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Abstract
We review recent work on active colloids at interfaces,
including self-propelled colloids that move by generating a
propulsive force, and driven colloids that move under external
fields. Features unique to fluid interfaces alter the flows
generated at interfaces by active colloid motion, and hydro-
dynamic interactions with these layers. We emphasize recent
observations of natural swimmers, like bacteria, and bio-
mimetic colloids including self-propelled phoretic and Maran-
goni swimmers, and magnetically driven colloids. We discuss
active colloid interaction with boundaries and with each other.
We conclude with a discussion of open issues and opportu-
nities to design active colloids as active surface agents that
manipulate interfacial properties and the transport in the vi-
cinity of interfaces.
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Introduction
We review aspects of recent research on active colloids,
including driven colloidal particles that move under the
action of external fields, and swimmers or self-propelled
colloidal particles. Driven colloidal particles serve as
probes to report on the local properties of their milieu
[1e4] and are used as building blocks in directed as-
sembly schemes for functional structures [5e8]. Active
www.sciencedirect.com
colloids are widely studied for insight into biology and
into physics of far-from-equilibrium structures. For
example, bacteria have been widely studied as self-
propelled microscale swimmers to understand their
implications in nature including bacterial locomotion,
surface attachment, quorum sensing, colony formation
and biofilm development [9e14]. In addition to
providing insight into microbial biology, bacteria’s

persistent and efficient swimming and their ability to
self-organize are studied for fundamental insight into
collective dynamics and to guide the design of bio-
mimetic swimmers [15e18]. The hydrodynamics of
active colloids in isolation, the nature of their hydrody-
namic interactions, and other physicoechemical in-
teractions with their milieu and with confining
boundaries are widely studied to understand their abil-
ity to orient, trap and organize. These diverse responses
are harnessed in application as “physical intelligence” in
micro-robotic schemes that allow active colloids to sense

and respond to their surroundings [19].

Active colloids accumulate at fluid interfaces, where they
can either move adjacent to the interface or adsorb and
move on the interface itself. This active adsorbed state is
unique to fluid interfaces, as particles adsorbed on solid
boundaries typically cannot translate. Active colloid as-
sociation with fluid interfaces provides new opportunities
to design system response. Interfaces between two
immiscible fluids are not only sites where the viscosity
changes rapidly from that of one bulk phase to another.

Rather, they are highly anisotropic environments with
complex physics and chemistry. Interfaces are open sys-
tems, in contact with the two adjacent bulk phases.
Furthermore, interfaces have elevated surface energies or
surface tensions that promote adsorption and accumula-
tion of material from either phase. Classically, small
molecule surfactants, surface active macromolecules, and
passive colloidal particles are assembled at interfaces to
stabilize dispersions and impart functionality. More
recently, droplets stabilized and propelled by active col-
loids have been studied, with exciting implications for

droplet motion and for local mixing near the interface.

There are excellent recent reviews on active colloids
and interfaces, indicating the strong interest in this field
[20,21]. Since we have been studying active colloids at
interfaces to understand their motion and the flows that
they generate [22,23], we focus on the literature in
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2 Special Topic Volume: Active Colloids (2022)
these arenas. This review is divided into five parts, of
which this Introduction is the first. In the second part,
we describe background regarding the manner in which
interfaces constrain particles or alter their motion. In
the third section, we highlight the propulsion of active
colloids at interfaces via diverse mechanisms, including
natural swimmers, biomimetic self-propelled colloids,
and driven colloids. In the fourth part, we discuss active

colloid interaction and application. Finally, we conclude
this review with a discussion of opportunities for the
future study.
Background
Active colloids with radius a, moving at velocityU near or
on an interface between fluids of mean density �r and
mean viscosity �m typically move with Reynolds number
Re ¼ �rUa=�m≪1, so inertial effects can be neglected.
The importance of gravitational effects depends on the
Bond number Bo= Drga2/g where g is gravitation accel-
eration, and Dr is the difference in density between the
particle and the subphase; for colloidal scale particles,
gravitational effects are often negligible. Active colloids
typically move in a regime of negligible capillary number
Ca ¼ �mU=g, which characterizes the ratio of viscous

stresses to surface tension g, so active particle motion
cannot deform the fluid interface. Colloid motion is
resisted by drag force FD characterized by a drag coeffi-
cient CD ¼ FD=�mUa that is influenced by the degree of
immersion of the colloid in the bulk fluids, and the
stresses in the interface. For adsorbed colloids, the
behavior of the contact line plays an important role in
constraining particle motion. In this section, we review
fundamental concepts important for understanding the
motion of active colloids.We then discuss stresses at fluid
interfaces and their implications for active colloidmotion.

Particle adsorption and contact-line pinning
A passive spherical particle with negligible weight

attached to a fluid interface has a contact line where the
interface intersects the particle. At equilibrium, adsorbed
colloidal particles are typically trapped as their presence at
the interface lowers the net surface energy of the system
by asmuch as 105 kBT[24]. Young’s equationpredicts that
the interface will adopt an equilibrium contact angle at
the contact line, thereby defining a unique adsorbed
configuration for the particle at equilibrium. However, a
recent body of research has shown that contact lines
display complex dynamics that depend on the particle’s
surface composition and nanoscale topography, even for

particles with ostensibly uniform surface chemistry.When
attaching to an interface, a colloid first breaches interface,
forming a contact line and releasing capillary energy;
thereafter, the contact line evolves towards equilibrium
[25e29]. Contact lines can evolve with glassy dynamics
during which its location evolves logarithmically in time
[27]. This evolution is consistent with contact line
pinning to nanoscopic heterogeneities with characteristic
Current Opinion in Colloid & Interface Science 2022, 61:101629
hopping frequencies between pinning sites as the system
tends to equilibrium [30].

Contact line dynamics have been studied for diverse
particle materials, surface chemistries, particle sizes, for
particles approaching interfaces from aqueous and oil
phases [28]. For most particles studied, after initial
dynamics associated with breaching subsided, contact

lines evolved with glassy dynamics, thereafter crossing
over into a rapid relaxation regime. The duration of
glassy dynamics was highly dependent on the particle
material. Simulation captures three distinct regimes of
contact line relaxation [29], including an initial expo-
nential decay associated with visco-capillary dynamics,
which crossed over to slow logarithmic relaxation,
followed by a final exponential decay close to equilib-
rium. These studies address contact line pinning on
relatively smooth spherical colloids. However, many
active colloids are highly heterogeneous or patchy, with

complex surface topographies and surface chemistries,
known to generate even more complex contact line
pinning effects [31]. Pinning and variations of the con-
tact line height generate long-ranged capillary in-
teractions between particle pairs [32] and between the
particles and the underlying interface curvature [33].

If present, contact line pinning would have important
implications for adsorbed active colloids. For example,
pinned contact lines would trap active colloids with
similar features in widely different surface configura-

tions. Such diverse configurations have been reported
for bacteria swimming in an adsorbed state on oilewater
interfaces [22]. Contact line pinning would constrain
colloidal motion, disallowing rotation about axes in the
plane of the interface. The persistence of diverse trap-
ping states would imply that differing flow fields would
be generated around the particles, as the active parti-
cle’s configuration influences the degree of immersion
and the flow generated in the adjacent fluids, all of
which should alter the flow in the interface. The
resulting drag resisting active colloid motion would also
be influenced by contact line dynamics. Locomotion can

also depend on the adsorbed colloid’s configuration, for
either driven or self-propelled particles. For example,
colloids driven by external electric fields can be antici-
pated to respond differently depending on their degree
of immersion at interfaces between fluids with different
dielectric properties or ion concentrations. Bacteria
motion depends on the immersion of flagella in an
aqueous phase, and catalytical active patches require
access to the chemicals typically presented in aqueous
phases to fuel their motion.
Stresses in fluid interfaces
Surface-active molecules adsorb at fluid interfaces and

lower the surface tension. These adsorbed molecules
can be redistributed by the flow around active colloids,
www.sciencedirect.com
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Active colloids on fluid interfaces Deng et al. 3
generating complex stress responses that alter active
colloid motion. For a comprehensive review of these
effects, see the study by Manikantan et al. [34]. Here,
we give a brief overview to note important limits that are
encountered in experiment. For isothermal systems, the
surface tension g depends on the surface concentration
of surfactant G via a surface equation of state g(G). The
stress balance at a fluid interface requires that the jump

in the normal stress be balanced by the product of the
mean curvature of the interface and interfacial tension,
as well as any normal stresses from surface rheology
including dilatational viscous stresses and elastic re-
sponses. Tangential stress discontinuities are balanced
by surface tension gradients or Marangoni stresses and
tangential stresses arising from the surface rheology.

