 44].

Bicontinuous interfacially jammed emulsion gels (bijels) are of particular in-
terest due to their tortuous, co-continuous domain morphology, making them
suitable for membranes, catalyst supports, battery electrodes, and pharmaceu-
tical products [42,30,5,11,31]. Bijels form through the arrest of spinodal de-
composition in partially miscible fluids [35, 14, 37]. During phase separation, the
interface sweeps through the system and adsorbs the particles. When the inter-
facial area matches the cross-sectional area of the particles, the particles jam
and arrest the phase separation [35, 14, 37]. Since their discovery in simulations
and subsequent experimental synthesis, extensive research has explored various
fluid systems for bijel formation, scalable fabrication methods, and potential
applications.

Bijels stabilized by ellipsoidal particles exhibit multiple timescales compared
to those stabilized by spherical particles [13]. After jamming, capillary inter-
actions drive further reorientation, leading to domain coarsening over longer
timescales [13]. Magnetic fields offer a promising external stimulus due to their
targeted interactions, biological compatibility, and diverse material applications.
The structural response of magnetically responsive materials depends on ini-
tial particle orientation, as seen in hydroxyapatite crystals [25]. In Pickering
emulsions stabilized by magnetic microspheres, magnetophoresis drives particle
movement along field lines [38]. Additionally, particle migration and tilting at
interfaces can cause structural deformation and de-emulsification [43, 24]. Given
their locally jammed nature, combining anisotropic particle-stabilized bijels with
magnetic field control could enable precise microstructural tuning, and has been
exhibited to do so during the formation stage of bijels [17].

In this work, we use hybrid Lattice Boltzmann—-Molecular Dynamics sim-
ulations to investigate the structural evolution of bijels stabilized by magnet-
ically responsive ellipsoidal particles under externally applied magnetic fields.
We examine how particle shape and field strength influence domain coarsening,
anisotropy, and local particle ordering. Our results show that magnetic fields
can induce anisotropy and particle ordering to the applied direction. The shape
of the particle affects how the interfacial packing is affected, with prolate par-
ticles having increased ordering while oblate particles exhibit lower local order-
ing due to out-of-plane tilting. Additionally, we compare the effects of applying
the magnetic field during versus after bijel formation and find that similar mi-
crostructural changes can be achieved in both cases. These findings highlight
the potential of magnetic field-driven control as a versatile strategy for post-
processing and tuning the structure of active soft materials.

2 Model parameters and simulation setup

Bijels are inherently non-equilibrium materials, formed via the arrest of spin-
odal decomposition in a binary fluid mixture by interfacially adsorbed particles.
This kinetic arrest leads to a bicontinuous structure that is stabilized by particle
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jamming at the fluid interface. The incompressible Navier—Stokes and advective
Cahn—Hilliard equations have been used to model hydrodynamics and phase sep-
aration respectively facilitating simulations of bijel systems. Particle adsorption
and interfacial jamming are achieved through particle-fluid coupling and inter-
particle interactions, which prevent further coarsening once the interface area
matches the available particle surface area. This setup enables us to simulate
the dynamics of a bijel during formation from an initially homogeneous fluid
mixture as well as post formation, investigating the effect of particle dynamics
on the microstructure of the system. To study magnetically responsive bijels,
we additionally include magnetic dipole-dipole interactions and coupling to an
external field.

To simulate hydrodynamics and non-ideal liquid mixing, we utilize a D3Q19
lattice Boltzmann method (LBM) that implements the Shan-Chen multicompo-
nent model. It evolves a particle density distribution for species k f¥(zx,t) at
time ¢ at grid point « in lattice direction ¢ using a single relaxation time 7 or
BGK collision operator [26, 4]

fi(@+ et t + At) = f(,) - f—; [FE@, ) = 1] )

where fik’eq(pk,uiq) denotes an equilibrium distribution that depends on the

local fluid density pp = >, flk and velocity u;*. The equilibrium distribution
flee = fed g written as a hermitian polynomial expansion of the Maxwell-
Boltzmann distribution. When performing a Chapman-Enskog expansion of f,
the incompressible Navier-Stokes equation is recovered. Non-ideal mixing in the
Shan-Chen multicomponent model is modeled through a non-local interaction

force between the fluid components [32, 33|
Wy
Fi(x)At = —;Zggkkﬂ/}k(wﬁ/}k/(x +ci)ei, (2)

where ¥ (x) = ¥(pr(x)) represents the effective density of the fluid compo-
nent k, and ggp controls the strength of the force between fluids. The force is
added to the velocity of the fluids u;? = o' + & F), where o' is defined as
S =3, % >, f¥e;. The advective Cahn-Hilliard equation is obtained
when performing a Chapman-Enskog expansion of the order parameter, defined
as ¢ = pr — pr-- We then couple particles to the fluid based on the approach
of Ladd and Aidun, where particles are modeled as rigid bodies that exchange
momentum with the fluid and interact through Hertzian contact and lubrication
forces with other particles [19,1,16]. More information about the specific ex-
pressions used to account for particle anisotropy can be found in [7,40,17]. We
incorporate magnetic interactions using a dipole interparticle potential. Field-
particle interactions are handled through coupling to the field B

