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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
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Resumo

Partı́culas ativas quirais, sejam elas biológicas ou artificiais, raramente se movem em ambien-

tes homogéneos, mas encontram, em vez disso, heterogeneidade na forma de fronteiras, como

paredes de domı́nio ou poros, e obstruções ou obstáculos da ordem do tamanho da particula.

Esforços recentes de investigacão têm-se concentrado em entender os mecanismos (bio)fı́sicos

subjacentes às partı́culas ativas quirais em ambientes heterogéneos. Do ponto de vista funda-

mental, isso é interessante para compreender e otimizar estratégias de busca em ambientes rea-

listas. Do ponto de vista prático, tal compreensão é crucial para explicar e controlar processos

biomedicamente relevantes, como a formação de biofilmes. Além disso, há um potencial signi-

ficativo e ainda não explorado para possibilitar novas aplicações nanotecnológicas, incluindo,

por exemplo, transportadores de carga autopropelidos com aplicações em entrega de medica-

mentos em tecidos ou remoção de contaminação em solos porosos.

Uma propriedade importante da matéria ativa é a assimetria inerente na interação de partı́culas

ativas com fronteiras. Ao se aproximar de uma fronteira, uma partı́cula ativa nada na direcão

desta, efetivamente ficando ’presa’ na fronteira, até que sua direção de movimento aponte para

fora da superficie. Ao se afastar de uma fronteira, a partı́cula mover-se-á livremente até encon-

trar outra fronteira. Devido a essa assimetria, as partı́culas ativas tendem a acumular-se perto de

fronteiras, mesmo quando são puramente repulsivas. Para partı́culas passivas, tal acumulação

próxima das fronteiras não é observada e exigiria uma interação atrativa. Resultados recentes

com E. coli perto de uma superfı́cie mostraram que a reorientação média das células em direção

paralela à superfı́cie é impulsionada por forças estéricas no contato e hidrodinâmica de curto

alcance, com a hidrodinâmica de longo alcance desempenhando apenas um papel secundário.

Resultados semelhantes foram obtidos para células de esperma numa superfı́cie, para E. coli

interagindo com pilares microscópicos e para micropropulsores sintéticos navegando num am-

biente de particulas coloidais passivas.

No primeiro capı́tulo, examinamos numericamente o efeito da desordem (doravante deno-
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minada ’ruı́do’) nas interações estéricas na dinâmica de partı́culas ativas quirais explorando um

arranjo periódico de obstáculos, onde introduzimos ruı́do de maneira controlada. Primeiro, con-

sideramos uma partı́cula ativa quiral que não sofre nenhuma difusão browniana rotacional na

presençia de um arranjo periódico de obstáculos. Tipos distintos de ruı́do são então introduzidos

independentemente: ’ruı́do dinâmico’, que determina a reorientação da partı́cula, e dois tipos

de ’ruı́do quenched’, sendo o primeiro a desordem nas posições dos obstáculos, e o segundo a

polidispersidade nos tamanhos dos obstáculos.

Para quantificar o efeito dos diferentes tipos de ruı́do nas propriedades de transporte da

partı́cula ativa, calculamos o coeficiente de difusão efetivo (difusividade) para uma ampla faixa

de frações de área (densidades) de obstáculos e intensidades de ruı́do. Constatamos que a difu-

sividade de uma partı́cula ativa quiral é fortemente não monótona com o aumento da densidade

de obstáculos. Em densidades mais baixas, o transporte de uma partı́cula ativa quiral é retifi-

cado devido à interação da partı́cula com os obstáculos, afetando as órbitas e permitindo que a

partı́cula explore o espaço. Em densidades mais altas, a partı́cula não consegue realizar movi-

mento quiral devido às interações constantes com os obstáculos, e a difusividade é reduzida até

que as condições sejam adequadas para que o movimento seja canalizado. Quando a intensi-

dade do ruı́do dinâmico é aumentada, a difusividade aumenta para todas as densidades, exceto

as mais altas, o que atribuı́mos à aleatoridade das órbitas quirais. Além disso, a capacidade da

partı́cula de explorar melhor o espaço torna-se menos dependente dos obstáculos. Em densida-

des mais altas, o ruı́do dinâmico suprime o transporte orientado por canais. O ruı́do ‘quenched’

introduz desordem na disposição espacial dos obstáculos, resultando em movimento errático, e

perturbando o movimento orientado por canais.

