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Abstract

Biological and man-made active particles (microswimmers when hydrodynamics are consid-
ered) often move in complex crowded environments where they encounter boundaries such as
surfaces or obstacles. Recently it was shown experimentally that the interaction of active parti-
cles with boundaries is determined primarily by steric forces and short-ranged hydrodynamics.
In the first chapter of this thesis, we consider solely steric interactions and study numerically
the role of disorder in the transport dynamics of chiral active particles on surfaces with obsta-
cles. We consider different densities of regularly spaced obstacles and distinct types of disorder:
noise in the dynamics of the particle, quenched noise in the positions of the obstacles as well as
obstacle size polydispersity. We show that, depending on the type and strength of the disorder,
the presence of obstacles can either enhance or hinder mass transport. In the second chapter,
we introduce a three-dimensional model of a microswimmer, where we include hydrodynamics
in an effective way, navigating a volume bounded by a top and bottom surface. We describe
the swimmer-surface interaction with an effective short-ranged hydrodynamic alignment force,
and study numerically the effect of surface texture, modelled by obstacles, on the surface ac-
cumulation of chiral and non-chiral microswimmers. We find that, depending on the angular
velocity of the swimmer, and the alignment force, obstacles can either hinder or enhance surface
accumulation. We discuss potential applications to sorting of microswimmers by their angular

velocity.

Keywords — chiral active particles, disorder in transport dynamics, obstacles and surface

structure, 3D model of a microswimmer, surface accumulation of bacteria






Resumo

Particulas ativas quirais, sejam elas bioldgicas ou artificiais, raramente se movem em ambien-
tes homogéneos, mas encontram, em vez disso, heterogeneidade na forma de fronteiras, como
paredes de dominio ou poros, e obstru¢des ou obsticulos da ordem do tamanho da particula.
Esfor¢os recentes de investigacdo tém-se concentrado em entender os mecanismos (bio)fisicos
subjacentes as particulas ativas quirais em ambientes heterogéneos. Do ponto de vista funda-
mental, isso € interessante para compreender e otimizar estratégias de busca em ambientes rea-
listas. Do ponto de vista prético, tal compreensao é crucial para explicar e controlar processos
biomedicamente relevantes, como a formacao de biofilmes. Além disso, hd um potencial signi-
ficativo e ainda nao explorado para possibilitar novas aplicagdes nanotecnoldgicas, incluindo,
por exemplo, transportadores de carga autopropelidos com aplicacdes em entrega de medica-

mentos em tecidos ou remog¢ao de contamina¢cdo em solos porosos.

Uma propriedade importante da matéria ativa € a assimetria inerente na interagcdo de particulas
ativas com fronteiras. Ao se aproximar de uma fronteira, uma particula ativa nada na direcdo
desta, efetivamente ficando ’presa’ na fronteira, até que sua direcdo de movimento aponte para
fora da superficie. Ao se afastar de uma fronteira, a particula mover-se-4a livremente até encon-
trar outra fronteira. Devido a essa assimetria, as particulas ativas tendem a acumular-se perto de
fronteiras, mesmo quando sdo puramente repulsivas. Para particulas passivas, tal acumulagdo
proxima das fronteiras nao € observada e exigiria uma interacao atrativa. Resultados recentes
com E. coli perto de uma superficie mostraram que a reorientacdo média das células em direc@o
paralela a superficie € impulsionada por forcas estéricas no contato e hidrodinamica de curto
alcance, com a hidrodindmica de longo alcance desempenhando apenas um papel secundario.
Resultados semelhantes foram obtidos para células de esperma numa superficie, para E. coli
interagindo com pilares microscopicos e para micropropulsores sintéticos navegando num am-

biente de particulas coloidais passivas.

No primeiro capitulo, examinamos numericamente o efeito da desordem (doravante deno-

vii



minada ‘ruido’) nas interacdes estéricas na dindmica de particulas ativas quirais explorando um
arranjo periddico de obstaculos, onde introduzimos ruido de maneira controlada. Primeiro, con-
sideramos uma particula ativa quiral que ndo sofre nenhuma difusdo browniana rotacional na
presencia de um arranjo periddico de obstdculos. Tipos distintos de ruido sao entdo introduzidos
independentemente: 'ruido dindmico’, que determina a reorientacdo da particula, e dois tipos
de 'ruido quenched’, sendo o primeiro a desordem nas posi¢des dos obsticulos, e o segundo a

polidispersidade nos tamanhos dos obstaculos.

