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Fine balance of chemotactic and hydrodynamic torques:
When microswimmers orbit a pillar just once
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We study the detention statistics of self-propelling droplet microswimmers attaching to microfluidic pillars.
These droplets show negative autochemotaxis: they shed a persistent repulsive trail of spent fuel that biases them
to detach from pillars in a specific size range after orbiting them just once. We have designed a microfluidic assay
recording microswimmers in pillar arrays of varying diameter, derived detention statistics via digital image

analysis, and interpreted these statistics via the Langevin dynamics of an active Brownian particle model. By
comparing data from orbits with and without residual chemical field, we can independently estimate quantities
such as hydrodynamic and chemorepulsive torques, chemical coupling constants and diffusion coefficients, as
well as their dependence on environmental factors such as wall curvature. This type of analysis is generalizable

to many kinds of microswimmers.

DOI: 10.1103/PhysRevE.100.040601

Biological microswimmers operate in complex geometries
and react to chemical and physical gradients, both external,
e.g., in nutrients (chemotaxis [1-3]), and self-generated ones
(autochemotaxis [4—06]), the latter enabling them to commu-
nicate and cooperate. The boundary conditions imposed, e.g.,
by soil packings and interfaces affect both the active dynamics
of microswimmers, via hydrodynamic wall interactions [7,8]
or active accumulation [9-11], as well as the diffusive spread
of chemotactic fields. The coupling of these dynamics leads to
complex feedback phenomena that can significantly influence
behavior like arrest, aggregation, and biofilm formation [12].

In order to derive and test tractable models for systems fea-
turing feedback it is important to develop experimental assays
to decouple and control individual contributions. We have
previously demonstrated one quite unexpected phenomenon
in a highly tunable artificial model system, while studying
the interaction of self-propelling droplet microswimmers with
pillars in quasi-two-dimensional (quasi-2D) microfluidic cells
(cf. [13-17]). These droplets shed a chemorepellent that bi-
ases them towards detachment after circling the pillar once
[18]. Our system has the advantage of directly comparing wall
attachment with and without chemotactic repulsion, as well as
controllable curvature set by the pillar size.

In this Rapid Communication we present a quantitative
study of the pillar interaction, analyzing the data from mul-
tiple experimental data sets in the context of an analytical
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Langevin model for active Brownian particles (ABPs) incor-
porating hydrodynamic, chemotactic, and stochastic torques.
This analysis provides insight into the respective strengths of
wall attraction, chemorepulsion, as well as rotational diffusion
and their effects on interfacial capture. As is it based on ABP
models, it can be generalized to many microswimmers.

Our microswimmers consist of oil droplets dissolving
gradually in a micellar aqueous surfactant solution, on a
timescale of up to several hours. The oil solubilizes by dif-
fusing into surfactant micelles in a boundary layer around the
droplet, a process that also depletes the surfactant coverage
of the droplet’s oil-water interface [19,20]. If the droplet
position fluctuates, filled micelles trail behind it, such that
there are more empty micelles at its anterior. Empty micelles
can disintegrate to replenish the surfactant coverage at the
interface: thus, a moving droplet has more surfactant at its
anterior, leading to a self-sustaining gradient in interfacial ten-
sion towards the posterior and a force propelling the droplet
(v ~ 30-60 pm s~!). Chemotaxis and autochemotaxis follow
naturally from the droplets’ mechanism of propulsion [21].
Droplets are attracted by empty micelles, such that they follow
surfactant gradients (chemotaxis) and avoid areas of filled
micelles, which act as a chemorepellent. The micelles diffuse
slowly in comparison to the droplet motion, with a diffusion
constant D, =~ 100 umz s~! [22], such that the repulsive trail
of filled micelles persists over long times. We have experi-
mentally confirmed [21] that this negative autochemotaxis is
mediated by the diffusion of filled micelles.