No segundo capı́tulo, introduzimos um modelo 3D para examinar a acumulação na su-

perfı́cie de micropropulsores induzida por forças estéricas e uma força eficaz de alinhamento

hidrodinâmico de curto alcance que alinha a direção de propagação dos propulsores ao longo

da fronteira mais próxima. Tomamos E. coli e células de esperma de touro como exemplos,

navegando num volume delimitado por um plano de superfı́cie superior e um inferior, seme-

lhante a um canal de microfluı́dica. Estudamos o efeito de colocar obstáculos convexos, que

têm três vezes o tamanho dos propulsores, aleatoriamente em ambas as superfı́cies, e examina-

mos como a acumulação na superfı́cie depende de força de alinhamento e velocidade angular

do movimento. Quantificamos essa acumulação na superfı́cie medindo a fração de propulsores

próximos às superfı́cies. Constatamos que a presença de obstáculos sempre reduz a acumulação
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de micropropulsores não quirais, já que, ao se alinharem ao longo da fronteira dos obstáculos, os

propulsores são direcionados para longe da superfı́cie. À medida que a densidade de obstáculos

aumenta, a acumulação na superfı́cie é reduzida. Para micropropulsores quirais, a acumulação

pode ser reduzida ou aumentada. Observamos o ’aprisionamento’ dinâmico de propulsores,

no qual os propulsores se movem em órbitas ao longo da fronteira de um obstáculo, em con-

formidade com observações experimentais anteriores. Este aprisionamento orbital resulta da

interação de alinhamento e do movimento quiral do propulsor e só ocorre se os obstáculos fo-

rem pelo menos iguais ao tamanho da órbita. Discutimos como obstáculos podem ser usados

para controlar a acumulação de propulsores quirais próximos às superfı́cies, ajustando cuida-

dosamente seu tamanho. Além disso, discutimos como obstáculos podem ser empregados para

classificar propulsores com base em sua velocidade angular.

Palavras chave — partı́culas ativas quirais, desordem na dinâmica de transporte, obstáculos

e estrutura de superfı́cie, modelo 3D de um micropropulsor, acumulação de bactérias na su-

perfı́cie
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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-

1



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. Löwen, 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 µm), with
velocity v and orientation θ. The particle undergoes translational and rotational Brownian diffusion. The resulting
trajectories are shown for different velocities (b) v = 0 µm s−1, (c) v = 1 µm s−1 , (d) v = 2 µm s−1, and (e) v = 3 µm
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. Löwen, C. Reichhardt, G. Volpe and G. Volpe, Reviews of Modern Physics, 2016, 88, 045006.

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

The ABP model

Let us consider an ABP of size (radius) R = 1 µm, 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

DT =
kBT

6πηR
, (1)

where kB is the Boltzmann constant, T is the absolute temperature, and η is the fluid viscosity.

The rotational diffusion constant for the ABP is

DR =
kBT

8πηR3
, (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 τR = D−1
R , covering a finite persistence length,

l = vτR. (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 Ω. 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 µm s−1 , Ω = 10 rad s−1, 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. Löwen, C. Reichhardt, G. Volpe and G. Volpe, Reviews of Modern Physics,
2016, 88, 045006.

the trajectory) scale according to R−1 (DT) and R−3 (DR). Assuming the solvent to be water at

293K, the diffusion constants work out to be DT ≈ 0.1 µm²/s and DR ≈ 0.2 rad2/s .

The motion of the ABP is described by the overdamped Langevin equations in two dimensions,
ẋ = v cos (θ) +

√
2DT ξx,

ẏ = v sin (θ) +
√
2DT ξy,

θ̇ =
√

2DR ξθ,

(4)

where x, y denote the position of the particle, θ is its orientation in the plane, and ξx, ξy and

ξθ represent independent white noise with zero mean and variance one. Fig. (2) displays some

example trajectories of an ABP. In the case of a chiral particle, an angular drift term Ω is

included to account for the chirality,
ẋ = v cos (θ) +

√
2DT ξx,

ẏ = v sin (θ) +
√
2DT ξy,

θ̇ = Ω+
√

2DR ξθ.

