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1. Introduction

One need only to look to nature to conclude that swimming 
techniques must be tailored to the swimmer’s size. For a blue 
whale, for example, their enormity means their momentum 
dominates over viscous drag, and long drift times are the 
result. In contrast, for microscopic swimmers, such as algae 
or artificial microrobots, viscous forces will dominate, drift 
times become negligible, and the swimmer must sustain a 

continuous asymmetric flow pattern to achieve net motion, 
which in a Newtonian fluid is only possible via a time asym-
metric swim-stroke, as shown by Purcell’s Scallop theorem 
[4].

For microorganisms, propulsion is more than simply a 
means of random autonomous motion, it must also be respon-
sive to the local environment, to reorient and propel the 
organism toward their various attractants. A few examples 
of this are chemical gradients, such as toward a food source 
(chemotaxis), flow gradients, such as towards a quiescent 
medium (rheotaxis), or light gradients, such as towards the 
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Abstract
Chemotaxis1 and auto-chemotaxis are key mechanisms in the dynamics of micro-organisms, 
e.g. in the acquisition of nutrients and in the communication between individuals, influencing 
the collective behaviour. However, chemical signalling and the natural environment of 
biological swimmers are generally complex, making them hard to access analytically. We 
present a well-controlled, tunable artificial model to study chemotaxis and autochemotaxis 
in complex geometries, using microfluidic assays of self-propelling oil droplets in an 
aqueous surfactant solution (Herminghaus et al 2014 Soft Matter 10 7008–22; Krüger et al 
2016 Phys. Rev. Lett. 117). Droplets propel via interfacial Marangoni stresses powered by 
micellar solubilisation. Moreover, filled micelles act as a chemical repellent by diffusive 
phoretic gradient forces. We have studied these chemotactic effects in a series of microfluidic 
geometries, as published in Jin et al (2017 Proc. Natl Acad. Sci. 114 5089–94): first, droplets 
are guided along the shortest path through a maze by surfactant diffusing into the maze 
from the exit. Second, we let auto-chemotactic droplet swimmers pass through bifurcating 
microfluidic channels and record anticorrelations between the branch choices of consecutive 
droplets. We present an analytical Langevin model matching the experimental data. In a 
previously unpublished experiment, pillar arrays of variable sizes and shapes provide a convex 
wall interacting with the swimmer and, in the case of attachment, bending its trajectory and 
forcing it to revert to its own trail. We observe different behaviours based on the interplay of 
wall curvature and negative autochemotaxis, i.e. no attachment for highly curved interfaces, 
stable trapping at large pillars, and a narrow transition region where negative autochemotaxis 
makes the swimmers detach after a single orbit.
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Sun (phototaxis). Moreover, many organisms produce their 
own chemical gradients, to communicate their history with 
either neighbouring cells or their own future-selves (auto-
chemotaxis). This latter example—a cell’s ability to produce 
and respond to microbial chemical signals—is crucial for 
individual cell survival and colony formation. Indeed, micro-
bial life happens in complex bounded spaces—bacteria often 
live in soil, or are confined to biological tissues or fluid inter-
faces—which affects both the behaviour of the swimmers as 
well as the distribution of chemoattractants.

For the design of artificial microswimmers used as reactant 
vessels or chemical sensors, similar signalling pathways must 
also be considered if the swimmer is to reach a predetermined 
target, despite the many chemical, rheological and biological 
obstacles in its specific environment.

Taking lessons from biology for understanding and 
designing simple microscopic self-propulsion and signalling 
techniques is, however, complicated by the many other fea-
tures of single-celled life: self-replication, irregular structure, 
metabolism, colony formation, mutation, and cell-death. To 
this end, various methods of artificial and biohybrid self-
propulsion have been developed based on more rudimentary 
physical mechanisms [5–14].

Active emulsions are a class of artificial swimmers that are 
particularly attractive as an ideal microswimmer as they are 
self-propelling in homogeneous fluids, are environment-sen-
sitive, exhibit swimmer-to-swimmer chemical signalling, and 
are computationally simple due to their spherical symmetry. 
In this manuscript, based on a presentation given at Liquids 
2017 in Ljubljana, we discuss our work on a specific type of 
active emulsion: liquid crystal droplets suspended in a cati-
onic surfactant solution. These droplets display a rich variety 
of swimming behaviours, reminiscent of the stunning array of 
behaviours that micro-organisms exhibit. After a short review 
of current literature relating to the problem of chemorespon-
sive swimmers near interfaces in section  2, sections  3–5 
provide a review of the features of our specific system as pre-
viously published in [1–3, 15]. In section  6, we present an 
experiment on the interaction of droplets and circular pillars 
exhibiting a complex interplay of interfacial topology and 
phoretic effects.