Dimensional analysis of the stress balance yields two
dimensionless numbers, the first being the Marangoni

number Ma ¼
�
�

�
vg
vG

�
G¼Gc

Gc

��
�mU, where the

Marangoni stress has been expressed via a chain rule in

terms of derivatives of the equation of state
�
vg
vG

�
G¼Gc

evaluated at a characteristic surface concentration Gc.
This number characterizes the ratio of Marangoni
stresses to viscous stresses exerted on the interface. The
second dimensionless number is the Boussinesq number
Bq ¼ ms=�ma, which characterizes the importance of
dissipation by surface viscous to bulk viscous effects. We
focus first on Marangoni stresses, which can often
dominate the stress state of the interface for small
molecule surfactants. The distribution of surfactant on
the interface G is determined by the surface mass bal-
ance, which can be stated in dimensionless form as:

vG0

vt0
þ V0

s,
�
u0sG

0�� 1

Pes
V0
s
2
G0 ¼ �j0n (1)

where, a/U is used as the characteristic timescale. In this

expression, V0
s,ðu0sG0Þ captures surface convective effects

including tangential advection and interfacial dilatation,

and V02
s G

0 represents the surface diffusive effects. The

normal flux from the bulk j0n captures the exchange of

surfactant between the bulk and the interface.

The surface Peclet number Pes = aU/Ds characterizes

the ratio of convective to diffusive transport of the
surfactant at the interface, where Ds is the surface
diffusivity. Pes is typically large, so surface diffusive
fluxes are typically weak. For an active colloid moving in
an otherwise uniform surfactant covered interface,
convection in the interface generates surface concen-
tration gradients, and mass transfer between bulk
phases and the interface relieves these gradients. Thus,
the magnitude of j0n plays an essential role in deter-
mining interfacial stress response. We describe two re-
gimes, j0n≪1 and finite j0n, below.
www.sciencedirect.com
Insoluble surfactants or very slow surfactant exchange between
the interface and the bulk phase: The flux from the bulk, j0n
can be negligible for sparingly soluble surfactants or for
dilute surfactant solutions which have slow exchange
with the interface. If either bulk phase is very viscous,
Ma approaches zero, and Marangoni stresses are negli-
gible. In this limit, the interface acts only as a constant
surface tension dividing surface in the flow. Recently,

Dani et al. [35] reported drag on particles at interfaces
that obey this limit for heavy Teflon particles trapped at
highly viscous polyalphaolefin oils interfaces. If, how-
ever, surfactant is dilute and the adjacent fluids have
viscosities comparable to that of water,Ma ¼ RTGc

�mU [1.
In this regime, large Marangoni stresses drive gradients
in G to zero. The steady surface mass balance becomes
V0
s,u

0
s ¼ 0, which requires that the interface behaves as

an incompressible layer [36e38]. In this limit, the drag
[38], mobility [37], interfacial Stokelet and image forces
[39] have been found for particles moving on or near

incompressible interfaces. Recently, higher order hy-
drodynamic multipoles for driven and active colloids
near or on clean or incompressible interfaces have be
derived [40]. A flow field consistent with this limit has
been observed in experiment around thermal particles
at aqueouseair interfaces [41], shown in Figure 1a.
Importantly, this limiting behavior will be typically
encountered in studies of active colloids at interfaces
with ostensibly “clean” or surfactant-free interfaces.

Finite exchange between the interface and the bulk phase:
Generally, for soluble surfactants, the surface concen-
tration in a quiescent system is determined by the
equilibrium adsorption isotherm G(C) where C is the
bulk surfactant concentration. Around a moving adsor-
bed colloid, the bulk field C is determined by a balance
of convection and diffusion, and fluxes between the
bulk fluid and the interface are determined by the serial
processes of diffusion from solution toward the interface
and the kinetics of adsorptionedesorption exchange.
When these rates of exchange are finite compared to the
convective time scales, j0n must be formulated in terms
of diffusive fluxes and adsorptionedesorption fluxes,

and the effective stresses in the interface are deter-
mined for finite Ma by the simultaneous solution of the
stress balance, bulk and surface mass balances, and flow
field. Furthermore, outside of a surface gaseous regime,
the surface equation of state is non-linear. These fully
coupled regimes remain areas of active research [42].

Flow in the interface
Flow induced by colloidal motion near interfaces can be
understood through far-field analyses that give the
universal flow characteristics that prevail sufficiently far
from an active colloid but neglect near-field details, and
detailed simulations that account for colloid geometry

and propulsion mechanisms, allowing one to construct
accurate near-field flow fields or to predict specific
Current Opinion in Colloid & Interface Science 2022, 61:101629
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Figure 1

Hydrodynamic multipoles for incompressible interfaces. (a) Interfacial Stokeslet measured experimentally from Brownian particles (Adapted from the
study by Molaei et al. [41]) and its theoretical predictions shown in (b). (c) Top view of an incompressible stresslet. (d) Side view of asymmetric mode. (e)
Interfacial flow of off-interface forcing mode and its side view shown in (f). (Adapted from the study by Chisholm et al. [40]).
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colloid trajectories [43e45]. Far-field hydrodynamic
models have been surprisingly useful in understanding
the behaviors and interactions of colloids. The leading-
order far-field flow of colloids driven by an external
Current Opinion in Colloid & Interface Science 2022, 61:101629
force can be described as a simple point force on the
fluid at the location of the colloid in an otherwise
quiescent fluid; the flow field, which decays with dis-
tance r from the colloid as 1/r is termed a “Stokeslet”.
www.sciencedirect.com
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Active colloids on fluid interfaces Deng et al. 5
Similarly, colloids driven by an external torque can be
described by a point-torque or “rotlet”, which decays as
1/r2. These modes universally describe flows far from
driven objects. However, they do not capture the details
of flows very close to the driven colloids that depend on
their shape or surface features. To capture such effects,
higher order modes (torque dipoles, quadrupoles,
octupoles) or detailed simulations are required.

For self-propelled objects, however, the leading-order
flow is given by a force dipole, reflecting the lack of a
net external force on the system; instead, a thrust-drag
force pair is exerted on the fluid. Various higher-order
modes may be ascribed to different characteristics of an
active colloid. In the case of a flagellated bacterium, a
torque dipole can be induced by counter-rotation of the
body and flagella during locomotion; a Stokeslet quad-
rupole arises from length asymmetry between the flagella
and the cell body; and a source-sink doublet due to the

finite size of the cell body [9]. In contrast to a bulk fluid,
where a multipole expansion about a single point within
the colloid is sufficient to describe the flow, the abrupt
change in viscosity between the fluid phases and
nontrivial rheology of the interface necessitates the
summation of three separate multipole expansions; one
that is about a point located above, below, and exactly on
the interface, with the three expansion points separated
by an infinitesimal distance from a central locationwithin
the colloid of interest [40]. Here, we briefly summarize
the leading-order modes for driven and active colloids

moving near or on incompressible fluid interfaces. We
consider colloids with pinned contact lines if they are in
an adhered state on the interface. In this discussion,
colloids are approximated point forces, torques and
higher order stress moments exerted on the (otherwise
quiescent) system about a point on the interface.

For an incompressible interface, a colloid driven by a
parallel force generates a surface-incompressible force
monopole, or “interfacial Stokeslet” at leading order,
which features symmetry of the velocity field about the
interfacial plane (Figure 1b). This flow is “lamellar”; the

velocity field is directed parallel to the interface, even
for points off the interfacial plane. This type of flow is a
general characteristic of a fluid bounded by a planar
interface that moves in an incompressible manner [46].
For a colloid forced adjacent to the interface in a di-
rection normal to the interface, a rather weak quad-
rupolar flow, with a 1/r3 velocity decay in the bulk and no
flow on the interface arises at leading order. This
leading-order flow is identical to that expected for a rigid
plane boundary with a colloid in the same configuration
[36]. This differs from a clean interface, for which local

interfacial expansion and contraction can occur, result-
ing in a viscosity-averaged stresslet, or a symmetric force
dipole aligned normal to the interface. However, for a
colloid adhered by contact-line pinning, a normal force
exerted on the colloid is completely supported by the
www.sciencedirect.com
non-deformable interface and no force is transmitted to
the fluid.