(5)

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) =
[
4DT + 2v2τR

]
t+ 2v2τ 2R

[
e−t/τR − 1

]
, (6)
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Figure 4: MSD for an ABP with velocity v = 6 µm/s and a chiral ABP with velocity v = 6 µm/s and angular
velocity Ω = 1 rad/s. The MSD for an ABP is ballistic when t < τR, and diffusive at long time scales t >> τR,
for a chiral ABP the MSD is ballistic when t < τΩ and diffusive when t >> τR.

for small times, around t = 0 the equation reduces to a quadratic or ballistic regime

MSD(t) ∼ 4DTt+ v2t2, (7)

for large times, t >> τR, a diffusive regime is recovered

MSD(t) ∼
[
4DT + 2v2τR

]
t. (8)

The ballistic regime results from the ABP performing persistent motion, and is determined by

τR, 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

MSD(t) =
2v2

D2
R + Ω2

[
(Ω2−D2

R+DR
[
D2

R+Ω2
]
t)+e−DRt(D2

R − Ω2) cos (Ωt)− 2ΩDR sin (Ωt)
]
.

(9)
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Also for small times, the expression reduces to a ballistic one

MSD(t) ∼ v2t2, (10)

and for large times, t >> τR, a diffusive expression is recovered

MSD(t) ∼ 2v2D2
Rt. (11)

For a chiral ABP, the direction of motion is determined by the angular velocity and rotational

diffusion. The smallest of the time scales τR = 1
DR

and τΩ = 1
Ω

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].
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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

(Eqs. 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

F⃗ = −∇ V , defined by the Weeks-Chandler-Anderson potential

V (rij) =


4ϵ

[(
σ
rij

)6

−
(

σ
rij

)12
]

for: rij < 2
1
6σ,

0 for: rij ≥ 2
1
6σ,

(12)

with ϵ denoting the potential well depth, σ the distance at which the potential is zero, and rij

the distance between Active Brownian Particle i and obstacle j [16]. The discretized equations

of motion are as follows

x
′

i(t) = xi(t) + Fx,i(ri(t))
∆t

γ
+ v cos(θi(t))∆t+

√
2DT∆t Wx,i,

y
′

i(t) = yi(t) + Fy,i(ri(t))
∆t

γ
+ v sin(θi(t))∆t+

√
2DT∆t Wy,i,

xi(t+∆t) = xi(t) +
[
Fx,i(ri(t)) + Fx,i(r

′

i(t))
]∆t

2γ
+ v cos(θi(t))∆t+

√
2DT∆t Wx,i,

yi(t+∆t) = yi(t) +
[
Fy,i(ri(t)) + Fy,i(r

′

i(t))
]∆t

2γ
+ v sin(θi(t))∆t+

√
2DT∆t Wy,i,

θi(t+∆t) = θi(t) + Ωi∆t+
√
2DR∆t Wθ,i,

(13)
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where for particle i: ri(t) = (xi(t); yi(t)) denote the position of the particle, v and θ are its

speed and direction, Ω denotes its angular velocity (Ω = 0 for a non-chiral ABP) and Fi(ri(t))

denotes the force. Wx,i, Wy,i and Wθ,i represent independent white noise stochastic processes

with zero mean. The position of the particle ri(t) is updated in two steps. In the first step

an intermediate position of the particle r
′
i(t) = (x

′
i(t); y

′
i(t)) is calculated by integrating the

trajectory using F⃗i(ri(t)). The new position ri(t + ∆t) = (xi(t + ∆t); yi(t + ∆t)) is then

calculated using F⃗i(r
′
i(t)). The orientation θi(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,

40, 41].

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 Ro. (b)
Schematic depiction of four obstacles in a square lattice with lattice periodicity lc. (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 σ (for E. coli typically 1-

2 µm) on a surface containing Nobstacle fixed obstacles of equal diameter σobstacle = σ. The

amount of obstacles is expressed as the percentage of the surface that is covered by the obstacles:

ρ = Nobstacleπσ
2

L2 (×100%), 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 = −∇ V .

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: 
ẋ = v cos (θ) + Fx,

ẏ = v sin (θ) + Fy,

θ̇ = Ω+
√
2DR ξθ,

(1.1)

where x, y denote the position of the particle, v and θ are its speed and direction, and Fx and

Fy are the x and y components of the force. The angular velocity Ω results in periodic orbiting

motion of the particle that is counterclockwise for Ω > 0 and DR defines the rotational diffu-

sion constant. The stochastic term ξθ 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 = 3σ and Ω = 1, representing a chiral active particle that moves in

perfect circles of radius Ro = v/Ω = 3σ when moving in a homogeneous environment (no ob-

stacles and DR = 0) as in Fig. 1.1 (a). As reference surface topography, we consider obstacles

placed in a square lattice arrangement (Fig. 1.1 b).