To render a statistical analysis of the pillar interactions
possible, we required experimental data on a large num-
ber of events, using monodisperse oil droplets and pillars
from a range of radii. The oil phase consisted of a mix-
ture of the nematogen 4-pentyl-4'-cyano-biphenyl (5CB) and
1-bromopentadecane at a volume ratio of 10:1. We chose
droplets of this isotropic mixture, as they perform a persistent
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FIG. 1. (a) Schematic of the droplet propulsion via interfacial
Marangoni gradients. (b) Phase contrast image of a swimming
droplet, dragging a trail of filled micelles visible due to refractive
index variation. Figure adapted from [21]. (c¢) Schematic of droplets
in a quasi-2D PDMS cell containing a pillar array.

Brownian motion, while droplets of pure SCB exhibit a strong
curling instability [23]. We mass-produced monodisperse
droplets in flow-focusing microfluidic devices [24].

We fabricated quasi-2D polydimethylsiloxane (PDMS)
reservoirs bonded to glass slides using standard soft lithog-
raphy protocols [25]. The reservoirs were approximately
6 mm x 10 mm x 116 um in size and contained arrays
of 18 or 32 micropillars with radii chosen from r e
{50, 75, 100, 250} um [Fig. 1(c)]. Data sets for even larger
pillar sizes are included in the Supplemental Material (SM)
[26] and Refs. [27-38] therein. We have not included these
data in our detachment analysis, since the droplets are effec-
tively trapped at these pillars.

We filled the reservoirs with a swimming medium, specif-
ically an aqueous solution of the ionic surfactant tetrade-
cyltrimethylammonium bromide at 7.5 wt %, containing be-
tween 5 and 20 droplets of radius a ~ 50 um per sample.
We recorded the droplet motion via bright field video mi-
croscopy, typically over 5 to 10 minutes with up to 200 pillar
interactions per run. Each experiment was repeated multiple
times, yielding between 1000 and 2500 interactions per pillar
size in total. We extracted individual trajectories by numeri-
cal image analysis, using a Crocker-Grier algorithm [27,28].
Pillar locations and sizes were calibrated via the respective
lithography template. Speed, angular velocity, distance, and
orientation with respect to each pillar were extracted from
the recorded coordinates. We preselected attached trajectory
segments via a distance criterion and refined them by an
attachment angle threshold. By restricting the analysis to
“clean” pillars without residual chemorepellent from previous
interactions, we retained between 350 and 800 interactions
per pillar size. We provide detailed statistics and experimental
protocols in the SM [26].

Autochemotactic droplets interacting with pillars in a
quasi-2D cell show specific dynamics: A persistent mi-
croswimmer will not successfully attach to a convex wall
without an attractive torque. Since the required torque in-
creases with curvature, microswimmers experiencing a finite
wall attraction are expected to scatter off small pillars and
get trapped at large ones [13—15]. Our droplets are attracted
to walls and indeed exhibit scattering from small pillars and
trapping at large pillars. However, at pillars of intermediate

(a) t=0s

t=258

FIG. 2. A negatively autochemotactic droplet (¢ = 50 wm) inter-
acting with a pillar (R = 100 um). (a) The droplet attaches to the
pillar, (b), (c) travels around the pillar, and (d) detaches soon after it
reenters its own trail (red line: trajectory).

radii, we observe a significant increase of detachment after
circling the pillar once, i.e., when droplets approach and reen-
ter their own trajectory [18]: the filled micelles diffuse away
from the pillar [Fig. 4(c)], providing an additional chemore-
pulsive gradient and favoring detachment. We illustrate this by
consecutive video stills of a typical interaction with a 100 um
pillar in Fig. 2 and a histogram of detention lengths for many
similar interactions in Fig. 3, which clearly shows a peak
around lengths corresponding to one orbit (see also the movie
in the SM [26]).

The long-tailed peaks in the statistics of detention times
suggest stochastic influences on the pillar interaction [29,39].
Rotational noise and convex curvature cause a fraction of
droplets to detach almost immediately (Fig. 3, blue peak). For
droplets attached long enough to approach their own residual
chemical field, we can distinguish two cases: If the chemical
repulsion is too strong to allow the droplets to reenter their
trajectory, this creates a noncrossing peak in the histogram of
detention lengths slightly before one full orbit (green). Other-
wise, the droplet is forced to swim along its own trail, as traced
in Fig. 2. However, the added chemotactic repulsion adds
a bias towards detachment, resulting in a self-crossing peak
in the histogram of detention lengths slightly after one orbit
(yellow). We exclude data from noncrossing interactions from
our analysis, since their chemical interactions break radial
symmetry and would require rather sophisticated modeling.