An external torque normal to the interface generates a
velocity field equivalent to that of a rotlet in a bulk fluid
having the average viscosity of the two fluids, �m ¼
1
2 ðm1 þ m2Þ. An external torque parallel to the interface
produces no flow for adhered particles because such

torque is supported by the pinned contact line instead
of being transmitted to the fluid. However, an asym-
metric, off-interface dipolar mode (Figure 1d) can be
generated for an adjacent particle forced to rotate by a
torque parallel to the interface. This mode also is asso-
ciated with an unequal distribution of force exerted by
the colloid on the upper and lower fluids. In contrast to
the parallel interfacial Stokeslet and normal interfacial
rotlet, which feature planar symmetry and only depend
on the average viscosity, this asymmetric dipole exhibits
a viscosity-weighted antisymmetry about the interface,

where the flow exactly on the interface vanishes and the
flow speed in the more viscous phase is slower by a factor
of the viscosity ratio.

The interfacial Stokeslet and rotlet terms vanish for a
self-propelled active colloid. For swimmers, the first
surviving modes are force dipoles. On incompressible
interfaces, a stresslet parallel to the interface generates
flow with a four-lobed structure of closed streamlines at
the interface shown in Figure 1c and lamellar flow in the
adjacent phases. Because of interfacial incompressibility,

forces near the interfaces are balanced by Marangoni
stresses in the interface. For finite-sized swimmers with
off-interface sites of propulsive force, two additional
dipolar modes arise. The first is the asymmetric dipole
that we have already discussed, which here is associated
with an uneven distribution of thrust and/or drag be-
tween the two fluid phases. The second, a symmetric
dipole which we term the off-interface forcing mode,
generates a non-lamellar flow unique to incompressible
fluid interfaces that is independent of viscosity contrast
and symmetric with respect to the interfacial plane. It
constitutes a doublet of force dipoles just above and

below the interface as illustrated in Figure 1e and f.
Together, they exert equal forces parallel to the inter-
face at points just above and below the interfacial plane,
and a balancing force on the interface.

In a bulk fluid or at an ideal, clean interface, such a
dipole doublet induces a quadrupolar flow that decays as
1/r3, but, here, the discontinuity of tangential stress at
the interface afforded by Marangoni effects cause this
mode to retain a dipolar character, decaying as 1/r2. (The
same mode also arises and contributes to the higher

order flow for driven colloids that protrude into the
adjacent fluids from an incompressible interface [41].)
To conclude, the general leading order flow generated by
an adhered active colloid on an incompressible interface
is a superposition of a parallel stresslet, an asymmetric
Current Opinion in Colloid & Interface Science 2022, 61:101629
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off-interface dipole and a symmetric off-interface forc-
ing mode.
Drag on a particle in a fluid interface
There are many recent reviews of analysis and mea-
surement of the drag on particles moving on or near fluid
interfaces [44,1,47]. We briefly review only key concepts
to underscore the complexities in considering drag on
active particles moving at or near interfaces. Assuming
negligible surface viscoelastic effects (negligible Bq)
and Marangoni stresses (negligible Ma), the drag force

on a particle straddling the interface has been approxi-
mated FD = 6pm*Ua where m* is the mean viscosity on
the particle surface based on its degree of immersion
[48]. Analysis shows that this approximation holds for
particles half immersed in either fluid, but that it over
predicts the drag as the particle becomes more
immersed in the viscous phase by as much as 30%
[49e52,35,53]. Experiments compare favorably to these
predictions in the limit of negligible Ma [35]. For large
Ma, absent significant exchange of surfactant between
the interface and the bulk, interfaces are incompress-

ible. Analyses show that the drag on translating particles
depends strongly on interfacial incompressibility and on
the surface rheology intrinsic to the interface [38].
Mobilities of particles adjacent to incompressible in-
terfaces differ significantly from their clean interface
counterparts [37].

There are open issues, even for ostensibly surfactant-
free interfaces. For example, a recent study reported
anomalously high drag around particles at aqueouseair
interfaces whose mechanism remains a topic of debate

[54]. The drag was found to be greater for particles
protruding more significantly in air. To explain this
unanticipated dependence, dissipation mechanisms
have been proposed that rely on dynamics in the vicinity
of the contact line.
Surface rheology
The theoretical framework to understand the effects of
surface rheology on particle motion are well established.
In a seminal analysis, Saffman and Delbrück [55] found
the mobility of a flat disk embedded in a viscous,
incompressible membrane separating two semi-infinite
fluids in the limit of large Boussinesq number; this

analysis was extended to address moderate Boussinesq
numbers [56] and subphases of finite depth [57]. Later
theoretical work quantified the response of a linearly
viscoelastic membrane to an embedded point force [58].
The response of interface to a point force yields the
surface Oseen tensor to develop analytical solution for
hydrodynamic drag on objects of arbitrary shape [56,38].

Within this framework, the motion of active particles is
often analyzed to probe and elucidate the origins of
excess stresses conditions at fluid interfaces. For a
Current Opinion in Colloid & Interface Science 2022, 61:101629
simple viscous interface with the interfacial shear (ms)
and dilatational viscosities (ks) the interfacial stress
tensor is defined as

trheo ¼ ms

h
Vsvs þ ðVsvsÞT

i
þ ksðVs , vsÞ (2)

The importance of the interfacial shear stress with
respect to the shear stresses of the subphase fluid is
characterized by the hydrodynamic length scale of the
interface ls ¼ ms

�m .

To measure the mechanics of complex interfaces with
small surface excess rheology, it is rational to use mea-
surement probes with small effective size compared to
the characteristic hydrodynamic length scale. In these
settings, driven colloidal particles are particularly
effective probes, exploited in the field of active micro-

rheology, where micron size probes including ferromag-
netic microbuttons [4,59] or ferromagnetic rods [60] are
driven by a sinusoidal magnetic field. The amplitude of
the induced displacement and its phase lag relative to
the driving field are measured to determine the complex
drag resistance of the particles and to characterize the
complex viscosity of the interface. Rheology of many
different systems including aging asphaltene layers [61],
phospholipid monolayers with nonlinear chiral rheology
[62], and phospholipid monolayers with fibrinogen have
been investigated using this technique [63].

Another class of active inclusions in 2D systems be-
tween two bulk fluids is molecular machines in mem-
branes. In a seminal article, Manneville et al. [64]
reported the effect of transmembrane protein activity
on lipid membrane fluctuation by integrating light-
driven proton pumps in the bilayer of giant vesicle.
Since then, the motions and conformational changes of
active transmembrane proteins have been investigated
to understand transport phenomena in the cellular
membrane. These force- and torque-free membrane

inclusions induce long-ranged hydrodynamic displace-
ments [65]. Active proteins are shown to behave like
oscillating force dipoles that generate hydrodynamic
flows and enhance diffusion of passive particles [66].
Recently, Manikantan [67] has developed a theoretical
framework to study the hydrodynamic interactions and
clustering mechanisms of these active membrane in-
clusions. Such studies may lead to new and more sen-
sitive probes for fluid interfaces in general.

We conclude by noting that it is often difficult to deter-

mine if excess stresses in the interface must be attrib-
uted to dissipation by surface viscosities or Marangoni
stresses [68]. Uncertainty in theway that particlemotion
shears the interface further adds to this ambiguity and
make deducing interfacial viscosity from either trans-
lational or rotational drag resistance of the particle
www.sciencedirect.com
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challenging. Direct visualization of the displacement of
markers in the interface around interfacial probes is
suggested as an effectivemeans of confirming underlying
hypothesis inmodels of drag resistance. For example, Zell
at al. [69] measured the displacement field at the
interface of dilute SDS solutions around rotating micro-
buttons. They observed that the angular displacement
around the microbutton decays quadratically with dis-

tance as expected for the region of small Bq number
subphase dominated incompressible flow. In recent
research, we have developed a new method that allows
some of this ambiguity to be removed, at least for in-
terfaces with sparing amounts of surfactant. Rather than
measuring the drag on particles at the interface to infer
the stress state, we image the flow field in the interface.
For example, we image the interfacial Stokeslet around
particles moving on the interface, revealing significant
differences from the Stokeslet predicted for clean in-
terfaces. While we take pains to avoid the contamination

from the surfactant, the interfacial Stokeslet flow has the
form on an incompressible Stokeslet. Subtle features of
the flow field, which can be understood in from higher
order multipoles at incompressible interfaces, reveal ef-
fects of the surface rheology and the finite particle size.
These features in the flow field allow us to identify an
upper bound on the surface viscosity [41].