2. Interfacial interactions and chemotaxis  
in microswimmers

As argued above, the accurate physical modelling of biolog-
ical systems in both theory and experiment is of high prac-
tical interest. Experimental and theoretical studies in this 
field evolve from the interplay of chemical gradients, inter-
faces and collective effects. The following review of current 
research should at least give a flavour of the complex task 
involved in bringing these concepts together. Doing the field 
of active swimmers fully justice would provide material for an 
entire monograph; we therefore restrict ourselves to a selec-
tion illustrating our specific problem and recommend to the 
reader extensive review articles like [16] and [17] and refer-
ences therein.

A point much discussed in theoretical studies is that a 
swimmer is force and torque free by virtue of its self propul-
sion [16, 18]. Setting up the required overdamped equations of 
motion is a delicate task. In the active Brownian particle 
model (ABP) [19], the forces and torques associated with self 
propulsion and the back action in the flow field are substituted 
with effective quantitites and balanced against external forces 
in the system, as in noise terms, steric effects, phoretic forces 
and taxes. This computationally efficient phenomenological 
approach has been successfully used in a number of studies 
to capture aspects of interfacial and collective interactions too 
complex for a full hydrodynamic treatment and is applicable 
to all classes of microswimmers ranging from bioswimmers 
over phoretic colloids to active emulsions [20–23].

However, hydrodynamic flow fields can crucially determine 
the nature of interactions with obstacles, as e.g. observed in 
experimental studies on bioswimmer navigation at boundaries 
[24, 25]. Realistic studies need to test the validity of far field 
pusher/puller type and near field approximations, and quanti-
tatively estimate the relative importance of hydrodynamic 
effects against steric or phoretic influences. Particularly in the 
case of interactions at curved interfaces, this force balance can 
determine the difference between scattering and entrapment 
[17, 26–31]. In our own experiments, we have observed large 
scale convective phase separation governed by hydrodynamic 
cutoff lengths and gravity [15].

A precise estimation of the force balance is specifically 
relevant if a phenomenological approach like an ABP model 
needs to be extended with respect to external influences like 
chemotaxis. Biological chemotaxis is usually not directly 
coupled to the chemoactive gradient. Small organisms like 
prokaryotes, due to their small size, have to sense gradients 
by time integration adapted to their typical propulsion strate-
gies [32]—run and tumble [33, 34], reverse and flick [35] or 
helical swimming [36]. Larger organisms able to probe gradi-
ents over their body length like amoeboids, leucocytes or dic-
tyostelium [37, 38], can couple directly into spatial gradients, 
but in such cases comparative theoretical and artificial models 
have to accommodate intricate biomechanisms and related 
delay times, as has recently been demonstrated for a robotic 
system [39]. Delayed reactions are especially relevant for 
autochemotaxis [40, 41], where the gradients are produced by 
the active agents themselves and expected to change rapidly.

Chemotactic swimmers in complex environments have 
shown fascinating effects in a number of experiments on 
bioswimmers, [42–46] but these assays are quite often too 
complex for a full and quantitatively reliable analysis. Thus, 
there is a clear need for well controlled and tunable systems 
accessible to analytical modelling, and we believe active 
emulsions to be a promising candidate.

3. Active liquid crystal emulsions

We begin with a review of the general properties of the system 
as previously published in [1, 2]. We consider an emulsion of 
mesoscopic oil droplets in a micellar aqueous solution of an 
ionic surfactant. The oil disperses gradually into a micellar 
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nanoemulsion, and the droplets self propel while dissolving, 
a motion that is caused by a self-sustaining gradient between 
the anterior and posterior poles of the droplet.