Para quantificar o efeito dos diferentes tipos de ruido nas propriedades de transporte da
particula ativa, calculamos o coeficiente de difusdo efetivo (difusividade) para uma ampla faixa
de fracdes de drea (densidades) de obstaculos e intensidades de ruido. Constatamos que a difu-
sividade de uma particula ativa quiral é fortemente ndo monétona com o aumento da densidade
de obstaculos. Em densidades mais baixas, o transporte de uma particula ativa quiral € retifi-
cado devido a interagdo da particula com os obstdculos, afetando as 6rbitas e permitindo que a
particula explore o espaco. Em densidades mais altas, a particula ndo consegue realizar movi-
mento quiral devido as interagdes constantes com os obstdculos, e a difusividade é reduzida até
que as condicdes sejam adequadas para que o movimento seja canalizado. Quando a intensi-
dade do ruido dinamico é aumentada, a difusividade aumenta para todas as densidades, exceto
as mais altas, o que atribuimos a aleatoridade das 6rbitas quirais. Além disso, a capacidade da
particula de explorar melhor o espago torna-se menos dependente dos obstaculos. Em densida-
des mais altas, o ruido dinAmico suprime o transporte orientado por canais. O ruido ‘quenched’
introduz desordem na disposicao espacial dos obstaculos, resultando em movimento errético, e

perturbando o movimento orientado por canais.

No segundo capitulo, introduzimos um modelo 3D para examinar a acumula¢do na su-
perficie de micropropulsores induzida por forgas estéricas e uma forga eficaz de alinhamento
hidrodinamico de curto alcance que alinha a direcao de propagacao dos propulsores ao longo
da fronteira mais préxima. Tomamos E. coli e células de esperma de touro como exemplos,
navegando num volume delimitado por um plano de superficie superior e um inferior, seme-
lhante a um canal de microfluidica. Estudamos o efeito de colocar obstaculos convexos, que
tém trés vezes o tamanho dos propulsores, aleatoriamente em ambas as superficies, e examina-
mos como a acumulacdo na superficie depende de forca de alinhamento e velocidade angular
do movimento. Quantificamos essa acumulacdo na superficie medindo a fracao de propulsores

proximos as superficies. Constatamos que a presenca de obsticulos sempre reduz a acumulagao
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de micropropulsores ndo quirais, ja que, ao se alinharem ao longo da fronteira dos obstaculos, os
propulsores sdo direcionados para longe da superficie. A medida que a densidade de obstéculos
aumenta, a acumulagdo na superficie € reduzida. Para micropropulsores quirais, a acumulagdo
pode ser reduzida ou aumentada. Observamos o ’aprisionamento’ dinamico de propulsores,
no qual os propulsores se movem em Orbitas ao longo da fronteira de um obstaculo, em con-
formidade com observagdes experimentais anteriores. Este aprisionamento orbital resulta da
interacao de alinhamento e do movimento quiral do propulsor e sé ocorre se os obstaculos fo-
rem pelo menos iguais ao tamanho da drbita. Discutimos como obstidculos podem ser usados
para controlar a acumulagdo de propulsores quirais préximos as superficies, ajustando cuida-
dosamente seu tamanho. Além disso, discutimos como obstaculos podem ser empregados para

classificar propulsores com base em sua velocidade angular.

Palavras chave — particulas ativas quirais, desordem na dindmica de transporte, obstaculos
e estrutura de superficie, modelo 3D de um micropropulsor, acumulacdo de bactérias na su-

perficie
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Introduction

Active matter systems are able to harvest energy from their environment and drive themselves
far from equilibrium. This ability gives rise to a series of novel behaviours that are not observed
in systems that are at thermal equilibrium, including accumulation at walls, swarming, motil-
ity induced phase separation (MIPS), among many other emergent collective properties [1,2].
An important example of active matter consists in natural and artificial objects capable of self-
propulsion. Clearly the meaning of ‘self-propulsion’ can be applied very broadly, often animals
such as (shoals of) fish or (flocks of) birds, but also drones and centimeter sized robots (e.g.
HEXBUGs) are rightly considered active matter [1,3]]. In this thesis however, we will predom-

inantly discuss smaller objects, at the micron scale.