Swimmers at fluid interfaces
Natural swimmers
Microorganisms like bacteria and algae are important
self-propelled objects that harness energy to navigate
through fluid media. These self-propelled objects typi-
cally move in Stokes flow, with negligible inertia due to
their small size and swimming velocities. To self-propel,
they generate a propulsive force by non-reciprocal
motion of their flagella that is balanced by viscous drag

on their cell body. This balance determines their
translational velocities. Thus, the leading-order flow
field around a swimmer immersed in a bulk fluid is
described by a parallel force dipole or stresslet. Bacteria
swim in “pusher” modes, with their cell body forward,
generating an extensile dipole, or in “puller” modes with
their cell body behind their flagella, generating a con-
tractile dipole [9]. In bulk fluids, experiment has
confirmed that the parallel force dipole captures the
main features of the far-field velocity around natural
pushers [70] and pullers [71]. Fluidefluid interfaces

significantly impact the locomotion of these swimmers
and can be anticipated to alter their induced velocity
fields due to the complex physicochemical environ-
ment, including the viscosity contrast, capillary effects
like interfacial trapping, contact line pinning, and
interfacial stress conditions.

Bacteria near interfaces
The effect of fluid interfaces on bacterial locomotion
was first observed for bacteria swimming adjacent to
boundaries. The observed locomotion depends on the
www.sciencedirect.com
type of boundary and the presence of adsorbed materials
at fluid interfaces. For example, while Escherichia coli
swim along curved trajectories in clockwise (CW) mo-
tions near solid surfaces, they swim in both CW and
counterclockwise (CCW) senses near a free surface
[72]. The trajectories of Caulobacter crescentus swarmer
cells moving in pusher mode depends on the interfacial
chemistry [73]. Trapping and tight CCW circular

swimming is reported for interfaces of air and nutrient-
rich growth medium; circular swimming does not occur
if the surfactant Triton-X 100 is present. Trapping is also
absent at interfaces of air-minimal salt motility medium.

Pioneering studies indicate that, as a bacterium ap-
proaches the interface, its locomotion is influenced by
hydrodynamic interactions amenable to analysis. Lopez
and Lauga [39] considered a far-field solution in which a
bacterium swims adjacent to a fluid interface. The
swimmer is modeled in terms of hydrodynamic multi-

poles including the force dipole and a rotlet dipole; the
hydrodynamically induced translational and rotational
velocities are determined in terms of the cell body’s
aspect ratio, the viscosity ratio of the two fluids and the
cell’s distance from the boundary. This analysis predicts
that pushers in the vicinity of an interface reorient and
align parallel to the interfaces and swim in circular
swimming trajectories.

Many recent studies of bacteria interactions with
oileaqueous interfaces were motivated by the massive

Deepwater Horizon oil spill [74] from the Macondo well
in the Gulf of Mexico. Surfactants were used to disperse
oil droplets that were retained in sub-surface plumes;
these plumes were found to be enriched with marine
bacteria [75]. These bacteria are posited to have
consumed long chain hydrocarbons via biodegradation
[76]. Motivated by marine bacteria interaction with
suspended oil droplets, Desai and Ardekani [77]
perform analysis and simulation to compare the behavior
of pusher-type microswimmers near a clean versus a
surfactant-laden droplet. They model the swimmer as a
force dipole and construct an image-singularity system

to study swimmer dynamics near an incompressible
Newtonian interface. They identify settings in which
swimmers will scatter or interact briefly with droplets
and swim away, and those in which the bacteria will
become trapped adjacent to the droplets. They find that
swimmers can be trapped adjacent to surfactant-laden
droplets more readily than clean drops. Other studies
address higher-order hydrodynamic singularities [78],
and show that higher order modes, Brownian dynamics,
and physicochemical interactions between the interface
and swimmers further enhance bacterial accumulation

near liquid interfaces (see Figure 2a). Furthermore, a
source doublet and a rotlet dipole accounting for the
finite size of bacteria and rotation of flagella can explain
the experimentally observed bacteria body axis tilting
(“nose down”) near an interface [79] (see Figure 2a).
Current Opinion in Colloid & Interface Science 2022, 61:101629
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Figure 2

(a) Bacteria are hydrodynamically attracted to the fluid interfaces and reoriented near the fluid interface. The body axis of E. coli is observed to be tilted
“nose down” near air interface (Adapted from the studies by Ahmadzadegan et al.[78], and Bianchi et al. [79]). (b) Force and torque balance of interfacially
trapped bacteria dictates its swimming behavior. Curvilinear trajectories are observed with P. aeruginosa (bottom) (Adapted from the study by Deng et al.
[97]) (c) Chemically driven Janus particle is reoriented parallel to the interface and slide along the interface (Adapted from the study by Palacios
et al.[108]). (d) Isotropic active particle trapped at fluid interface can induce Marangoni flow that breaks its symmetry in z direction. Streamlines show the
flow direction, heatmap indicates the concentration (Adapted from the study by Wittmann et al. [109]). (e) The propulsive speed of the interfacially trapped
Janus particles depends on the steepness of the concentration gradient around the swimmers, as sketched in red. The concentration gradient is
associated with the trapping configuration of the particle (Adapted from the study by Dietrich et al.[110]).
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Drag asymmetry arguments like those for bacteria near
solid boundaries also apply to bacteria near the fluid
interfaces with viscosity contrast of two adjacent phases.
This asymmetry contributes to the direction of circular
paths observed near interfaces [39]. The interface be-
tween two immiscible liquids of different viscosity
always features a high viscosity gradient. Microorgan-
isms possess an ability called viscotaxis, which enables

them to navigate towards regions of favorable viscosity.
In a recent theoretical study, Liebchen et al. [80] pro-
posed that viscotaxis relies on the systematic mismatch
of viscous forces acting on different parts of nonuniaxial
body of the swimmers, a mechanism that would be
effective even for very weak viscosity gradients. In
contrast, Datt and Elfring [81] argue that uniaxial
swimmers, including both pushers and pullers modeled
as squirmers, can display negative viscotaxis, due to the
effect of viscosity gradients on the thrust generated by
swimming gait. Negative viscotaxis has been observed

experimentally for bi-flagellated microalgae that can
reorient or scatter away from high-viscosity regions and
accumulate in low-viscosity regions [82,83]. In an
experimental and theoretical work [84], Lopez et al.
study the behavior of helical swimmers across the vis-
cosity gradients using synthetic helical magnetic driven
swimmers. For “pusher” swimmers, the swimmer’s head
crosses the positive viscosity gradient followed by its tail
which leads first to an increase in drag and subsequently
to an increase in propulsion. Thus, the speed decreases
until the tail meets the interface. The order of events is

reversed for pullers entering a viscosity gradient. Pullers
first experience an increase in propulsive force followed
by an increase in drag on the cell body, leading to
Current Opinion in Colloid & Interface Science 2022, 61:101629
different swimming behaviors. Such viscosity gradients
are sometimes coupled with a nutrient gradient which
results to more complex behaviors that guided by both
chemotaxis and viscotaxis [85]. The above studies
address bacteria swimming near interfaces, which are
distinct from bacteria adsorbed on fluid interfaces.

Bacteria adsorbed to fluid interfaces
Bacteria adhesion to oil droplets depends on the surface
structure of the bacteria and the droplet’s interfacial
chemistry as influenced by the adsorption of surfactants

or other entities at the interface, as elucidated below.
For example, E. coli mutants with increased type I fibrae
adhere more readily to both solid substrates and oil
droplets over their non-mutant counterparts [86]. The
adhesion of Marinobacter hydrocarbonoclasticus bacteria to
oil droplets under flowing conditions is decreased by the
addition of surfactants, with implications for bioreme-
diation [87]. Such adhesion is enhanced by bacterial
active motion [88] and is weakened by surfactant [89].