We model this interfacial instability as follows [1]: due to 
their charge, micelles are repelled from the interface, such 
that they are primarily filled in a boundary layer close to the 
interface by oil molecules diffusing in the water. This pro-
cess requires the oil to be sparingly soluble in water. Micelles 
swell to accommodate the oil, thereby locally depleting the 
background of free surfactant to a concentration below the 
critical micelle concentration (CMC). Under these conditions, 
empty micelles must disintegrate and replenish both the CMC 
and the equilibrium interfacial coverage, but filled micelles 
are stabilized by the incorporation of oil molecules, and do 
not disintegrate. By this mechanism, the interfacial surfactant 
coverage is coupled to the local density of empty micelles out-
side the boundary layer, as it depends directly on the density 
of free surfactant in the aqueous phase at the interface. For a 
droplet at rest, all distributions are radially symmetric.

If a droplet is displaced by a random jolt, the initially spa-
tially symmetric cloud of filled micelles around it will shift 
away from its front, and therefore the interfacial surfactant 
coverage at the anterior side of the droplet will increase, 
causing a gradient in interfacial tension towards the posterior 
(figure 1).

The resulting flow along the interface is coupled to both the 
aqueous and oil phases. In the aqueous phase, empty micelles 
are continually advected to the anterior interface, sustaining 
the surfactant coverage gradient, and thereby constant forward 
propulsion, while inside the droplet, there is a toroidal convec-
tive flow.

A qualitative analytical model of the advection-diffusion 
dynamics of micelles and molecules [1, 47] at the inter-
face predicts a global threshold concentration of surfactant 
exceeding the CMC, below which the interfacial coverage is 
stable against positional fluctuations, a range of increasing 
concentration during which the droplet will speed up, and a 
plateau in speed for high concentrations. We have confirmed 
this experimentally (figure 2).

Internal and external advective and convective flows affect 
two characteristic features of our self-propelling droplets. 
First, due to the direct coupling of the interfacial surfactant 

coverage to the local density of empty micelles, the droplets 
swim in the direction of positive surfactant gradients, i.e. 
exhibit chemotaxis. Since regions where droplets have pre-
viously traversed contain filled micelles (and therefore fewer 
empty micelles), droplets will avoid their own and other drop-
lets’ trails, i.e. exhibit negative autochemotaxis.

Second, droplets can be elastically anisotropic, if we use a 
nematic liquid crystalline oil phase. In this case, the internal 
toroidal flow will interact with the elastic field inside the 
droplet, causing broken symmetries and torques that lead the 
droplets on helical or looped trajectories [2]. We show a polar-
ised micrograph of the defect structure in a droplet confined to 
a straight capillary and looped trajectories in a Hele-Shaw cell 
in figure 3. This behaviour can be reliably suppressed by using 
isotropic oils, in which case the swimming reverts to persistent 
random motion with a rather large persistence length around 
101–102 droplet radii [2]. All data presented in the remainder 
of this paper are taken from analyses of isotropic swimmers.

4. Methods

All experiments presented in this paper have been conducted 
in quasi 2D microfluidic cells. Microfluidic devices are fab-
ricated with standard soft lithography techniques [48], gen-
erating a Polydimethylsiloxane (PDMS) imprint of a SU8 
photoresist stamp. The latter is cured in house using UV 
lithography and externally printed photomasks. The imprints 
are bonded to glass slides, connected to microfluidic pumps 
with Teflon tubing and mounted on microscope stages. These 
PDMS cells were used for both droplet production and exper-
imental observations.

Oil-in-water droplets are produced at high rates  
(10 s−1–30 s−1) and monodispersity with radii a ranging from 
15 µm to 50 µm in cross-shaped flow junctions [49], as illus-
trated in figure 4. The oil phase consists of either: the nematogen 

Figure 1. Schematic of the surfactant coverage on the droplet 
interface, the distributions of empty and filled micelles and the 
flows involved in self propulsion.

Figure 2. Average speed of 5CB droplet swimmers in a Hele-Shaw 
cell, depending on the TTAB surfactant concentration in weight 
percentage. Adapted from [1] with permission of the Royal Society 
of Chemistry.
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5CB, with a density of 1.04 g cm−3 at room temper ature and a 
nematic-isotropic phase transition at 35 °C; an isotropic mix-
ture of 5CB with 10% bromopentadecane, an insoluble oil 
of comparable density (5CB:BPD); or of the branched 5CB 
isomer CB15, commonly used as a chiral dopant, which in its 
pure form is isotropic at room temperature.

The continuous phase of our emulsions is an aqueous 
solution of the ionic surfactant TTAB, with a CMC of 
ccmc = 0.13 wt.%. For droplet production, we use a concentra-
tion of c = 0.1 wt.% < ccmc, sufficient to inhibit coalescence, 
but not high enough to support oil solubilisation or droplet 
swimming. Thus, stock emulsions are stable for months.