Mechanisms of self-propulsion include external fields (e.g. changing electric and mag-
netic fields) and local conversion mechanisms such as phoresis where particles are exposed to
a chemical, electrostatic or thermal field gradient. A different kind of active matter are biolog-
ical swimmers such as algae, bacteria including Echerichia coli (E. Coli), or sperm cells, self

propelling by means of a flagellum (sperm cell) or a bundle of flagella (E. Coli) [4].

For any swimming mechanism, swimming along a straight line is the exception rather than
the rule. In fact, ‘ideal straight swimming’ occurs only if the left-right symmetry relative to the
direction of propulsion is conserved, even small deviations from this symmetry will destabilize
any straight motion, resulting in ‘chiral’ motion. The term ‘chiral’ was coined by Lord Kelvin
in 1983 to define an object that is distinguishable from its mirror image, that is if its image in a
plane mirror cannot be brought to coincide with itself. Many active particles have chiral shapes,
or an anisotropy in their propulsion mechanism, resulting in chiral trajectories [4-6]. Typical
chiral trajectories resemble circles when the active particle is confined to a surface (2D), or
helices when it can move freely in the bulk (3D) [[7]. Alternatively, chirality can be induced by
external fields, a magnetic field perpendicular to the plane of motion exerting a torque on the

particles would result in chiral motion. Other mechanisms depend on hydrodynamic interac-
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Figure 1: (a) Active swimmers at the micron scale. The vertical axes denotes the speed of the swimmer, the
horizontal axes its size. (b-e) Chiral swimmers. (b) Video microscopy images showing E. coli bacteria swimming
in circular trajectories near a glass surface. (c) Circular trajectories of E. coli bacteria swimming over liquid-air
interfaces. (d,e) L shaped artificial microswimmers driven by self-diffusiophoresis: in each plot, the red bullet
corresponds to the initial particle position and the two blue squares to its position after 1 and 2 minutes. The insets
show microscope images of two different swimmers with the Au coating (not visible in the bright-field image)
indicated by an arrow. Image reproduced from C. Bechinger, R. Di Leonardo, H. Lowen, C. Reichhardt, G. Volpe
and G. Volpe, Reviews of Modern Physics, 2016, 88, 045006.

tions of the swimmer with an interface or wall, of which the circular swimming of E. coli near

a surface is a paradigmatic example.

When modeling micron scale active matter, there are distinct approaches [[8]]. The first cate-
gory of models consists of what are known as ”’dry” models, which describe solely the equations
of motion for active particles. ”Dry” models are naturally used to describe active systems which
do not involve a liquid solvent, but are also often used as a simplified description representing
a solvent as an effective hydrodynamic force or thermal bath. The second category consists
of ”wet” models, which include the interaction with a solvent by means of a explicit hydrody-
namic description. Then there are continuum models for systems of many active particles. In

this thesis, we will work with ”dry” models.

One of the simplest ”dry” models is the active Brownian particle (ABP). In this model, the
mechanism leading to self-propulsion, which results from the interaction of the active particle
with its solvent, is not explicitly described, but replaced with an effective driving force that
propels the particle forward. Due to its relative simplicity, the ABP model is intuitive to work
with and widely used. Despite its simplicity, it represents well the dynamics of many different

active systems, including natural swimmers, such as bacteria, algi and sperm, and synthetic
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Figure 2: Active Brownian particles in two dimensions. (a) An active Brownian particle in water (R = 1 um), with
velocity v and orientation 6. The particle undergoes translational and rotational Brownian diffusion. The resulting
trajectories are shown for different velocities (b) v=0ums~!, (c)v=1pums=!,(d) v=2ums~?, and (¢) v=3 um
s~1. As the velocity increases, the particle covers a longer distance before its direction of motion is randomized.
Four different 10 s trajectories are shown for each value of velocity. Image reproduced from C. Bechinger, R. Di
Leonardo, H. Lowen, C. Reichhardt, G. Volpe and G. Volpe, Reviews of Modern Physics, 2016, 88, 045006.