Generally, motile bacteria absorbed on interfaces of

fluids that supply nutrients undergo significant changes.
Initially, interfacially-trapped bacteria swim ballistically.
The bacteria then change their phenotype from swim-
mers to sessile states, and form viscoelastic structures
and pellicles reminiscent of biofilms at the oil-water
interface [90e93]. For example, oil-water interfaces
trigger phenotypic change of Pseudomonas aeruginosa from
nonmucoid to mucoid cells. These changes help bac-
teria to shield themselves from interfacial stresses [94].
Selected mutations can favor or disfavor film formation.
Niepa et al. [90] have shown that P. aeruginosa PA14, and
www.sciencedirect.com
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PA01 mutants lacking the alkB2 gene form an active
layer under interfacial confinement, while other PA01
mutants form a passive elastic film [90]. To gain insight
into the interaction and distribution of swimming bac-
teria with a floating viscous film on an aqueouseair
interface, Desai and Ardekani [12] use a multipole
representation and probabilistic simulations to show
that swimmers’ distribution within the films depends on

their morphology and film viscosities.

Motivated by the biodegradation of oil spills, micro-
fluidics platforms have been designed to study bacteria-
oil droplet interactions under flowing conditions
[95,96]. The formation of structures anchored at the
interface that extend into the domain is observed. In-
dividual, elongated, micron-scale diameter threads
formed from extracellular polymeric substances (EPS)
extended behind the droplet, where they captured and
trapped passing bacteria. Momentum balances reveal

that these structures significantly alter the pressure and
increase the drag. Thus, EPS-filament decorated drops
would move slowly through the water column, perhaps
facilitating the relatively slow degradation process.

Bacteria swim at fluid interfaces
Motile bacteria can swim at interfaces prior to forming
biofilms. Under special circumstances, for example at
the interface of oil and an aqueous motility buffer with
no nutrient source, bacteria can swim for prolonged
times without restructuring the interface, allowing the
details of their motion to be studied. Such mobile
interfacial trapping has been studied by our group for
motile bacteria adhered to aqueouseoil interfaces [22].

We have observed the P. aeruginosa PA01 in the vicinity of
hexadecaneeaqueous interfaces and found that most
bacteria were trapped in the interfacial plane with fixed
orientations of their bodies, indicating that the three-
phase contact lines were pinned. The adsorbed bacte-
ria swim along curvilinear paths with trajectory radii of
curvature and speed determined by their diverse trap-
ped configurations (see Figure 2b). Like swimmers
adjacent to the interface, the rotational behavior of
interfacially-trapped swimmers about an axis perpen-
dicular to the interface is also influenced by interface

impermeability and drag asymmetry due to the
mismatch in the viscosity of the bulk fluids. However,
pinning of the bacterial cell body and normal component
of propulsive torque generated from flagellar rotation in
the bulk generates another mode of circular motion in-
dependent of the hydrodynamic boundary condition.
This mode leads to a faster rotation for swimmers
trapped in normal configurations relative to configura-
tions more parallel to the interface.

The forces and torques distributed around the inter-

facially trapped swimmers dictate their dipolar flow. In
recent work, we have studied the flow field generated
around interfacially-trapped swimmers [97]. One might
www.sciencedirect.com
expect the far-field flow of the trapped bacterium to be
described by a fore-aft symmetric stresslet for an
incompressible interface, assuming a propulsive force
parallel to the interface that is balanced by drag. How-
ever, the flow field observed around an interfacially-
trapped pusher bacterium has a striking lack of fore-aft
symmetry. Notably, the propulsive force generated by
flagellar rotation is out of the interfacial plane. This out-

of-plane forcing is balanced by Marangoni stresses,
giving rise to an off-interface forcing dipolar mode that
contributes significantly to the observed flow field. This
sum of the two dipolar modes explains the observed
interfacial flow for pushers in interfaces; the modes have
different weighting depending on the trapped configu-
ration of the swimmer’s bodies. Furthermore, behaviors
of bacteria at fluid interfaces are also determined by cell
morphology and propulsion mechanisms.

There are important open issues. While flagella dy-

namics of swimmers in bulk and near solids are well
studied [98e103], the role of interfaces in altering
flagellar dynamics is relatively unprobed. We have
observed that flagellar filaments can adsorb to the in-
terfaces or entangle with other swimmers’, thus
preventing their propulsive motion. Furthermore, since
contact line pinning impedes swimmer reorientation
and supports forces exerted on swimmers, individual
flagellum and flagellar bundles can experience strong
hydrodynamic forces and torques. Forces and torques
generated by the force dipole or rotlet near the in-

terfaces [104], or from hydrodynamic interactions with
other swimmers can lead to rearrangement of the
flagella. In addition, the interface could restructure the
flagellum in other ways. Flagella undergo known in-
stabilities in bulk fluids. For monotricous bacteria, the
propulsive force from the fluid on the flagellum trans-
mits to the elastic hook and induces buckling when
above a critical threshold for bacteria to reorient
themselves [105,100]. For peritrichous bacteria that
perform run-and-tumble motion, flagellar bundling and
unbundling are modeled in terms of hydrodynamic and
electrostatic interactions between flagellar filaments

[106]. Such flagellar structural dynamics are likely
altered near fluid interfaces.

The motion of other microorganisms near interfaces is
yet to be understood. For example, magnetotactic
bacteria (MTB) contain an array of magnetic nano-
particles or magnetosomes that allow them to orient in
magnetic fields [107]. The interplay of magnetic
torque and hydrodynamic torque due to self-propulsion
near boundaries may lead to different swimming dy-
namics. The magnetic field can also guide their mo-

tions and suppress the fluctuation in the direction of
their active motion. These features suggest that MTB
near fluid interfaces would be an excellent model
system to study to direct swimmer interactions and
collective motion. The bacteria species Thiovulum majus
Current Opinion in Colloid & Interface Science 2022, 61:101629
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would also be an excellent model system to study self-
organization and interfacial mixing of active colloids.
These bacteria have large spherical bodies covered with
w100 relatively short flagella that enable them to swim
as fast as 600 mm/s.
Janus and catalytic swimmers
Phoretic swimmers are an important class of synthetic
swimmers that generate a scalar gradient through surface
reaction. The inhomogeneous scalar field around the
particle, for example the chemical concentration, tem-

perature, or electrostatic potential can generate a
nonzero slip velocity at the particle surface, thus
inducing force- and torque-free propulsion in the bulk.
Such self-propulsion can be achieved by designing Janus
particles that break the fore-aft symmetry, such asmetal-
coated hemispheres [111], or bimetallic rods [112], to
generate non-uniform distribution of reaction products,
temperature, etc. along the surface. The far-field flow of
these self-propelled particles can be modeled as a force
dipole [9,113]. Such swimmers are predicted to have
hydrodynamic entrapment and curvilinear trajectories

near interfaces like pusher bacteria [114]. However, flow
can alter the ion or reactant transport [113], affecting
their motion. Thus, the interactions between the
swimmereswimmer and swimmer-interface are
governed by the interplay of hydrodynamic and phoret-
ic effects.

When particles straddle fluid interfaces, their behaviors
are strongly affected by the particles’ trapped configu-
rations which determine the phoretic solvent flow
bounded by the fluid interfaces and the redistribution of

chemically active molecules across the two phases.
Synthetic catalytic swimmers follow complex paths at
interfaces, with their propulsive mechanisms influenced
by their adsorbed state. For example, platinumesilica
Janus particles powered by decomposition of hydrogen
peroxide (H2O2) as chemical fuel can become trapped
at airewater interfaces with random orientations. When
no chemical fuel is present in the system, they tend to
adsorb to the interface with their platinum-caps facing
oil [115]. Once adsorbed, contact line pinning permits
translation along the interface and rotations around axes

normal to the interfaces. Active particles at interfaces
are found to swim with either rectilinear trajectories or
circular trajectories [116]. Their rotational behavior can
be generated by their broken symmetry along the pro-
pulsive axis due to the anisotropic particle shape
[117,116], and can also be generated from far-field hy-
drodynamics due to the drag asymmetry near fluids with
different viscosity [118]. Numerical analysis of the self-
diffusiophoretic behavior of colloids trapped at in-
terfaces shows that nonuniform velocity across the
interface can generate net torque on the colloid even in

the absence of viscosity contrast between two
phases [119].
Current Opinion in Colloid & Interface Science 2022, 61:101629
As phoretic colloids swim on interfaces, chemical fuel is
redistributed around the swimmer, limited by mass
transport across the interfaces. The chemical gradient
around the swimmer is sensitive to the position of the
catalytic site which further constrains the self-propelled
motion. For example, Dietrich et al. shows that a smaller
platinum site in the water phase generates steeper
gradients of reactants and products of H2O2 [110],

which leads to an increased swimming speed (see
Figure 2e). The directional active motion of Janus par-
ticles is also associated with the Brownian rotational
diffusion which minimizes the active transport of par-
ticles. The irreversible adsorption of Janus particles at
fluid interfaces limits the rotational degrees of freedom,
thus slowing the rotational diffusion and enhancing the
persistency of their directional behaviors [120,118,110].
Stocco et al. propose a possible mechanism that relates
the reduced rotational diffusion observed in experiment
to contact line fluctuations and wetting-dewetting dy-

namics that cause larger rotational contact line fric-
tion [31].