To initiate swimming, ≈ 0.3 µl of stock solution is added 
to a 5–10 µl concentrated c > 30ccmc surfactant solution, 
and the mixture is pipetted into the experimental container. 
Depending on their size and solubilisation rate, the droplets 
propel over a time scale between 20 min up to several hours, 
with a cruising range of several thousand droplet radii [1]. We 
observe them with bright field video microscopy and polar-
ised video microscopy to image birefringent nematic liquid 
crystal phases. Numerical image analysis from video data 
provides reproducible dynamical and morphological data in 
statistically robust quantities.

5. Chemotaxis and autochemotaxis

The evolution of empty micelle distribution shapes the 
dynamics of our droplet swimmers, as demonstrated by the 
following three experiments in quasi 1D and 2D microfluidic 
geometries: droplet swimmers orienting towards a surfactant 

source, being guided through a maze by chemotaxis, and anti-
correlated directional decisions guided by autochemotaxis. 
The latter two have been recently published in [3] and will be 
presented as a review.

As a consequence of the coupling between the density 
of empty micelles and the interfacial surfactant coverage 
described in section  3, swimmers will align their axis of 
motion with the gradient direction and swim towards higher 
surfactant concentrations, accelerating in the process. We first 
illustrate this in a simple experiment reminiscent of Adler’s 
E. coli demonstrations, [34] where we placed a concentrated 
TTAB source at one end of a quasi 2D cell containing swim-
mers, and measured their speed and distance from the sur-
factant source over time.

50 µm radius CB15 droplet swimmers were added to 
5wt.% TTAB solution, and the mixture was pipetted into one 

Figure 3. (a) Polarised micrograph of a self propelling droplet with superimposed sketches of the nematic director field (black lines) and 
the internal convective flow (green lines). The central defect is pulled towards the anterior pole. (b) This type of elastic deformation causes 
helical swimming. Reprinted figure with permission from [2], Copyright 2016 by the American Physical Society. 

Figure 4. Monodisperse oil droplets (radius 50 µm) are mass 
produced in a microfluidic flow junction. The water phase contains 
surfactant at c < ccmc to suppress coalescence.

Figure 5. TTAB gradient chemotaxis. (a) Trajectories of droplet 
swimmers after TTAB source is added to the left side of the 
microfluidic cell, colour coded by droplet speed. (b) Average speed 
as a function of distance for the data set in (a).
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of our 10 mm  ×  6 mm microfluidic cells, where the swimmers 
began persistent swimming immediately. After waiting for 
approximately 1 min to allow the transient flows initiated by 
pipetting to dissipate, a small quantity on the order of 10 mg of 
pure TTAB powder was added to one of the two entry ports for 
this cell, which were then sealed to prevent evaporative flux. 
Over time, TTAB micelles diffused into the chamber from 
the pure powder, and the swimmers responded by reorienting 
their swimming towards the surfactant source, i.e. to the left 
in figure 5(a), initially accelerating, and then reaching a steady 
maximum speed of v ≈ 45 µm s−1. This behaviour is evident 
in figure 5 from both the trajectories colour coded by speed 
(dark blue to light yellow, corresponding to slower to faster) in 
panel (a) and the average speed mapped to the distance from 
the source in panel (b).

5.1. Maze solving

We can exploit this tendency to prefer regions of higher sur-
factant density, and therefore reorientation in the direction 
of surfactant gradients, for guidance in complex geometries. 
Figure  6, from [3], shows this for droplets swimmers in a 
microfluidic maze structure connecting an entry and an exit 
reservoir. The maze was prefilled with a surfactant solution 
enabling self propulsion (5wt.% TTAB); we then simultane-
ously added droplet stock solution to the entry and TTAB 

powder to the exit reservoir, cut off external flow and observed 
how droplet swimmer trajectories progressively aligned along 
the shortest path through the maze while the added surfactant 
spread through the structure.

Accompanying time lapse observations of the spread of 
surfactant dyed with Nile Red inside the same maze without 
swimmers (panel (a)) showed that the additional surfactant 
develops a gradient along the shortest path, guiding the 
swimmers.