R =100 pm

counts

. 1
detention length (orbits)

FIG. 3. Example histogram of the detention lengths of droplets
(a =50 um) at a pillar (R = 100 um). Color codes and sketches
illustrate the cases of scattering (blue), noncrossing (green), and
self-crossing (orange) trajectories. We bin by length for illustration
purposes; in the remainder of the study data is binned by time to
match the theory model.
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FIG. 4. Model schematics and coordinate definitions. (a) A
droplet of radius a moving around a pillar of radius R with velocity
v and angular velocity w, torques from chemotactic, Q¢, and wall
interaction, Qy, and polar coordinates (7, «). (b) Schematic drawing
of a droplet approaching and leaving a pillar, with escape angle
0.. (c) Chemorepellent diffusion away from the pillar [numerical
solution of Eq. (5) for R = a]. Radial concentration c¢/cq vs r, with
the initial step function (dotted, blue) for + = 0 and the diffused
profile (solid, red) for t = Ty

We can already estimate the forces and torques of interest
from the following simple analytical model applied to the
cases of short-time scattering and self-crossing.

For a quantitative estimate of the effects of curvature, wall
interaction, and autochemotaxis we model our droplets as
ABPs [40-42]. The ABP paradigm is widely used to model
both artificial [30] and biological [43] microswimmers subject
to fluctuations. In this context, self-propulsion is seen as an
effective driving force which can be easily added to other
forces in the system [44].

The droplet is represented by a point particle moving with
speed v; its position r and direction e are described by the
overdamped Langevin equations

r=ve, é=(R+2Dgré) xe. (1)
Q is the sum of deterministic drifts of e; the rotational fluc-
tuations are modeled by the rotational diffusivity Dg and a
normalized zero-mean Gaussian white noise & with variance
(§;(1)§;(¢')) = 8;6(t —1'). We note that the orientation of
self-propelling droplets can be affected by both whole body
rotations and shifts in interfacial tension. However, in our
reduction to point particles, these revert to effective forces and
torques.

The droplet motion is restricted to the xy plane, with a
perpendicular £ = (0,0, Q)7. In our system Q = Qw + Qo
comprises the external (mostly hydrodynamic) torque due to
wall attraction, Qw, and autochemotaxis, ¢, from the second
orbit. A schematic representation of the system is shown in
Fig. 4(a). We use polar coordinates (r,«) with the origin
r =0 at the center of a pillar of radius R, with a droplet
of radius a at the position r. We project the orientational
unit vector of the droplet e on two orthogonal unit vectors,
e perpendicular and e tangential to the pillar interface. We
define 6 € [—7 /2, w /2] as the angle between e and e, with
6 ~ 0 when the droplet is moving along the pillar tangent.
Without loss of generality, we assume the droplet to move
counterclockwise around the pillar, such that it approaches
with 6 > 0 and detaches with 6 < 0. From Eq. (1), we

derive [29]

i-:l".el:—v Sin@,

. 1

0=—0+Q+/2DgE, wiho=-(-¢), (2
-

where w > 0 is the angular velocity of the droplet around the
pillar. The droplet detaches when 6 exceeds a fixed escape
angle 6. [29,39] [Fig. 4(b)]. The detention time #4 is therefore
the first-passage time of 6. of a stochastic process described by
Eq. (2). Here we take 6y = 0, and 6, = —0.962 as the escape
angle measured at the moment of detachment (see SM [26]).

Our restriction to counterclockwise motion would in prin-
ciple necessitate a reflective boundary condition for 6, = 7 /2;
however, for moderate rotational diffusion Dg (see SM [26]),
this head-on orientation is hydrodynamically unlikely in the
case of our highly persistent pusher-type droplets [19,23] even
in the limiting case of zero wall curvature and no chemotactic
wall repulsion, and the boundary condition can be safely
neglected.