Two types of noise are then introduced independently: dynamic noise in the dynamics of the

particle (DR ̸= 0) (Fig. 1.1 c) and quenched noise either in the positions of the obstacles (Fig.

1.1 d) or in the form of obstacle size polydispersity (Fig. 1.1 e). For positional quenched noise,

the strength is set by ξq, 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 σ,

and dispersion σs. 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 σ/2

and time in terms of σ/v. A simulation typically includes Nobstacle = 400 obstacles. Finally, the

step size in the simulation is ∆t = 10−4 and a simulation lasts for t = 4800 σ/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)]2

〉
, (1.2)

with R(t) denoting the position of the particle at time t. The brackets ⟨.⟩ indicate an ensemble

average over 4000 particle trajectories, each beginning at a position selected uniformly at ran-

dom. For positional quenched noise or size polydispersity, the average is performed over 100

obstacle configurations, with 40 particle trajectories per configuration. As discussed in the in-

troduction, at long times, the mean squared displacement is expected to scale with the effective

diffusion constant D or diffusivity,

MSD(t) ∼ 4Dt, t → ∞. (1.3)
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Figure 1.2: (a) Example trajectories (green) of the active particle (red) navigating the square lattice of obstacles
(faint blue) for increasing densities. The blue arrows indicate the direction of propagation of the ‘translating
orbits’. (b) Diffusivity D vs. density of obstacles ρ for the ‘ideal chiral active particle’ and the ‘ideal straight
moving particle’, which has been rescaled such that for ρ = 0, D = 40.0. The inset displays the diffusivity vs. the
lattice periodicity lc normalized by the orbit radius Ro. The dashed lines mark the densities for which diffusion
occurs for the ‘ideal chiral active particle’.

which we extracted through a linear regression in the interval 3600σ/v < t < 4800σ/v. The

diffusivity is measured for obstacle densities ranging from ρ = 0% representing a homogeneous

environment (Fig. 1.2 (a) for ρ = 0%) to ρ = 21.0%, where the particle rapidly gets stuck in

between obstacles (caged) and is unable to explore space (Fig. 1.2 (a) for ρ = 21.0%).

1.2.1 Ideal chiral active particle

In the case of an ‘ideal chiral active particle’ (DR = 0) in a homogeneous environment (without

obstacles), the particle moves in a circular orbit of radius Ro = 3σ. More interesting behaviour

emerges for a heterogeneous environment. A defining feature of the ‘ideal chiral active particle’

is that its space exploration is deterministic and a result of being scattered by the obstacles. The

spatial distribution of obstacles alone governs its dynamics.

When an ‘ideal chiral active particle’ navigates a square lattice, the particle performs peri-

odic orbits in between or around obstacles at most obstacle densities and is limited to exploring

a small part of the system (or ‘localized’), meaning that it does not perform long time diffusion.

Example trajectories of ‘localized’ particles are presented in Fig. 1.2 (a) for ρ = 0%, ρ = 4.0%,

ρ = 8.5%, ρ = 10.0%, ρ = 15.0% and a caged particle for ρ = 21.0%. For a small number

of intermediate densities the particle explores space, exhibiting long time ‘diffusive’ behaviour.

Examples of diffusive behaviour are shown in Fig. 1.2 (a) for ρ ≈ 8.0%, ρ ≈ 9.5%, ρ ≈ 10.2%

and 20%. In Fig. 1.2 (b), the diffusivity D of the ‘ideal chiral active particle’ vs. ρ, is pre-

sented. The sharp peak in the diffusivity at ρ = 9.5% is a consequence of space exploration in

the form of regular periodic motion. For densities around ρ = 9.5%, the distance in between
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Figure 1.3: Example trajectories as a function of the different types of noise, for three increasing values of obstacle
density: (a) ρ = 9.5%, (b) ρ = 15.0% and (c) ρ = 20.0%. The particle (red) traces a trajectory (green) moving
among the obstacles (faint blue). In the middle, in the ellipsoid shape, the trajectory for the ‘ideal chiral active
particle’ (DR = 0) in a square lattice, with no quenched noise, is shown as reference. The axes indicate the three
different noise types: the vertical axis indicates the dynamic noise (DR), the axis to the left the positional quenched
noise (ξ) for a particle with D0 ≡ DR/vσ