10pm

particles with different shapes and propulsion mechanisms [8}9]].

The ABP model

Let us consider an ABP of size (radius) R = 1 um, with velocity v, if we observe it with a
microscope, we will see the particle moving above the flat glass surface of a microscope slide,
the direction of motion of the particle randomly changing due to interactions with the solvent
molecules surrounding the particle. If we assume the film of fluid to be sufficiently thin, the
movement of the particle can be considered to be confined to the horizontal plane (2D). The

translational diffusion constant of the ABP is

kgT

= =27 1
6rnR’ 6]

Dr
where kg is the Boltzmann constant, 7" is the absolute temperature, and 7 is the fluid viscosity.
The rotational diffusion constant for the ABP is

kgT

= 5 2

such that on average we will see that the ABP will move along the direction of its initial orien-

tation for a typical time 7 = Dy ', covering a finite persistence length,
[ = vrg. 3)

From the expression for the diffusion constants it becomes clear that for larger particles the

trajectory becomes more deterministic as the diffusion constants (and thus the randomization of
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Figure 3: Chiral active Brownian motion in two dimensions. (a) A two-dimensional chiral active Brownian particle
with velocity v and angular velocity ). The trajectory of the particle continuously deviates from what would be
a straight trajectory, resulting in circular motion. (b)—(d) Sample trajectories of chiral active Brownian particles
moving clockwise (red) and anticlockwise (yellow). Particles with v =30 um s~!, Q = 10 rad s~', and different
sizes (radii) [R = 1000, 500, and 250 nm for (b), (c), and (d), respectively]. As the particles decrease in size, the
trajectories are less determinisitic, because the rotational diffusion scales according to R~3. Image reproduced
from C. Bechinger, R. Di Leonardo, H. Lowen, C. Reichhardt, G. Volpe and G. Volpe, Reviews of Modern Physics,
2016, 88, 045006.

the trajectory) scale according to R~ (D) and R~3 (Dg). Assuming the solvent to be water at
293K, the diffusion constants work out to be Dy ~ 0.1 um?/s and Dy = 0.2 rad?/s .

The motion of the ABP is described by the overdamped Langevin equations in two dimensions,

& =wcos(0)+/2Dr &,
y =wsin (0) + /2D &, 4)
é =V 2DR g@v

where x, y denote the position of the particle, ¢ is its orientation in the plane, and &, &, and
&y represent independent white noise with zero mean and variance one. Fig. displays some
example trajectories of an ABP. In the case of a chiral particle, an angular drift term € is

included to account for the chirality,

T =wvcos(0)+ /2Dt &,
y =wsin (0) + /2D &, (5)
0 =Q+\/2Dg &.

In Fig. (3) some example trajectories of a chiral ABP are presented. From equations (4)
and (5) we can obtain the mean squared displacement (MSD) of the ABP in an homogeneous
environment. In [10] the MSD is calculated

MSD(t) = [4Dy + 20kt + 202 [e /™ — 1], (6)
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Figure 4: MSD for an ABP with velocity v = 6 wm/s and a chiral ABP with velocity v = 6 um/s and angular
velocity 2 = 1 rad/s. The MSD for an ABP is ballistic when ¢ < 7, and diffusive at long time scales ¢ >> 7p,
for a chiral ABP the MSD is ballistic when ¢ < 7 and diffusive when t >> 7x.

for small times, around ¢ = 0 the equation reduces to a quadratic or ballistic regime
MSD(t) ~ 4Dyt + v*t?, (7
for large times, t >> 7y, a diffusive regime is recovered
MSD(t) ~ [4Dr + 2v*m]t. (8)

The ballistic regime results from the ABP performing persistent motion, and is determined by
Tr, the typical time it takes for the persistent motion of the ABP to be randomized. For the

chiral ABP, an expression for the MSD is computed in [11]], the resulting expression