Panel (b) shows the length of individual trajectories inside 
the maze versus the time at which the swimmer passes the 
entry point for a maze with (‘gradient’) and without (‘con-
trol’) added solid surfactant. For the gradient experiment, the 
trajectories revert to the shortest path when the surfactant has 
spread through the maze, while no such effect is present in the 
control experiment. Panels (c) and (d), using the same data, 
illustrate this by mapping the trajectories, colour coded by 
the time in the experiment, onto a micrograph of the maze 
structure.

5.2. Diffusion controlled autochemotaxis

To study autochemotactic effects, we designed an experi-
ment where a series of swimmers passes through a channel 
containing a series of tear-drop shaped bifurcations, where 
the flow splits at the rounded side, and recombines at the tip. 

Figure 6. (a) Fluorescently labelled surfactant spreading in a maze. (c) and (d) Spreading surfactant guides swimmers along the shortest 
path (b) trajectory lengths from panels (c) and (d) versus time of maze entry. Reproduced with permission from [3]. 
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We observed that consecutive swimmers prefer alternating 
branches of the same bifurcation and that this anticorrelation 
decays with time ∆t  between passages. Figure 7(a) shows two 
swimmer trajectories plotted over a channel with three bifur-
cations. In this example, the swimmers passed in very close 
sequence, ∆t < 10 s, and all branch choices are anticorrelated.

We now give a summary of a simple model of the anticor-
relation decay over time, based on micellar diffusion. A full 
derivation can be found in [3].

We consider the passage of two consecutive swimmers 
through a bifurcation, where the first swimmer randomly 
chooses a branch path (in this case the upper path), and our 
analysis begins at time ∆t = 0, as this swimmer leaves the 
junction. We assume that the fluid in the lower branch is unaf-
fected by the swimmer’s passage prior to ∆t = 0, whereas the 
upper branch is filled with an initially constant concentration 
of swollen micelles, which then diffuse around the pillar. Thus, 
the second swimmer will encounter a gradient in the concen-
tration of filled micelles ∂xc(∆t), corresponding to an auto-
chemotactic drift force downwards, with a coupling constant 
κ. Adding a Gaussian noise term Γ to model a random branch 
choice of a swimmer with diffusion coefficient Ds, we set up the 
Langevin equation of motion for the second swimmer entering 
the junction at x  =  l (see figure 7 for length definitions):

dx
dτ

∣∣∣∣
x=l

= κ∂xc +
√

2DsΓ(τ). (1)

Calculating the probability at the two absorbing boundaries 
at l ± d  yields an expression for the average correlation 
depending on the time evolution of the surfactant gradient:

〈C〉 = tanh (ξ(∆t)) ,

ξ = −κ · d
2Ds

∂xc(∆t)

= − α√
t

(
2 exp

−β

t
− 1 − 2 exp

−4β
t

+ exp
−9β

t

)
,

 (2)

with two parameters, a prefactor α and a time constant β:

α = γ
κ

Ds
√

Dm
, β =

l2

Dm
. (3)

Here, γ is a prefactor combining experimental parameters 
(see equation (7) in [3]). We can interpret α as a measure of 
chemotactic strength versus Brownian noise, while β cor-
responds to the decay time based on micellar diffusion. We 
have plotted the average correlation for  ≈4000 passage pairs 
and a fit derived from equation (2) in figure 7(c). There is no 
absolute value for α as the diffusion constant of a confined 
active droplet is ill defined; however, our measured value of β 
is consistent with the known values for the micellar diffusion 
constant Dm and the size of the bifurcation l.

This model provides reasonable evidence that the auto-
chemotactic force is linearly coupled to the gradient in filled 
micelles, which can be modelled reliably by micellar diffusion.

6. Chemotactic effects at pillars

We demonstrate in a simple model system how chemotactic 
signalling can shape the interaction of swimmers and inter-
faces to the point of switching from attraction to repulsion, 
using quasi-2D PDMS cells containing arrays of pillars of 
variable sizes. As outlined in section 2, previous experimental 
studies and theoretical models of biological and artificial 
swimmers at pillars have shown a transition from scattering 
to trapping for increasing pillar sizes [28, 30, 50]. However, 
in our swimmers we have observed an additional intermediate 
regime where droplets leave after circling the pillar only once 
due to chemotactic repulsion (figure 8). Attachment statistics 
were derived from the video tracking of droplets in regular 
microfluidic pillar arrays (figure 9).