Although artificial swimmers and natural swimmers are
predicted to behave similarly in terms of their far-field
hydrodynamics as self-propelled objects, the depen-
dence of their propulsion mechanism on transport near
the interface generates different swimming behaviors
near solid walls and fluid interfaces. Near solid surfaces,
wall-induced distortion of the chemical field around the
particle modifies the hydrodynamic flow, thus inducing

stable behaviors of Janus particles including “sliding”
[121] and “hovering” above a wall [122]. The chemical
gradient near the solid surface can also generate osmotic
flows that reorient and dock swimmers at the wall [123].
Near fluid interfaces, differing solubilities of chemicals
in the adjacent fluid phases also induces active reor-
ientation and persistent sliding [115,124,108] next to
the interfaces (see Figure 2c) and the pinning line of oil
droplet sitting on the surfaces [124]. Furthermore, the
molecules that drive phoresis can also adsorb to the fluid
interfaces, where they can change the local surface
tension and induce Marangoni stresses along

the interfaces.

Homogeneous catalytic particles in bulk with uniform
concentration of reactants act as spherically symmetric
sources or sinks of chemical reactants. Absent broken
symmetries, these particles are predicted to show no net
displacement. However, near fluid interfaces, theory
predicts that broken symmetries can induce self-
phoresis of particles by distorting the local distribution
of chemical species and changing the local velocity
profile (see Figure 2d) [125,126,109]. Homogeneous

particles can be attracted to or repelled from interfaces.
The attraction or repulsion depends on ratio of the
diffusivities, solubilities of the catalysis products in the
two coexisting phases, and the effect of the chemical
species on modifying the surface tension. Daddi-
www.sciencedirect.com
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Moussa-Ider et al. [127] also proposed the self-
diffusiophoretic motion of isotropic catalytic particle
near a finite-sized disk trapped at fluid interfaces. Thus,
the swimming behavior can be tuned by changing the
geometrical properties of the system, e.g., the disk size.
Similarly, behaviors of the non-homogeneous particles
oriented normal to the interfaces are determined by
their intrinsic swimming velocity and the interface

induced velocity. The competition between these two
effects, which depends on the surface coverage of cat-
alytic sites [125], can lead to a steady-state hovering
over the interfaces.

There is a tremendous body of work on Janus particles
that can be exploited and unified with the design Janus
phoretic swimmers to dictate structure formation and
interface response. Janus particles have been engi-
neered to adsorb spontaneously to reduce the surface
tension and stabilize the interfaces in order to generate

particle-stabilized emulsions and foams, [128e131].
The implications of their translational and rotational
dynamics have been studied in the context of assembly
at fluid interfaces [132,133] and harnessed to design
interfaces with different stability and rheology. Janus
particle adsorption and assembly at fluid interfaces are
guided by hydrophobic interactions, electrostatic in-
teractions, and capillary interactions. These interactions
can be tuned via the geometry and surface properties of
the particles [128]. Hydrodynamic and phoretic in-
teractions induced by active Janus particles can generate

strong and long ranged interactions that can be tuned by
chemical composition and physical properties of the two
fluid phases. Studies that unite the fields of Janus par-
ticle design and phoretically active Janus beads will have
additional interactions to tune particle structure for-
mation and effective properties at fluid interfaces.

Marangoni surfers
Marangoni surfers are bound to the fluid interfaces, and
move under broken symmetries generated in the surface
tension around them. The Marangoni propulsion mecha-
nism has been observed in water-floating natural creatures
[134] and is widely used in artificial systems, as it allows a
wide range of propulsion speeds [135] and precise

manipulation of particle dynamics [136]. The nonuniform
surface tension around theMarangoni surfermay arise from
a surface gradient in temperature [137e139,135,140],
chemical potential [141e144,142,143,145,146] or elec-
trostatic potential [147,148]. In these systems, inertia and
bulk advection [149,150] are typically important, gener-
atingelongated concentrationboundary layers [151,152] or
thermal boundary layers [135] that alter surfer dynamics
(Figure 3a). In a study of thermocapillary driven motion,
Dietrich et al. observed propulsion velocities up to 104

body lengths per second (on the order of cm/s) due to

thermal gradients generated by high power illuminated
from light [135]. At these velocities, Pe are elevated, and
www.sciencedirect.com
Marangoni surfer motion is dominated by advection, with
weaker dependence on their intrinsic asymmetry
[146,153,154]. These authors also find that the effect of
surfactants is inevitable. Marangoni stresses due to sur-
factant redistribution resist the thermal Marangoni
stresses, thus slowing the Marangoni swimmers [135].

The non-uniform tension creates a net surface force on

the colloid, and also generates a long-range Marangoni
flow [155,156,156]. The hydrodynamic drag on the
surfer due to this flow can contribute to, or impede
surfer propulsion [156,155,157,156], and can even
propel them in the direction of lower surface tension
direction [150,158]. For example, Jafari Kang et al.
recently related the bulk flow around a chemically
driven Marangoni surfer to its forward, reverse, and
arrested motion [150]. Their experimental observations
are supported by numerical simulations, shown in
Figure 3b, which reveal the negative pressure gradients

in the subphase generated by divergent flow behind the
swimmer to drive the reverse motion of Marango-
ni swimmers.

Driven colloids and microrobots
Colloidal motion can also be directed by external fields,
including magnetic, acoustic and electric fields. Further-
more, interactions between the external fields and colloids
or their surrounding environments can drive unique dy-
namics behaviors of the system. Driven colloids at in-
terfaces are influenced by the presence of long-ranged
hydrodynamic and other physicochemical interactions that
make them idealmodel elements for fundamental study of
their motion, self-assembly, and non-equilibrium dy-

namics. These insights are exploited to generate active
functional structures and micro-robots.

External magnetic forces have been used to direct
ferromagnetic, interfacially-trapped micro-robots on the
scale of hundreds of microns to manipulate colloidal
cargo at interfaces via capillary and hydrodynamic in-
teractions [162,23]. However, prohibitively strong
magnetic field gradients can be required to translate
smaller, microscale colloidal particles. Thus, rather than
exploiting magnetic forces, magnetic torques are

commonly exploited. Under a static field, dipoleedipole
repulsion among aligned magnetic moments of
interfacially-trapped colloids causes a two-dimensional
lattice structure to form [163]. Fields rotating in the
plane of the interface trigger complex interparticle in-
teractions. For example, early works by Grzybowski et al.
[164,165] demonstrated that millimeter sized rotating
disks at interfaces assembled into dynamics structures
guided by an interplay of hydrodynamic repulsion and
magnetic attraction. More recently, Wang et al. designed
magnetic micro-rafts of 50 mm radius with engineered

edgeeheight profiles to generate repulsive capillary in-
teractions under high frequency rotating magnetic fields
Current Opinion in Colloid & Interface Science 2022, 61:101629
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Figure 3

(a) Marangoni surfers swim with finite Peclet number demonstrate a stretched region of temperature gradient or surface concentration gradient [135]. (b)
Side view and top view of a Marangoni propelled disk under confinement. The counterclockwise rotating vortex in the wake of the surfer generates
negative pressure that drives reverse propulsion [150]. (c) Magnetic particles assemble into active spinners under a rotating magnetic field. The self-
assembled spinners locally inject vorticity into the liquid interface and generate strong hydrodynamic flows. (Adapted from the study by Han et al. [159]).
(d) Time-varying magnetic field leads to different motion of magnetic particle at the interface of oil droplet [160]. (e) A floating microrobot controlled by two
separate laser sources that generate thermocapillary flow [161]. (f) A microrobot achieves time-dependent motion by controlling the release of chemical
fuel using photopatterning method [136].
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[116]. The balance of magnetic attraction and capillary
repulsion allowed dynamic assembly of multiple micro-
rafts which could be further programmed by tuning
the objects’ initial positions and the frequency of the
rotating fields. Unlike the micro-rafts, spherical ferro-
magnetic colloids trapped at interfaces assemble into
chain-spinners under a rotating field. The chain lengths

depend on the field frequency [159]. In a certain fre-
quency range, the chains spin synchronously within the
external magnetic field and generate strong hydrody-
namic flows with potential as mixers at the interface
(shown in Figure 3c). Multiple spinners formed dynamic
lattices with features that include self-healing and
enhanced transport of embedded cargo particles. More
recently, He et al. exploited chains of ferromagnetic
disks assembled under a rotating field as active ele-
ments. Under a precessing field, these chains acted as
micropaddles, and moved along the interface. The

micropaddles were harnessed for micro-manipulation of
adsorbed colloidal cargo [166].