202

MSD() = 5 e
R

(P —D3+Dr[DR+Q[t)+e PR (D}, — Q%) cos (Qt) — 2QDg sin (Q1)].
©)



Also for small times, the expression reduces to a ballistic one
MSD(t) ~ v?*t?, (10
and for large times, ¢t >> 7y, a diffusive expression is recovered

MSD(t) ~ 2v?D2t. (11)

For a chiral ABP, the direction of motion is determined by the angular velocity and rotational
diffusion. The smallest of the time scales T = DLR and Tq = % determines the length of
the ballistic regime. In Figure {4} the solutions for the MSD are presented for both the ABP
and the chiral ABP, and the different regimes are clearly visible. Significant progress has been
made in describing the behavior of micron scale chiral active particles inhomogeneous environ-
ments. Besides the chiral ABP, various models have been developed, many relying on stochastic
descriptions [11-14]]. For in homogeneous environments, that contain e.g. obstacles or bound-
aries, the interactions between the particle and its environment complicate the description, and
it is often not possible to solve the equations of motion analytically. To study chiral active par-

ticles in such environments, we will have to resort to numerical methods, as will be explained

below.

Numerical model of an ABP

The dynamics of an ABP in a heterogeneous environment is an example of the type of problem
encountered in (active matter) physics, for which no or limited analytical solutions exist. In such
cases, computational models or computer simulations can provide unique insights in the nature
of the problem. The results of computer simulations are compared to experimental results to
verify that the model represents well reality. If the model is found to be realistic, it can be used
to assist experimentalists in interpreting results, and to explore systems that are more difficult
to realise experimentally. An important benefit of computer simulations is that microscopic
details of a system, such as particle size, mass, propagation speed and the interaction between
particles, are often parameters of a model that can be separately controlled and independently

studied [|15}/16].



Simulations of active matter systems can be divided into different categories [17]. The
first category consists of numerical implementations of “dry” models, in the case of the ABP
model, simply called Brownian dynamics simulations. Due to their relative simplicity, Brow-
nian dynamics simulations are intuitive to use and can be scaled to large numbers (107) of
particles. Another very well known “dry” model is the Vicsek model, which includes alignment
interactions between different particles and is often used to study flocking behavior. A second
category consist of numerical implementations of “wet” to models which rely on solving the
Navier-Stokes equation of the particle-solvent interaction numerically. For simple systems, this
can be done directly by means of computational fluid dynamics, for more complex systems

alternative approaches such as the Lattice Boltzman method exist.

To simulate the behaviour of a chiral ABP navigating a heterogeneous environment, the
interaction with the environment needs to be included in the model, and the equations of motion
(Egs. 5 and 6) need to be discretized. For simplicity we will now consider a two dimensional
environment soley containing repulsive, spherical obstacles. An efficient and numerically stable
way to discretize the equations of motion is the second order Runge-Kutta integration scheme
[18]]. Interactions between the particle and the obstacles can be modeled with a repulsive force

F = -V V, defined by the Weeks-Chandler-Anderson potential

Virg) = de {(Lf - <%>12] for: ry < 20, (12)

0 for: ry; > 20,

with e denoting the potential well depth, o the distance at which the potential is zero, and 7;;
the distance between Active Brownian Particle ¢ and obstacle 7 [[16]. The discretized equations

of motion are as follows

( x;(t) = z;(t) + Fm(rl(t))% + v cos(0;(t)) At + /2Dr At W, ;,
y;(t) = (1) + Fyl(n(t))% + vsin(6;(t)) At + /2Dy At W, 5,
2i(t + At) = 25(t) + [Fos(ri(t) + Fua(ri(1))] ?—j + v cos(0;()) At + /2Dt At W, 4,

yilt + At) = yi(t) + [F,(ri(t)) + Fy,i(r;(t))] ?—j + vsin(0;(t)) At + /2D At W, 4,