−1 = 0.002, and the axis to the right quenched noise in the form of size
polydispersity (σs).
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neighbouring obstacles (the lattice periodicity, Fig. 1.1 b) lc approximates the radius of the or-

bit Ro causing the particle to collide frequently with the surrounding obstacles. Around density

ρ = 9.5%, where Ro ≈ lc (Fig. 1.2 b), the particle collides with an obstacle before it completes

an orbit, and it is scattered forward towards the next row of obstacles. This ‘translating orbit’ (a

term we borrow from skyrmions, where a similar effect was observed) is repeated for each row

of obstacles, and results in the particle efficiently traversing the system. In Fig. 1.2 (a), an exam-

ple trajectory is presented for ρ = 9.5%. The blue arrow indicates the direction of propagation

of the ‘translating orbit’. At the two much smaller neighbouring peaks, for densities ρ = 8.0%

(Fig. 1.2 a) and ρ = 10.2% (Fig. 1.2 a), the particle is scattered by the obstacles and traces

mostly erratic trajectories with occasional laps of periodic behaviour. For higher densities, at

ρ = 20.0%, the particle is unable to trace chiral trajectories due to constant interactions with

the closely spaced obstacles. Instead, it is guided through channels in the lattice, a trajectory

traces a ‘translating orbit’ as the ‘ideal chiral active particle’ moves through the lattice (Fig. 1.2

a). Efficient transport in the form of ‘translating orbits’, resulting from a crowded topography,

strongly contrasts with the behaviour of ‘ideal straight moving particles’ (particles with DR = 0

and Ω = 0), for which increasing the obstacle density monotonically hinders space exploration

(Fig. 1.2 b).

Figure 1.4: Diffusivity D vs. density of obstacles, for different dynamic noise amplitudes DR. The inset displays
the diffusivity vs. the lattice periodicity lc for the obstacles, for a non perturbed lattice, normalized by the orbit
radius Ro. The dashed lines indicate the diffusivity for a system without obstacles, and serve as a guide for the
eye. The straight moving particle represents an active particle with with velocity v = 3σ/s, Ω = 0 and D0, and
has been rescaled such that, for ρ = 0, it matches the curve with DR/vσ

−1 = 0.080.
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1.2.2 Noise in the dynamics

When a chiral active particle exhibits noisy dynamics (DR ̸= 0), the circular trajectory is per-

turbed allowing the particle to explore space. For a chiral active particle experiencing rotational

diffusion with strength DR, τR = D−1
R sets the typical time for the particle to decorrelate from

its initial direction of motion in free space.

Let us now consider a chiral active particle moving through a square lattice of obstacles.

In Fig. 1.3 (a-c) some example particle trajectories are presented for different densities of

obstacles. The noise in the dynamics is represented by the vertical axis (DR/vσ
−1). In Fig.

1.4 the diffusivity is presented for different noise amplitudes DR. The dashed line indicates the

diffusivity for the chiral active particle in a homogeneous environment (without obstacles); by

comparing the diffusivity for a given noise strength to the homogeneous case D(DR, ρ = 0),

we can determine the effect of the obstacles on the diffusivity. When a diffusivity curve dips

below the dashed line, the presence of obstacles hinders diffusion.

For the smallest noise strength (D0 ≡ DR/vσ
−1 = 0.002), the diffusivity profile is clearly

non-monotonic with increasing obstacle density (Fig. 1.4). The noise perturbs the localized

orbits of the ‘ideal chiral active particle’, resulting in diffusive behaviour for all densities ρ <

20.5%. For higher densities, the particle is caged by the obstacles and the diffusivity vanishes.

A fine structure with four peaks emerges, around densities ρ = 2.0%, ρ = 4.5%, ρ = 9.5%

and ρ = 20.0%. Less pronounced minima occur at ρ = 2.5%, ρ = 6.0% and ρ = 15.0%. For

densities ρ < 7.5%, the fine structure does not qualitatively change the behaviour of the particle,

only resulting in a small enhancement or suppression of the diffusion. The fine structure is a

result of the chiral active particle interacting with the periodic lattice, and disappears if the

lattice is sufficiently perturbed, which will be explored in depth in paragraph 1.2.3.