F=(m-V)B,

T =mx B. (3)
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This model is implemented in LB3D, with further details of the implementation
and specific equations given in previous work [16,13,6,41,17].

The initial configuration is setup using bijels simulated with various magnetic
field strengths in a cubic box with side length n, = 256 Ax. The fluids have
volume fraction ¢y = 0.5, fluid density p; = 0.7(§Tm)3 and kinematic viscosity

vp = cA(r — At)2) = & (A2 ot a relaxation rate 7 = 1At. The fluids have a

6 At
surface tension controlled using the parameter gpp = O.OS(A(tA)%. The surface

tension at the specified gir under these settings is o = 0.0267(2;';2 , found using

the Young-Laplace law when plotting the fit of the pressure difference between
the interior and exterior of a droplet and the radius of the droplet.

The bijels are stabilized with particle volume fraction ¢, = 0.1, correspond-
ing to 812 particles in the system with particle density p, = 1(37’)‘3 We stud-
ied ellipsoidal particles with radii R, = 5Az, R, = 10Ax for oblate particles
a = %ﬁ = 0.5 and R, = 12.6Ax, R, = 6.3Ax for prolate particles o = 2. The

strength of the Hertzian potential is controlled using Ky = 100@@%77”\/@ and

used in line with past works investigating bijels with LB3D. The cutoff distance
for the lubrication force was set using A. = 2/3Az and selected based on rec-
ommendation from Ladd et al. and is dependent upon the relaxation time used
[19]. A dimensionless applied magnetic field is defined as B = ﬂ where m is
the dipole moment of the particle, B is the numerical value of the applied field
and A, is the surface area of the particle at equilibrium. Its value is variable
and defined in each subsection below.

An experimental system will be briefly mentioned to compare the simulation
parameters here to a real system. Water-lutidine bijels have been used before
when synthesizing bijel templates. A water-lutidine system has a Lower Critical
Solution Temperature(LCST) of 37°C. To initiate phase separation of this mix-
ture, the temperature is raised to 40°C. At this temperature, the surface tension
between fluids is 2.2 - 107* N/m and the dynamic viscosity of the lutidine rich
phase is 2.38 - 1072 Pas [12]. Ellipsoidal magnetic articles with equivalent diam-
eter 4 ym and magnetic moment m ~ 3-10~* Am? can be synthesized through
mechanical stretching of polystyrene microparticles and subsequent coating with
nickel using physical vapor deposition [9,10]. This results in a system with
Az = 252 nm and At = 624 ns resulting in a box length of =~ 65 ym and a
simulation duration of ¢ = 62.4 ms.

3 Results

We investigate how the microstructure of bijels stabilized by ellipsoidal particles
at a volume fraction ¢, = 0.1 evolves under varying magnetic field strengths
B =0,0.2,0.5,1.

Figure 1 shows snapshots of the bijel microstructure at the initial and final
time steps of the simulation with and without an applied field for bijels stabilized
by prolate particles. It illustrates how the particles align with the direction of
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t=10%At

Fig. 1. Evolution of the bijel microstructure stabilized by prolate particles, shown at
the initial time step (¢t = 0At, top row) and after 10° At (bottom row). The left column
(a-b) shows the system with no applied field, while the right column (c-d) shows the
effect of an external field of strength B = 1, indicated by the arrow in panel (d). Upon
field application, particles tend to align with the field direction, and the fluid domains
deform in response, adopting a distinct anisotropic morphology.

the magnetic field. While reorienting, the particles adopt new interfacial arrange-
ments, resulting in coarsened fluid domains. The effect of domain coarsening can
be measured using the average domain size from the first moment of the structure
factor, calculated via the Fourier transform of order parameter fluctuations [18].
Our methodology to calculate the domain size is explained in a past publication
[17]. We plot the domain size results in Figure 2.