In magnetic fields oscillating perpendicular to the
interface, forces on particles with pronounced magnetic
moments can drive interfacial deformation. These de-
formations drive neighboring particles to form magnetic
“snakes” [167,168], or dynamic asters [169] via capillary
interactions. Such structures can generate strong hy-
drodynamic flow that further promotes assembly or in-
duces translation [8]. More recently, manyebody
Current Opinion in Colloid & Interface Science 2022, 61:101629
interactions between adsorbed superparamagnetic col-
loids were exploited and controlled by changing the tilt
angle of external magnetic fields to generate aggregates,
carpets, and other assemblies [170,7]. Curved fluid in-
terfaces can also guide reorientation of anisotropic par-
ticles to minimize the interfacial energy, and rotation of
asymmetric particles can generate translation via broken

symmetries. The motion of adsorbed magnetic Janus
particles on oil droplets was achieved by controlling the
frequency and titled angle of the magnetic field and
particle position (Figure 3d) [160,171].

Microrobots moving on interfaces have been developed
that exploit such interactions to perform tasks including
capture, transport, release and assembly of colloidal
building blocks. Hybrid actuation strategies for robust
and controllable actuation of micro-objects at interfaces
have been developed. Such studies exploit precise

control of microrobotic motion and “physical intelli-
gence” [19] in the form of active-passive colloid in-
teractions to guide assembly and to manipulate cargo.
For example, magnetic microrobot shape can be
designed to generate interfacial curvature and long-
ranged capillary attraction to specific sites at capture,
dock, and transport colloidal cargo. Cargo can be
released by micro-robot rotation and delivered to
building sites or assemblies guided by capillarity. Cargo
capture is influenced by capillary interactions and hy-
drodynamic advection [23]. Several challenges arise for
www.sciencedirect.com
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designing floating microrobots. For example, capillary
interactions can impede the cargo release and patterned
assembly. Complex stress conditions and interplay be-
tween different interactions make precise microrobot
control difficult. To overcome these hurdles, floating
microrobot pairs have been developed with preferred
magnetization direction to allow precise control of their
position and orientation using a single permanent

magnet [172]. The microrobots’ shapes were designed
to prevent strong near-field interactions and to allow
grasping, alignment, positioning and release of floating
functional elements by tuning the microrobot separation
distance. Micro-disk collectives driven by time-varying
magnetic particles can rotate, oscillate, remain static,
form structures, or navigate through confined spaces [6].

More complicated hybrid systems have been designed
in which capillary interactions are integrated with other
effects, including Marangoni effects. For example, a

floating microrobot with multiple legs was actuated by
separate laser spots to control force and torque exerted
on the microrobot [161]. The programmable laser
system induced temperature gradients and localized
Marangoni flow to micromanipulate locomotion and to
direct assembly (Figure 3e). In another study, micro-
robots were designed to precisely release surface active
molecules, thus achieving programmable motion
[136] (Figure 3f).
Interactions, collective behaviors and
applications
Colloidal assembly
Several distinct physicoechemical interactions play
important roles on the colloidal length scale, many of
which are strongly changed by particle trapping at in-
terfaces. For example, the dissociation of surface groups

on particles is asymmetric across the interface. This
gives rise to electric dipoles on adsorbed particles ori-
ented perpendicular to the interface, and leads to
repulsive electrostatic interactions between them. The
resulting long-ranged dipoleedipole interactions drive
particles to form a crystalline lattice at the interface that
is affected by surface properties of the particles and
additives in bulk phases [176,21]. Hydrodynamic in-
teractions also influence assembly [177]. In the near
field, surfactants or macromolecules can be adsorbed
uniformly to form soft corona on hard-core particles

[178] or to form patchy islands [179] for directed in-
teractions. Other interactions, like capillary interactions
or Marangoni propulsion, rely on surface tension or its
gradients that occur only in fluid interfaces. Often,
several of such interactions are present on adsorbed
colloids simultaneously and offer important degrees of
freedom for engineering interfacial systems.

Active particles can guide the organization of passive
colloids through active-passive interactions [180], e.g.,
www.sciencedirect.com
capillary interaction, hydrophobic interaction, and mag-
netic interactions, and direct the assembly of passive
colloids [23]. Active particles can also interact with orga-
nized structures formed by passive colloids in the inter-
face andaffect theirmicrostructure.For example,Dietrich
et al. [173] studied the motion of self-propelled Janus
particle in a two-dimensional colloidal crystal stabilized by
dipoleedipole electrostatic interactions between passive

colloids. The phoretic Janus particle can couple with the
lattice through electrostatic dipolar interactions, whose
magnitude depends on the charge distribution around
Janus particle and the orientation of its catalytic site. For
weak coupling, Janusparticlesnavigate through the crystal
in a run-and-tumble like fashion, due to the reorientation
effect from collision to the obstacles. Large coupling be-
tween an active particle and a colloidal crystal results in an
intermittent motion of the swimmer and structural rear-
rangement of the monolayer (Figure 4a). In another
example, Martinez-Pedrero et al. [181] studied the col-

lective behaviors of two types of magnetic particles that
adsorb at different vertical positions of the interfaces. By
applying an elliptically polarized precessing magnetic
field, the particle lattice formed by larger magnetic par-
ticles can translate on the interface. The strong coupling
between the active and passivemagnetic particles leads to
collective transportation of smallmagnetic particles in the
lattice. In both studies, the hydrodynamics effect of active
particles is neglected, which can play important role in
colloidal structure formation, and long-ranged collective
behaviors [182,183].
Collective behaviors
Recent studies of Marangoni surfers address collective

dynamics at interfaces. Marangoni surfers can generate
bulk vortical flows that attract the neighboring particles
[184], while local reduction of surface tension can
generate repulsive interactions between particles, thus
driving colloidal crystal formation [185,174] (Figure 4b).
Hydrodynamic interactions from Marangoni flows
compete with the rotational diffusion of particles [186]
and diverse particle interactions, e.g., capillary in-
teractions, and electrostatic interactions can tune the
structures formed in colloidal monolayers and their
stability [187,188,174,189]. Rich collective behaviors

and pair interactions are observed experimentally, such
as synchronization [144,190], assembly [191,185], and
cluster formation [109,192e194], which depends on the
direction of the activity-induced Marangoni flow. Col-
lective behaviors also emerge among homogeneous
chemically-or thermally-driven particles. Perturbation
by neighboring particles of concentration or thermal
field can break the system’s symmetry and induce col-
lective motion [184,195,109,188,174]. Dynamics of
sparse Marangoni surfers’ assemblies differs from that of
living matter. Velocities around Marangoni surfers

display turbulent-like behavior (Figure 4c) [175] that is
different from the active turbulence generated by self-
Current Opinion in Colloid & Interface Science 2022, 61:101629
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Figure 4

(a) Active Janus particles swimming in hexagonally packed colloidal crystals present two types of swimming behaviors depending on the strength of
coupling between active particle and colloidal monolayer [173]. (b) Many body interactions between Marangoni swimmers can lead to colloidal crystals
[174]. (c) The camphor swimmers create “turbulentlike”concentration spectra, with a large-scale region, an inertial regime, and a Batchelor region [175].
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propelled swimmers. Rather, the behavior bears the
signatures of an inertial turbulence regime [196].