We have observed that droplet swimmers are generally 
attracted to interfaces; the hydrodynamic and phoretic contrib-
utions to this attraction are yet to be determined. In contin-
uous quasi 2D and 3D media, they move in a very persistent 

Figure 7. (a) A pair of swimmers choosing alternating branches around pillars in a channel. (b) Pillar schematic with length definitions for 
equations (1)–(3). (c) Anticorrelation data from experiments, with a fit to equation (2). Reproduced with permission from [3]. 
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manner with little rotational fluctuation. Attachment to a pillar 
of radius R much smaller than the persistence length of the 
swimmer would require a sudden reorientation with very little 
interfacial area to mediate attraction. Thus, the swimmer is 
likely to scatter off the pillar, or to detach very easily, resulting 
in a distribution P(s) of attachment lengths s tailing off well 
below a pillar orbit, s = 2π(R + a), for a swimmer of radius 
a. For pillars larger than the persistence length, little reorienta-
tion is required and the wall attraction leads to near indefinite 
trapping, s → ∞. This behaviour is comparable to the afore-
mentioned studies.

However, for intermediate pillar sizes, we need to consider 
that a swimmer circling a pillar will after one orbit encounter 
its own trail of filled micelles, which corresponds to an addi-
tional chemotactic gradient force f(∂c) pointing away from 
the pillar. We have sketched the micelle distribution around 
a pillar in figure 10(a), using polar coordinates (r, θ) with the 
origin at the pillar centre. During the first orbit of the pillar, 
r ≈ (R + a), θ < 2π, there are no filled micelles in the path of 
the swimmer and f(∂c) is zero. When the swimmer encounter s 
the rear end of its own trail, the filled micelle density will 
increase with θ: f(∂c) = f(r, θ), ∂θ|f| > 0. After that, for a 
swimmer traveling on its trail at constant speed, the force will 
be radial and constant in θ, f(∂c) = f (r)er , during each orbit, 
2πn < θ < 2π(n + 1). Since filled micelles diffuse away 
from the pillar over time, f (r) decreases with the increasing 

orbiting period of the swimmer, leading to weaker repulsion 
for larger pillars or slower swimmers.

Combining the effects of persistence, wall attraction and 
chemotactic repulsion, there is an intermediate pillar size 
where the first two are of the same order, but the chemotactic 
force will shift this balance towards repulsion. This shift can 
be so pronounced that the swimmer is already repelled when it 
encounters the increase in filled micelles at the rear of its own 
trail, resulting in a non-crossing pillar orbit (figure 10(b)). If 
the chemotactic repulsion is sufficiently small to enable the 
swimmer to travel on its own trail (figure 10(c)), the swimmer 
will detach stochastically, depending on the strength of 

Figure 8. (a) Schematic of attractive and repulsive forces involved in the swimmer-pillar interaction. (b)-(d) Example trajectories of 
swimmers at 30 µm, 100 µm and 250 µm pillars, with sections identified as attached by numerical filtering marked in colour. We observe 
a transition from bouncing to trapping with an intermediate regime of one-orbit trapping. Movies for panels (b)-(d) are included in the 
supplementary information (stacks.iop.org/JPhysCM/30/054003/mmedia).

Figure 9. Experimental screenshot of a PDMS cell with a 100 µm 
pillar array. The contrast of this image has been modified for clarity.

J. Phys.: Condens. Matter 30 (2018) 054003
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f (r), such that the peak of P(s) at one orbit develops a tail 
that increases for larger pillar sizes and respectively weak-
ening f (r). Eventually, in the limit of very large pillars, P(s) 
will show an increase for very long trapping times.

We have observed a transition from scattering to one orbit 
trapping to indefinite trapping in experiments, using 5CB:BPD 
droplet swimmers of radius a = 15µm in regular pillar arrays 
with radii R varying from 15 µm to 125 µm.

We filled pillar arrays with a 7.5wt.% TTAB solution 
containing small quantities of swimmers (n < 5/µl) and 

recorded the swimmer dynamics on a bright field micro-
scope under 4x magnification. For one pillar size, we typi-
cally have data from more than 20 experiments of 5 min to 
10 min with 5 to 20 swimmers and 1 to 200 individual pillar 
interactions per experiment. We numerically extracted the 
swimmer trajectories, identified all trajectory segments 
corresponding to pillar attachment and binned them by 
segment length s, normalised to the pillar circumference, 
to collect statistics for the attachment length distribution 
P(s).

Figure 10. (a) Schematic of the filled micelle gradients leading to a radial chemotactic force at a pillar (b) a non-crossing trajectory (c) a 
self crossing trajectory.