Figure 2 presents the time evolution of the normalized average domain size,
where the characteristic length scale is defined using the volume-equivalent
spherical particle radius R = 7.9. When a magnetic field is applied to a bijel
formed in the absence of one, the final average domain size increases by up to
5.2% for bijels stabilized by oblate particles and 2.5% for those stabilized by pro-
late particles. The coarsening dynamics following field application appear to be
similar if the particle shape is the same, as indicated by the comparable slopes of
domain size evolution during the intermediate-time regime. Domain coarsening
is observed even in the absence of a magnetic field, likely driven by interparticle
forces that promote reorientation at the interface, thereby altering the particle
monolayer coverage as previously reported by Giinther et al. [13].

3.1 Comparisons of stimuli response pre and post jamming

Our earlier work investigated the impact of applying magnetic fields during bijel
formation with ellipsoidal particles, revealing microstructural anisotropy and di-
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Fig. 2. Time evolution of the characteristic domain size L/R for bijels stabilized by
ellipsoidal particles with aspect ratios & = 0.5 (left) and a = 2.0 (right), under vary-
ing field strengths B. The application of a field causes coarsening to initiate earlier
compared to the no-field case. However, once coarsening begins, the domain growth
follows a consistent power-law scaling for all nonzero field strengths, distinct from the
coarsening observed when no field is applied.

rectional tortuosity, with implications for applications such as battery electrodes,
tissue engineering scaffolds, and architected porous media [45, 8,15, 17]. Here, we
investigate whether the degree of domain size change is equivalent when the field
is applied during versus after bijel formation. To this end, we compute the dif-
ference between domain sizes obtained under these two conditions using the
same field strengths, particle shapes, and volume fractions. The results, shown
in Figure 3, include both spherically averaged and directional domain sizes and
highlight how the timing of field application influences the final microstructure.

For oblate particles (a = 0.5), the difference in average domain size, ALq,
is non-zero at low field strengths but decreases as B increases. This trend sug-
gests that low magnetic fields allow greater flexibility for particle monolayer
rearrangement, enabling the domain coarsening observed upon field application.
However, the overall differences in domain size remain small, indicating that ap-
plying a magnetic field after formation leads to minimal structural changes for
bijels stabilized by oblate particles. In contrast, bijels stabilized by prolate par-
ticles (v = 2.0) exhibit a more pronounced increase in AL; with increasing field
strength, implying that higher fields facilitate further coarsening even after the
bijel has formed. Nevertheless, the magnitude of these changes remains within
the width of the fluid-fluid interface resolved in the simulation, suggesting that
they may not lead to significant differences in macroscopic physical properties.
When examining the directional domain sizes, bijels stabilized by oblate particles
(a = 0.5) show slightly larger domains in both directions at low field strengths.
At higher field strengths, however, AL|| exceeds that observed when the field is
applied during formation, indicating subtle differences in field-induced structural
evolution depending on the timing of application. A similar trend is observed
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Fig. 3. Differences between the particle radius normalized spherically averaged domain
size (left) and directional domain size (right) of bijels stabilized with ellipsoidal parti-
cles. The difference in length scales is calculated from the difference between the length
scale metric calculated for bijels with a field applied post formation to bijels with the
same field applied during formation.

for bijels stabilized by prolate particles (o = 2.0) at B = 1, where a substantial
anisotropy develops, with AL significantly exceeding AL . This is thought to
arise from sensitivity of the response to the initial configuration of particles.

3.2 Effect of the particle monolayer

The magnetic field exerts a torque onto the particles, rotating them towards
the magnetic field. Previous investigations have shown that the orientational
ordering of the particles increase over time upon application of a magnetic field
in bijels stabilized by magnetically responsive ellipsoidal particles [17]. Here, we
focus on how the reorientation affects how the particles arrange at the interface,
as seen in Figure 4. Initially, monolayer particles are randomly oriented and lie
flat on the interface. Upon applying a magnetic field, they align with the field
direction, causing structural changes from particle unjamming and re-jamming.

Due to the irreversible adsorption of microparticles at fluid interfaces, struc-
tural evolution in bijels primarily arises from particle monolayer unjamming
and re-jamming events, or through deformation of the interface. Particles tend
to adsorb with their largest cross-sectional area aligned to the interface. Despite
being strongly adsorbed, particles retain the ability to reorient in response to
external stimuli, such as an applied magnetic field. Prior work by Davies et al.
demonstrated that a minimum field strength of B = 0.2 is required to induce
out-of-plane tilting for particles with geometries similar to those used in this
study [7]. To investigate the dynamics of monolayer rearrangement upon field
application, we analyze the orientation of particles through the average inter-
facial angle, v. The method for computing v is detailed in Karthikeyan and
Schiller [17]. 4 is calculated for each interfacially adsorbed particle and averaged
to obtain (). The time evolution of (1) is presented in Figure 5.
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t=0At
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Fig. 4. Evolution of the a prolate particle monolayer shown at the initial timestep
(t = 0At, top row) and after 10° At (bottom row). The left column (a-b) shows the
system with no applied field, while the right column (c-d) shows the effect of an external
field of strength B = 1, indicated by the arrow in panel (d). Upon field application,
particles tend to align with the field direction causing differences in how the particles
arrange at the interface.