Generally, Qw and Q¢ are functions of r(¢), 6(¢), and
a(t), depending on the exact nature of the hydrodynamic
and chemical fields. However, we can treat them as constants
using the following approximations. We assume the transition
between an attached and a detached state to be instantaneous
compared to the detention time, such that r * R +a, 6 ~ 0
and Qw is constant for the droplet while it is attached. We
note that we cannot expect Qw to be the same for all pillar
sizes, if the length scales of pillar, droplet, and flow field, e.g.,
puller dipole size, are comparable (cf. [7]).

The recorded angular speeds w are quite uniform in each
orbit (see SM [26]), with a slight slowdown in the second
orbit, when the droplet moves on its own trail. We therefore
treat w as constant within one orbit, with w € wy, w,.

For (w; — w;)/w; < 1 [cf. Fig. 6(b)], we can further as-
sume that the orbiting period T of the droplet does not
significantly increase with time, such that the droplet always
experiences the same chemical gradient d,c(t)|,—g+ initiated
during its previous passage. We therefore approximate ¢
as constant between the points where the droplet has fully
crossed over onto its trail and where it leaves the pillar, and
we define the detention time #q4 — T, in the second orbit as
the time elapsed between these two events.

Under these approximations of constant Qw, ¢, and o,
the detention time ¢4 follows an inverse Gaussian distribution

ERUTRY
xp[ Alta — @) } 3)

A
ta; U, ) = e
ftas s 1) 3 21

2wt

with A = 93 /2Dr and the distribution mean w = (f4) =
0c/(§2 — ).

If the deterministic torque compensates the geometry ef-
fect, the drift Q2 — w is zero, and u diverges. In this case, f(#4)
reverts to a Lévy distribution

zLexp |:_)Li|. 4)

w3 214

f) =

We have tested our approximations for the case of a
straight wall without drift by calculating f(z4) using a less
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FIG. 5. Normalized histograms f(t;) of the detention times of
a = 50 um droplets at pillars of varying radii R, first [blue, panels
(a)—(d)] and second, self-crossing [yellow, panels (e)—(h)] orbits. The
t origin of the latter is reset to Ty, for each trajectory. Red lines:
inverse Gaussian fits, first orbit fitted only for r < 0.77, to rule out
noncrossing chemotactic detachments.

approximative Fokker-Planck model [38,39] that includes the
reflective boundary condition. The difference to the corre-
sponding Lévy distribution is indeed too small to be resolved
in experimental statistics (see [26]).

We numerically approximate the concentration field c(7, «)
of filled micelles in the polar coordinate system (7, o) (Fig. 4).
We assume that a droplet of radius a dissolves at a constant
rate and approximate its initial trail of filled micelles by
a step function, c(R < r < R 4+ 2a) = ¢y, which we let dif-
fuse over time, using the micellar diffusion coefficient Dy,

Under the boundary conditions 9,c|,—g =0 and c(r —
+00) = 0 we solve the diffusion equation
8tC = Dmar(rarc)/rr (5)
numerically using a forward-marched explicit finite difference
scheme. For illustration, we plot in Fig. 4(c) the rescaled
filled micelle concentrations c¢/cy behind a droplet attached
to a pillar with R = a, diffusing from a step function at
t = 0 (dashed, blue) to a smoothed profile (solid, red) at ¢t =
Toro- Calculated profiles and derivatives for our experimental
settings are listed in the SM [26].

We have sorted all attachment events into scattering, self-
crossing, and noncrossing events (Fig. 3; see the SM [26] for
image analysis criteria and statistical quantities) and extracted
the quantities 74, v(t), w(?), and 6(¢). Figure 5 contains two
subsets of detention time distributions for increasing pillar
sizes and the respective inverse Gaussian fits of Eq. (3). The
first set (blue) contains the data range for 0 < #4 < 0.7T,
with Q¢ = 0. The second set (yellow, only self-crossing) is
taken from the moment 75, where the droplet crosses its own
trajectory and Q¢ = const.

Using the extracted fitting parameters w, A from Eq. (3)
and the measured w, we calculate Dr, Qw, and Q¢ for
each pillar size, as well as the expectation value of the
detention times (fq) = u, as plotted in Fig. 6. As expected,
(tq) 1s larger in the first orbit [Fig. 6(a)], where Q¢ =0,
and increases with increasing R, in fact diverging for Q¢ =
0 and R € {100, 250} um, indicating a trapped state in the
absence of Q¢c. We note that this transition to the trapped
state would not stand out in an analysis based on averaged
recorded detention times [13,15], since these are bounded
by the duration of the experiment and therefore cannot
diverge.