(13)



where for particle i: 7;(t) = (z;(t); y:(t)) denote the position of the particle, v and 6 are its
speed and direction, €2 denotes its angular velocity (€2 = 0 for a non-chiral ABP) and F;(r;(t))
denotes the force. W, ;, W, ; and Wj ; represent independent white noise stochastic processes
with zero mean. The position of the particle 7;(¢) is updated in two steps. In the first step
an intermediate position of the particle 7;(t) = (;(t);y;(t)) is calculated by integrating the
trajectory using F;(r;(t)). The new position 7;(t + At) = (z;(t + At); y;(t + At)) is then
calculated using F;(r;(t)). The orientation 6;(t) of the particle is updated in a single step using
an Euler integration algorithm [9]]. Now that we have discussed how to simulate the motion of

an ABP, we can continue by addressing the ABP in an environment that contains obstacles.
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Chapter 1

The role of disorder in the motion of chiral

active particles in the presence of obstacles

Biological and man-made chiral active particles, rarely move in homogeneous environments,
but rather encounter heterogeneity, in the form of boundaries (typically much larger than the
particle) such as domain walls or pores, and smaller obtrusions or obstacles (typically of the
size of the particle, or smaller) [8]]. To address this, recent research efforts have been directed
at understanding the underlying (bio)physical mechanisms of chiral active particles in hetero-
geneous environments [[19]. From a fundamental perspective, this is interesting to understand
and optimise search strategies in realistic environments [20,21]]. From a practical perspective,
such an understanding is crucial to explain and control biomedically relevant processes, such
as bio-film formation. In addition, there remains significant yet unexploited potential to enable
novel nanotechnological applications, including smart self-propelled cargo carriers with uses in

drug-delivery in tissue or contamination removal in porous soil, among others [22-26].

A first approach to control the dynamics of active particles in heterogeneous environments
relies on designing the topography of the environment by carefully placing obstacles or struc-
tures on a surface. Another approach would be to design an active particle that is able to navigate
a complex environment in a controlled manner [27]]. This requires control over the reorientation
of the particle, which has to date been achieved only in a limited number of cases [28,29].

Experimental observations show that the topography of the environment can strongly in-
fluence the dynamics of microswimmers on a surface, in non-intuitive ways. Experimental
evidence indicates that the presence of porous micro-structures generally hinders the diffusive

transport of microswimmers [30.31]. Interestingly, for chiral microswimmers, contrasting phe-
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nomenology has also been observed. For example, a significantly enhanced propagation on
surfaces, due to randomly placed obstacles, has been reported in theoretical studies [32-34]
and in experiments with E. coli [35]]. Furthermore, experiments tracking E. coli navigating a
colloidal crystal revealed that the colloids rectify the trajectories of the bacteria, resulting in

enhanced transport [36-39].

A common feature of natural and man-made heterogeneous environments is the presence of
disorder or noise in the surface topography. Disorder can occur in the form of spatial positioning
and size of obstacles or pores. Also the motion of active particles contains disorder in the
reorientation, typically in the form of flagellar noise or rotational Brownian diffusion [28,29,

4014 1.

The simplest interaction between chiral active particles and obstacles is a purely repulsive
interaction. In this chapter, we examine numerically the effect of disorder (from here on referred
to as ‘noise’) in the steric interactions on the dynamics of chiral active particles exploring a
periodic arrangement of obstacles, where we introduce noise in a controlled manner. We first
consider a chiral active particle that does not experience any rotational Brownian diffusion in a
periodic array of obstacles. Distinct types of noise are then introduced independently: ‘dynamic
noise’ determining the reorientation of the particle and two types of ‘quenched noise’, the first
being disorder in the positions of the obstacles, and the second being polydispersity in the sizes

of the obstacles.