Figure 11. a = 15µm swimmers: scattering for R = 15µm  pillars, onset of one orbit trapping at R = 50µm  pillars and transition to 
indefinite trapping for R = 125µm  pillars. We plot data from scattering interactions in light cyan and data from attachment interaction in 
dark green.

J. Phys.: Condens. Matter 30 (2018) 054003
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The experimental screenshot in figure  9 shows a typical 
cell geometry with pillar radius R = 50µm . Figure  8, as 
well as the corresponding movies in the supporting informa-
tion, illustrates the transition with example trajectories taken 
from experiments using swimmers of radius a = 15µm, with 
the numerically extracted interaction segments s marked in 
colour. We see scattering off 15µm pillars, both self crossing 

and non-crossing one orbit trapping at 50 µm pillars and 
indefinite trapping at 125 µm pillars.

We begin with a statistical analysis of the full range of 
pillar interactions from scattering to trapping using swimmers 
of radius a = 15 µm. We consider a swimmer to be attached if 
its direction of motion calculated from the trajectory’s tangent 
is changed by pillar attraction, in all other cases we consider it 

Figure 12. a = 50µm swimmers: onset of one orbit trapping at R = 50µm  pillars and transition to indefinite trapping for R = 250µm  
pillars. This range is studied in more detail in figure 13 to resolve the transition from self crossing to non-crossing trajectories.

Figure 13. a = 50µm swimmers: for increasing pillar radii, attachment events in the one orbit range shift from non-crossing (dark grey) to 
self-crossing (light red) trajectories.

J. Phys.: Condens. Matter 30 (2018) 054003
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to have scattered off the pillar. Histograms of P(s) versus s for 
4 pillar radii, 15 µm , 50 µm , 75 µm  and 125 µm, are plotted 
in figure 11, showing a pronounced peak corresponding to one 
orbit trapping around pillars of R = 50 µm between regimes 
of scattering for small pillars and trapping for large pillars.

Since we are able to reliably identify self intersecting tra-
jectories, we have studied the transition from non-crossing to 
self-crossing pillar interactions in more detail for a = 50 µm 
swimmers at pillars in a radius range from 50 µm  to 250 µm 
between the onset of one orbit trapping and the transition 
to indefinite trapping. Here, the one orbit peak is more pro-
nounced, as scattering is weak for larger swimmers. We note 
in the comparison of a = 15 µm and 50 µm data that P(s) 
cannot be rescaled easily to the relation of swimmer and pillar 
radii, as the swimmer speed, persistence length and solubili-
sation rates depend nonlinearly on the swimmer size as well.

The histograms in figure  12 represent the approximate 
boundaries of the regime where one orbit trapping is domi-
nant, i.e. pillar radii of 50 µm and 250 µm. This data range is 
resolved in more detail in figure 13, with pillar radii of 50 µm,  
75 µm, 100 µm and 250 µm and a length range focusing on 
the one orbit peak, 0.75(2π〈r〉) < s < 1.5(2π〈r〉). We fur-
thermore separate the recorded events into self crossing (red) 
and non-crossing trajectories (grey) and observe a clear shift 
towards the self crossing regime for increasing pillar sizes, as 
well as the emergence of a tail towards more stable attachment. 
In future work, we will fit these statistics with an analytical 
stochastic model analogous to the one outlined in section 5.2.

7. Conclusion

In a straightforward demonstration experiment combining 
the effects of complex boundaries and chemotactic forces on 
droplet swimmers at complex interfaces, we have reproduced 
established phenomena of pillar scattering and trapping and 
observed a new one orbit trapping regime directly caused by 
chemotactic effects. We note that this effect is observable due 
to the slow diffusion of the chemorepellent. We have further-
more sketched an avenue towards quantitatively evaluating 
our data in the context of an active particle model.

One of the advantages of the active emulsion model is the 
wide range of controllable parameters and inspection methods. 
While we have not yet included hydrodynamic effects in the 
present study, it is both feasible experimentally via micro-PIV 
and interferometry to map flow fields and lubrication effects. 
Moreover, by virtue of the high symmetry of the system, active 
droplets are suitable for very detailed numerical and analytical 
analysis. Focussing all these approaches on the same exper-
imental parameters should offer important insight into the 
cooperation of hydrodynamic, phoretic and steric effects in 
active media.
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