45
18
40

< b O 0
< b O O
o nn

35 16

()

30 14

3 ¢ A j 12
2 3 AAAW ¢
& 8 ¢ 888 a

10° 10° ™
t/At

Fig. 5. Time evolution of the average interfacial tilt angle (1) for bijels stabilized by
oblate particles (a = 0.5, left) and prolate particles (o = 2.0, right) under varying
magnetic field strengths B.
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Figure 5 shows the evolution of the average tilt angle () for ellipsoid-
stabilized bijels under an applied magnetic field. Initially, (1) increases as parti-
cles begin to tilt in response to the field, followed by a brief decrease, and then a
gradual increase or decrease depending on the particle shape. This suggests that
particles initially lie nearly flat on the interface but tilt under the influence of
the magnetic field. As the system evolves, (1) reaches a plateau, corresponding
to a regime where capillary forces reorient the fluid interface to accommodate
the new particle alignment. Once the interface settles into this reoriented config-
uration, the particle monolayer becomes jammed again, leading to the observed
plateau in (1) at intermediate to late times.

The initial tilting rate, duration of the plateau, and final tilt angle all increase
with field strength, underscoring the competition between magnetic torques driv-
ing particle reorientation and interfacial capillary forces resisting deformation.
As the particles align with the magnetic field, the interface deforms to minimize
interfacial free energy, ultimately contributing to the anisotropic domain struc-
tures characterized for magnetically responsive bijels. Differences in this behavior
emerge between oblate and prolate particles. Bijels stabilized by oblate particles
exhibit a more pronounced increase in (1) after field application, owing to their
tendency to stack vertically when aligned with the field. In contrast, prolate par-
ticles preferentially adopt side-to-side or end-to-end configurations, which favors
flatter orientations at the interface. This difference results in divergent late-time
behaviors. For oblate particles, (1)) continues to increase as particles gradually
tilt out of the interface, while for prolate particles, (¢)) decreases as particles
reorient to optimize packing by lying flatter on the interface.

To quantitatively assess the local arrangement of particles at the interface, we
compute the ensemble-averaged Steinhardt bond orientational order parameter
Qs [34,20,23]. These parameters characterize the local structural ordering by
projecting the orientations of neighboring particles onto spherical harmonics
Yim of degree [, and are defined as

47 A
Ql(z) = \/21 + 12£n=—l|2f%ayvlm(9fa¢f)|2' (4)

Here A(f) denotes the area of face f of the Voronoi cell around a reference par-
ticle, A is the total surface area of the Voronoi cell, 0 and ¢ are the polar and
azimuth angles of the outer normal vector connecting the reference particle to
the vertex representing an adjacent particle. Neighbor lists are typically defined
using a fixed cutoff radius around each particle, identifying nearby particles as
neighbors. We use the Python package Freud to calculate the bond order pa-
rameters and use a Voronoi cell to determine the particle neighborhood rather
than the standard distance criterion [28,23]. The Voronoi-based method avoids
the need for a predefined cutoff and yields more robust neighbor definitions, par-
ticularly in disordered systems. Bond orientational order parameters have been
widely employed to study structural transitions in colloidal and ceramic systems,
including crystallization, nucleation, and glass formation [39, 3]. Q¢ is most com-
monly used to identify crystal structures by matching the calculated values to
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reference values for specific crystal structures such as fcc or hep. Therefore, we
use Q¢ to characterize changes in local ordering of particles.
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Fig. 6. Time evolution of the normalized six-fold Steinhardt bond orientational order
parameter for bijels stabilized by oblate particles (left) and prolate particles (right),
under varying magnetic field strengths.

For bijels stabilized by oblate particles a distinct decrease in (Qg) is observed
upon application of a magnetic field, particularly at intermediate times. The
drop becomes more pronounced with increasing field strength, suggesting that
the field disrupts the initial local ordering as particles begin to tilt or reorient in
response to magnetic torque. A partial recovery in ordering is seen at late times,
likely due to re-jamming of particles into a new configuration. In contrast, bijels
stabilized by prolate particles exhibit a monotonic increase in bond order with
increasing B, indicating that the applied field enhances local structural order
rather than disrupting it. This is attributed to the alignment of prolate particles
along the field direction, which promotes side to side packing and increases
local orientational ordering. The absence of a dip in the ordering curve, even
at intermediate times, further supports the idea that field-induced alignment in
prolate systems occurs more smoothly and constructively compared to the more
disruptive response in oblate-particle-stabilized bijels. These trends reflect the
effect of particle shape on interfacial reorientation of particles and the effect of
local particle packing.