To quantify the effect of the different types of noise on the transport properties of the active
particle, we computed its effective diffusion coefficient (diffusivity) for a wide range of obstacle
area fractions (densities) and noise strengths. We find that the diffusivity of a chiral active
particle is strongly non-monotonic for increasing density of obstacles. At lower densities, the
transport of a chiral active particle is rectified due to the interaction of the particle with the
obstacles, affecting the orbits, and allowing the particle to explore space. At higher densities,
the particle is unable to perform chiral motion due to constant interactions with the obstacles
and the diffusivity is reduced until the conditions are right for the motion to be channeled in
the lattice. When the strength of dynamic noise is increased, the diffusivity is enhanced for
all but high densities, which we attribute to the randomization of the chiral orbits. Moreover,
the ability of the particle to better explore space becomes less dependent on the obstacles.
At high densities, dynamic noise suppresses guided transport through channels. Quenched

noise introduces disorder in the spatial arrangement of the obstacles, resulting in erratic motion,
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Figure 1.1: (a) Schematic depiction of an ‘ideal chiral active particle’ and its trajectory with orbit radius R,. (b)
Schematic depiction of four obstacles in a square lattice with lattice periodicity /.. (c) Schematic depiction of
the trajectory of a chiral active particle with low dynamic noise. (d) Lattice with quenched noise in the form
of randomly perturbed obstacle positions. The arrows denote the change in position of the obstacles (dark blue
circles) due to the positional quenched noise, relative to their original lattice position marked by the immediately
lighter shade of blue. The lightest shade of blue marks the area from which a new position was chosen randomly.
(e) Lattice with quenched noise in the form of obstacle polydispersity.

preempting fixed orbits, and perturbing guided motion through channels.

1.1 Model

We consider a spherically shaped chiral active particle of diameter o (for E. coli typically 1-
2 pum) on a surface containing Nopsacle fixed obstacles of equal diameter ogpgacle = 0. The
amount of obstacles is expressed as the percentage of the surface that is covered by the obstacles:
p= N"b%;’”ﬁ (x100%), with L being the edge size of the square simulation box. Interactions
between the particle and the obstacles are defined by the Weeks-Chandler-Anderson potential
F=-VV.

The initial position of the particle is randomly chosen in the box while guaranteeing that it
does not overlap with any obstacle. The trajectory of the particle is then obtained by integrating
the following equations:

& =wcos(0)+ F,,
y =wvsin (0) + F, (1.1)

0=+ /2Dg &,

where z,y denote the position of the particle, v and # are its speed and direction, and F), and
F, are the z and y components of the force. The angular velocity (2 results in periodic orbiting
motion of the particle that is counterclockwise for 2 > 0 and Dy defines the rotational diffu-
sion constant. The stochastic term &, represents independent white noise with zero mean and
unitary variance. The model reproduced well the experimental data for E. coli in [35]]. The time
evolution of the position of the particle is obtained with a second order Runge-Kutta scheme,

to guarantee stability at high obstacle densities. As a reference particle, we consider an ‘ideal
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chiral active particle’ with v = 30 and () = 1, representing a chiral active particle that moves in
perfect circles of radius R, = v/€) = 30 when moving in a homogeneous environment (no ob-
stacles and Dg = 0) as in Fig. (a). As reference surface topography, we consider obstacles
placed in a square lattice arrangement (Fig. [I.1]b).

Two types of noise are then introduced independently: dynamic noise in the dynamics of the
particle (Dr # 0) (Fig. c¢) and quenched noise either in the positions of the obstacles (Fig.
d) or in the form of obstacle size polydispersity (Fig. e). For positional quenched noise,
the strength is set by §,, which defines the radius of a circular disk centered at the position of the
obstacle; the perturbed obstacles are placed at a new random position chosen uniformly in this
disk. For the obstacle size polydispersity, the size distribution follows a Gaussian with mean o,
and dispersion o;. For each obstacle, the diameter d is drawn from the size distribution, if d < 0
a new diameter is drawn from the distribution until a diameter d > 0 is obtained.

In this theis the effects due to inertia are neglected. However, recent studies indicate that for
macroscopic active particles, inertial effects become increasingly relevant and require careful
consideration [42-44]].

In the following we will express distances in terms of the dimensionless obstacle radius o /2
and time in terms of o /v. A simulation typically includes Nopsele = 400 obstacles. Finally, the

step size in the simulation is At = 10~* and a simulation lasts for ¢ = 4800 o /v.

1.2 Results

To characterize the transport properties of the chiral active particle, we computed the mean
square displacement:

MSD(t) = ([R(t) — R(0)]*), (1.2)

with R(t) denoting the position of the particle at ti