To understand the main features of the diffusivity (Fig. 1.4), we can look at the number

of orbits n = Ω
2πDR

a particle typically completes (in a homogeneous environment) before its

orientation is randomized by the dynamic noise, as suggested by [33]. For the small noise

strength (DR/vσ
−1 = 0.002), we obtain n = 159, implying that the particle still largely traces a

circular trajectory if it does not interact with the obstacles. In this case, the increased diffusion

can be attributed to efficient scattering by obstacles, rectifying the orbits, and enhancing the

particle’s diffusion. This mechanism dominates for intermediate densities, especially around

ρ = 9.5% where the radius of the orbit Ro approximates the spacing between obstacles lc, such

that lc/Ro ≈ 1 (Fig. 1.4 inset). Some example trajectories are presented along the vertical axis
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(DR/vσ
−1) in Fig. 1.3 (a.1-3). The suppression of the diffusion for densities around ρ = 15.0%

results from the particle becoming intermediately trapped in trajectories that orbit around a few

obstacles. Due to the interactions with the obstacles, the particle keeps moving in a fixed orbit

until, driven by dynamic noise, it hops (diffuses) to the next row of obstacles. Similar orbits

were also observed for the ‘ideal chiral active particle’ for densities around ρ = 15.0%, but

since the ‘ideal chiral active particle’ does not experience dynamic noise, it remains trapped

indefinitely (Fig. 1.2 for ρ = 15%). In Fig 1.3 (b.3), an example trajectory is presented of

a particle that hopped to a new orbit once. At higher densities the channels narrow further;

now a small deviation in the trajectory more readily results in the particle hopping across rows,

enhancing diffusion. Around density ρ = 20.0% (the highest densities before caging occurs),

the frequent interactions with the closely spaced obstacles prevent the particle from moving in

circular orbits. Instead, the particle is guided through channels in the lattice, in an erratic way,

efficiently exploring space. In Fig. 1.3 (c.1-3) some example trajectories of a particle with

dynamic noise navigating a dense system with ρ = 20.0% are presented. For higher densities

ρ ≥ 20.5%, the particle is fully caged in the lattice.

Now that the general behaviour of a noisy chiral active particle is outlined, we can examine

the effect of increasing the noise strength DR (Fig. 1.4). As a reference, we take the previous

case of a particle with DR = D0. For a small increase in the noise strength to DR/vσ
−1 = 0.004,

and n = 80, the behaviour is similar to the reference case. When the noise is increased to

DR/vσ
−1 = 0.016, we obtain n = 20; now the presence of obstacles enhances the diffusivity

for all densities in a more uniform manner, but still peaks around ρ = 9.5%, before flattening

out. Limited enhancement is observed for densities ρ > 15% until it vanishes for ρ ≥ 20.5%.

In this case, the noise is too strong for the particle to remain trapped in fixed periodic orbits

for an extended period of time. Instead, the particle moves across the lattice in an erratic way,

along with intermittent periods of orbiting around (multiple) obstacles (Fig. 1.3 (a-c.2)). The

diffusion of such erratic motion is not very sensitive to the density; the diffusivity varies little

for ρ > 15.0%, until it vanishes at ρ = 20.5% as the particle becomes caged by the obstacles.

For still larger noise strengths (DR/vσ
−1 = 0.040 and DR/vσ

−1 = 0.080), the noise increas-

ingly perturbs the orbiting motion, the particle’s motion is markedly less chiral, typically only

able to perform n = 8 orbits (DR/vσ
−1 = 0.040) and n = 4 orbits (DR/vσ

−1 = 0.080) before

its orientation is fully decorrelated. In this case, the particle traces strongly erratic trajectories

for all densities, which are not very sensitive to the density. Some example trajectories are pre-
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Figure 1.5: Diffusivity D vs. density of obstacles, with DR/vσ
−1 = D0 = 0.002 for different lattice perturbation

amplitudes ξq. The inset displays the diffusivity vs. the lattice periodicity lc for the obstacles, for a non perturbed
lattice, normalized by the orbit radius Ro. The dashed lines indicate the diffusivity for a system without obstacles,
and serve as a guide for the eye. The random system represents a regular chiral active particle with D0, in a system
with randomly placed non overlapping obstacles.

sented in Fig. 1.3 (a-c.1) for DR/vσ
−1 = 0.040. Scattering by obstacles enhances diffusion only

marginally for low densities ρ < 9.5% (DR/vσ
−1 = 0.040) and ρ < 3.0% (DR/vσ

−1 = 0.080).