The recorded mean orbital speeds (|w|) scale linearly with
(R+ a)~! and do not change significantly between orbits 1
and 2, justifying our approximation of an overall constant
speed [Fig. 6(b)].

The extracted torques [Fig. 6(c)] permit a number of obser-
vations: both Qw and —¢ decrease with pillar size, the latter
simply because orbiting takes longer and the chemorepulsive
gradient d,¢ decreases by diffusion, the former possibly be-
cause the pusher-type hydrodynamic interactions depend on
wall curvature [7]. Q¢ overcompensates Q2w in all cases up to
R =250 pum, explaining the enhanced detachment after one
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FIG. 6. Extracted parameters for detention statistics of @ = 50 pum at pillars with R € {50, 75, 100, 250} um, values for first and second
orbits. (a) Measured detention times. (b) Measured orbital speed vs curvature. (¢c) Wall attraction Qw and negative chemorepulsion —Q¢
torques, from fits. (d) Q¢ vs calculated chemical gradient. (e) Rotational diffusion coefficient, from fits, green dashed line and shaded
confidence interval: free motion between pillars. Numerical values and error discussion in the SM [26].
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orbit and the transition to fully trapped states for R > 250 um.
Similarly, the diverging detention times in the first orbit for
R € {100, 250} um are due to the fact that Qw compensates
w while Q¢ = 0.

For an estimate of the chemotactic coupling, we have
plotted the fitted ¢ versus the calculated filled micelle
gradient, d,c(t)/co, using Eq. (5) [Fig. 6(d)]. If we assume
a linear dependence on the filled micelle gradient [21,45],
Q¢ = kd,c/co, linear regression yields x ~ 130 rad um g1
with ¢y on the order of 200 oil molecules per um® (see
SM [26]). However, this should be regarded as no more
than an order-of-magnitude estimate due to our limited range
of accessible pillar sizes (50 um < R < 250 um) and the
various approximations in our model.

In Fig. 6(e), we plot the extracted rotational diffusion co-
efficients, Dr. For comparison, we have estimated an average
Dg ~ 0.05 rad s~! of droplets moving freely between pillars
based on their rotational persistence (see SM [26]). The values
for droplets at pillars are comparable to the freely swimming
case. We note a slight elevation at small pillars in the presence
of chemotactic gradients; however, since our approximations
grow less accurate with decreasing pillar size, this deviation
can be expected.

The fact that the rotational diffusion estimates for freely
moving and wall attached droplets are comparable is not intu-
itively obvious, since variations in interfacial tension provide
a major source of noise and such variations are affected by
the boundary conditions of advective flow and chemical fields.
Our data suggests that the differences are small enough to treat

the rotational diffusion coefficient of a droplet microswimmer
as a meaningful physical quantity.

We have shown that from a simple curious phenomenon—
droplets leaving pillars after orbiting them just once—
one can independently estimate various quantities such as
hydrodynamic and chemorepulsive torques, diffusion coeffi-
cients, and their dependence on wall curvature by a statistical
analysis of detention times and their interpretation using
an ABP model. This provides valuable insight into droplet
microswimmers in particular, where many of these quantities
are hard to access independently or where their sensitivity to
boundary conditions is still open to debate.

Moreover, since the ABP model makes no assumptions
about the details of the propulsion process, this assay and
analysis can also be extended to probe similar quantities in
various other microswimmer systems.

It can also be used to include other external forces repre-
sented by additional drift terms, for example, the effects of
gravity on detention time and wall accumulation [46] or steric
phenomena for nonspherical microswimmers influencing the
reorientation dynamics at the wall [47]. In consequence, the
model presented here offers a systematic approach to studying
the behavior of artificial as well as biological microswimmers
close to a boundary.

We acknowledge Babak V. Hokmabad for experimental,
and Fabian Schwarzendahl and Babak Nasouri for theoretical
advice. This project was partially funded by the MPI-DS
Prandtl internship program and the MaxSynBio consortium.
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