Self-propelled objects, including bacteria and Janus
particles show spatialetemporal chaotic organization,
whose motion is correlated at large scales [13]. Their
collective behaviors are not yet widely addressed at fluid
interfaces. However, there are a number of studies in
bulk and at solid surfaces that suggest interesting di-
rections for future study. In dense systems, self-
propelled particles self-organize into mesoscale turbu-

lent structure via active realignment of neighboring
particles or other shorterange interactions including
lubrication forces, steric repulsions and physical entan-
glement [13]. In a relatively dilute limit, hydrodynamic
pair interactions for natural swimmers or phoretic in-
teractions for Janus swimmers [197] can generate
attraction or repulsion that drives cluster formation or
scattering. Near solid walls, collective motion is
constrained by the wall confinement [198e200]. For
example, hydrodynamic interactions have been studied
between magnetotactic bacteria in dilute suspension

oriented perpendicular to solid boundaries by an
external field [201]. The solid wall imposes a net force
that balances the flagellar thrust of the trapped
Current Opinion in Colloid & Interface Science 2022, 61:101629
bacterium. The dominant flow is described by a
Stokeslet near the wall which induces attractive in-
teractions among neighboring swimmers and leads to
cluster formation. In dense suspension, Thery et al.
[202] observed that such clusters grow and form plumes
that advect bacteria through a backward flow. The
plumes also interact with each other and merge into
larger plumes. Hydrodynamic clustering has also been
observed for T. majus. However, these bacteria remain in
surface-bound states and form two-dimensional rotating
crystals instead of three-dimensional plumes [45] due to

their special cell morphology. Fluid interfaces offer
unique mechanisms to influence collective motion. For
example, interfaces can confine the active suspensions
and guide their behaviors through local curvature. Non-
equilibrium trapping states and interfacial stresses can
lead to complex interactions between swimmers. For
example, adsorbed bacteria aligned perpendicular to the
interface can rotate rapidly in a relatively fixed location
with its propulsive force balanced by the capillary force
[22]. In the “clean” interface limit, the perpendicular
swimmer can generate “sink-like” dipolar flow on the

interfaces that can attract other swimmers [40]. How-
ever, the interfacial incompressibility resists any inward
flow, which may lead to completely different dynamics
www.sciencedirect.com
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of collective behaviors than near solid walls. The col-
lective effects for swimmers at interfaces
remain unprobed.
Enhanced transport in application
There are exciting opportunities to design interfaces for
enhanced transport in multiphase systems. For example,
emulsion droplets in which drop phase and continuous
phase solvents have differing polarities have been
exploited for process intensification schemes in which a
reactant in the droplet phase forms a product that is

soluble in the external phase. In these settings, reaction
and separation occur simultaneously at the droplet
interface [203]. Active colloids at interfaces could be
designed as active surface agents with the potential to
promote local mixing, enhance surface reaction rates and
enhance transport between the phases. External fields
applied to the interfaces, or active motion of individual
swimmers can drive the system far from equilibrium
which induce micromixing or drive target de-
livery [20,128,204,203].

Hydrodynamics of isolated swimmers and interactions
between swimmers and passive tracers reveal enhanced
transport in liquid suspension; passive tracers display
enhanced diffusivity and non-Gaussian statistics that
differ from thermally driven Brownian motion. The
seminal work conducted by Wu and Libchaber [205]
identified the initial super-diffusive regime in the mean
squared displacements of tracer particles in bacterial
suspension in thin liquid films. The duration of the
superdiffusive regime is far longer than that generated by
thermal fluctuation, and depends on swimmer concen-

tration. Tracers are entrained by swimmers’ through far-
field flows [206,207] and advected along loopy trajec-
tories, and jump in low-frequency collision from the
swimmer [208]. The non-Gaussian behaviors and diffu-
sion of passive tracers at fluid interface show unique
features, including swimmer-driven oscillatory tracer
trajectories that generate prolonged subdiffusive plateau
in the tracers’ MSD [97]. Tracer behaviors are not only
modified by the induced flow around the swimmers
bounded by fluid interfaces. Tracer motion is also influ-
enced by unique features of swimmer motion at in-

terfaces. For example, contact line pinning of swimmers
can stabilize the active motion, reduce the rotational
diffusivity, promote swimming in circular pathways and
allow the swimmers to interact persistently with passive
tracers. Active swimmers can undergo “self-caging” in
their net displacements due to their curvilinear trajec-
tories; thus, they displace the passive tracer in an oscil-
latory manner. The significance of convective flow
generated by swimmers compared to the diffusion of
passive tracers or small molecules can be evaluated using
Peclet number (Pe) defined in terms of the flow gener-

ated by isolated swimmers. Microscale self-propelled
swimmers with propulsive speed w 10 mm/s and fluid
www.sciencedirect.com
velocity that decays with 1/r2 can hydrodynamically
advect passive colloidal particles, enhancing their
mixing. For small molecules, which have faster diffusion,
Pe ≪ 1, and the enhanced transport is negligible. How-
ever, in dense active suspensions, coherent structures
emerge which generate strong recirculatiing flows with
slower decay rates that enable large-scale transport of
molecules [11,16]. In this limit, a mere superposition of

hydrodynamic contributions from individual swimmers is
not suitable, and complex multibody effects must be
considered. A challenge in this field will be predicting
transport driven by active clusters in order to design
active structures that promote transport.
Conclusions and outlook
The highly anisotropic environment of fluid interfaces,
and the tendency of active colloids to become trapped
near or on interfaces generate dynamics that differ
fundamentally from their bulk counterparts. As we
deepen our understanding of these dynamics, we also
develop criteria to design active surface agents to
generate newmodes of interfacial response. In all aspects
of active colloids at interfaces, there are important open
issues and opportunities for application that remain to be

developed. We underscore some of these concepts here.

As we deepen our understanding of active and driven
colloid motion in relation to the stress state and rheology
of the interface, new tools with greater precision in
characterizing interfaces will emerge at the colloidal and
molecular scale. The similarities between active colloids
at interfaces and active proteins in lipid bilayer mem-
branes might inspire new approaches to active colloid
assembly at interfaces.

While we have improved our understanding of swim-

mers at interfaces, and have identified the importance of
contact line pinning, off-interface forcing, and interfa-
cial stresses, there are predicted hydrodynamic modes
that have not yet been observed. One mode, in partic-
ular, is the asymmetric dipolar mode that induces no
interfacial flow but generates a “pumping flow” in the
adjacent phases [40]. This mode could have implica-
tions in nutrient capture for interfacially trapped bac-
teria, and could be harnessed for micromixing in
biomimetic systems.

While the swimming trajectories and hydrodynamics of
individual bacteria have been addressed in theory and
experiment, the effect of fluid interfaces on the pro-
pulsive performance of flagellar filaments is lacking.
Experiments designed to address these effects could
probe the manner in which interfacial trapping alters
flagella stability or bundling behaviors.

Solid boundaries are known to alter the collective dy-
namics of active colloids. However, the behavior of
Current Opinion in Colloid & Interface Science 2022, 61:101629
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active colloidal suspensions at fluid interfaces, in
particular suspensions of self-propelled colloids near or
on interfaces is significantly less developed.

In biomimetic systems, there are important open op-
portunities to the rapidly-evolving insights into swim-
mer dynamics at interfaces. The ability to design
interfaces to incorporate self-propelled colloids as truly

active surface elements, self-propelled objects that
accumulate, adsorb, and move, could revolutionize
interfacial engineering by providing news means of
enhancing interphase transport and functionality with
impact in fields including food, pharmaceuticals, and
personal care industries. Fundamental studies to guide
this design can exploit the improved understanding of
swimming at interfaces that is emerging in the litera-
ture. As artificial active colloids develop, the community
can develop criteria for selecting the strengths of various
dipolar modes, interface mechanics, and propulsion

modes to promote structure formation and cargo
attachment in the interface or dissemination and release
of cargo.

The concept of swimmer-propelled droplets also deserves
greater exploration both in theory and in experiment. This
opens the exciting prospect of active emulsions and should
generate increased study in the field. The intersection of
these studies with reaction/separation schemes based on
droplets containing reactants that generate products sol-
uble in the external phase could lead to chemical processes

with improved productivity.

We have focused on bacteria at interfaces as model
swimmers and noted many ways in which interfaces
constrain their motion. More generally, in nature, the
ability of an organism to maneuver can determine its
ability to gather nutrients, escape predators, and ulti-
mately survive. Furthermore, the ability of an organism
to sense neighbors, form colonies and enter sessile
states can confer other advantages. Bacteria at in-
terfaces can move, interact, assemble, change pheno-
type and form colonies and films, with early-stage

behaviors that differ from solid surfaces significantly.
The importance of bacterial trapping and association
with interfaces in biology is far less developed than at
solid boundaries and should be considered in the
broader context of bacterial mechanosensing [209] and
considered in light of the chemical complexity of
fluid interfaces.

In conclusion, active colloids at interfaces present impor-
tant opportunities for interfacial engineering and for
fundamental study with exciting real-world applications.
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