The six-fold Steinhardt bond orientational order parameter (Qs) and the
average interfacial angle () provide a detailed view of how external magnetic
fields and particle shape influence the post-formation microstructural evolution
of bijels. The parameter (Qg) quantifies the degree of local positional and ori-
entational ordering among particles at the fluid interface. For oblate particles,
a pronounced decrease in ((QJg) under field application indicates a disruption of
local packing, likely due to out-of-plane tilting that breaks the symmetry of the
initially jammed monolayer. In contrast, for bijels stabilized by prolate parti-
cles, (Qg) increases steadily with field strength, suggesting that the applied field
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promotes enhanced order through cooperative alignment along the field direc-
tion. These contrasting trends emphasize the importance of particle anisotropy
in determining how a magnetic field affects interfacial order.

The evolution of the average interfacial angle (v) further elucidates particle
alignment dynamics under magnetic torque. For oblate particles, a continuous
increase in (1) at late timesteps suggests gradual tilting out of the interface,
which leads to vertical stacking and correlates with a reduction in local order. In
contrast, prolate particles exhibit an initial increase in (), followed by a plateau
or decrease, indicating that after an initial tilt, particles tend to reorient to lie
flatter on the interface, promoting side-to-side or end-to-end alignment and thus
increasing (Qg). Based on the results comparing the difference in microstruc-
ture between fields applied to bijels during and after formation show that the
results are sensitive to the initial position of the particles. Further investigation
is needed to determine whether microstructural variations are consistent and re-
producible. Comparisons between bijels formed under a magnetic field and those
exposed to a field post-formation show only minor differences in final microstruc-
ture, suggesting that the timing of field application may not be critical. Instead,
the field-controlled orientation of particles appears to be the dominant factor
governing the development of anisotropic domains, highlighting the potential of
magnetic alignment as a post-processing tool for tuning bijel structure.

4 Conclusions

Motivated by the potential applications of bijels in catalyst supports, filtration
membranes, and drug delivery systems, this study explores how bijels stabilized
by magnetically responsive ellipsoidal particles can serve as a platform for design-
ing active soft materials. Using hybrid Lattice Boltzmann—Molecular Dynamics
simulations, we investigated the structural response of bijels stabilized by oblate
and prolate particles, initially formed without a magnetic field and subsequently
exposed to varying field strengths. Additionally, we compared these systems to
bijels formed under identical magnetic field conditions to assess whether the
timing of field application significantly influences the resulting microstructure.

Our results demonstrate how magnetic field application and particle shape
jointly influence the microstructural evolution of bijels post-formation. Through
the analysis of domain size, Steinhardt bond orientational order, interfacial angle,
and 2D structure factors, we show that oblate and prolate particles respond in
different ways to applied magnetic fields. Oblate particles tend to disrupt local
order by tilting out of the interface under magnetic torque, resulting in reduced
bond ordering and moderate anisotropic coarsening. In contrast, prolate particles
promote field-aligned packing that enhances local ordering and also promoting
moderate anisotropic coarsening.

The timing of field application, whether during or after bijel formation, was
shown to influence the degree of anisotropy and ordering, though to a lesser ex-
tent than the shape-dependent particle response. Applying a magnetic field post-
formation can induce similar structural features to those formed under field con-
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ditions, especially for prolate-stabilized systems, suggesting that post-processing
with magnetic fields is a viable route for structural tuning. However, subtle differ-
ences observed in the structure factor distributions hint at sensitivity to initial
particle arrangement, motivating further studies into the reproducibility and
control of these transformations. Steric hindrance may decrease as particle size
reduces, allowing particles to better conform to interface curvature, though the
effects on the results with micron-sized particles remain unclear. The impact of
changes in particle spacing on reactivity, selectivity, or diffusion rates is also not
well understood. Furthermore, additional particle interactions, such as chemi-
cal crosslinking or charge, may influence these results, especially in applications
requiring high shear resistance, such as cross-flow reactors and separation mem-
branes. In conclusion, our simulations provide insights into the microstructure
changes and mechanism underlying the stimuli response of bijels stabilized by
ellipsoidal particles upon application of constant magnetic fields.
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