Moreover, the diffusivity varies little with the density for ρ < 9.5% (DR/vσ
−1 = 0.040) and

ρ < 3.0% (DR/vσ
−1 = 0.080). For higher densities, similarly to the ‘straight moving particle’

(black curve in Fig. 1.4 ), a monotonic decrease in diffusivity for increasing density is retrieved,

vanishing for ρ ≥ 20.5% where the particle is caged in the lattice.

1.2.3 Randomness in the positions of the obstacles

When a chiral active particle with D0 explores a lattice with noise in the positions of the obsta-

cles, the diffusivity is markedly affected for large strengths of noise. In Fig. 1.5, the diffusivity

is presented for different amplitudes of the noise ξq, alongside the diffusivity of a configuration

with randomly placed non-overlapping obstacles. The largest noise strength (ξq/σ = 1.00) cor-

responds to configurations where the contact between obstacles at density ρ = 20.0% is still

low, with typically less than 10.0% of the obstacles touching. In Fig. 1.3, noise in the positions

is represented on the left axis (ξ/σ +D0).

For the smallest noise strength (ξq/σ = 0.05), at low densities (ρ < 7.0%), the fine structure

is little affected. The diffusivity profile is affected for high densities (ρ > 17.0%), with the peak

around ρ = 20.0% being significantly suppressed and shifted towards lower density values with
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respect to the ordered lattice (ξq/σ = 0). The shift in the position of the peak around ρ = 20.0%

is a result of the obstacles guiding the particle through (disordered) channels, leading to a small

local maximum in the diffusivity for densities around ρ = 19.5%. For higher densities, the

randomness combined with the densely spaced obstacles perturbs the channels, and introduces

significant backtracking of the trajectories, reducing the diffusivity when compared to the or-

dered lattice (Fig. 1.3 (c.4)). At the highest densities ρ > 19.5%, the obstacles are closely

spaced; even a small perturbation of the channels introduces bottlenecks impeding the particle

to pass through, limiting diffusion.

When the noise is increased to ξq/σ = 0.25, the peak is shifted towards lower densities,

channels are randomized further and bottlenecks occur at lower densities. Now, the disordered

obstacles preempt the particle from getting trapped for long in intermittently stable orbits around

a number of obstacles, as observed in the ordered lattice for densities around ρ = 15.0% (Fig.

1.3 (b.4) and for the ‘ideal chiral active particle’ 1.2 a). The particle is scattered randomly

and diffuses more efficiently (Fig. 1.3 (b.5)), reducing the depth of the local minimum in the

diffusivity. As the lattice perturbation is increased, bottlenecks occur at lower densities (ρ >

18.0%). An example trajectory is presented in Fig. 1.3 (c.5).

For large amplitudes of positional noise (ξq/σ = 0.50 and ξq/σ = 1.00), with the average

random displacement comparable to the obstacle size, the lattice is strongly perturbed. This

results in a smoothing out of the fine structure of the diffusivity profile for all densities. In the

limit of large positional quenched noise, a random topography is retrieved, and the diffusivity

exhibits a single flattened peak, centered around ρ = 10.0% (black curve in Fig. 1.5). Due to the

positional disorder, the distance between obstacles becomes irregular. This leads to suppression

of the diffusion for densities around ρ = 9.5%, as the disordered arrangement preempts regular

motion where the particle moves from one row of obstacles to another, instead it is scattered

randomly. As the lattice is further perturbed, this effect becomes increasingly pronounced (Fig.

1.3 (a.4-6)). Even for a fully random arrangement, the diffusion is enhanced for densities ρ <

17.0%, indicating that for all but high densities of randomly placed obstacles, the rectification

of orbits by obstacles leads to enhanced diffusion. For large amplitudes of positional noise (and

the random configuration), and increasing densities ρ > 17.0%, the strongly disordered and

densely packed arrangements increasingly contain pockets of obstacles that trap the particle,

limiting diffusion. A trajectory of a particle in a strongly disordered lattice that ultimately

becomes trapped in a fixed orbit is displayed in Fig. 1.3 (c.6).
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Figure 1.6: Diffusivity D vs. density of obstacles, with DR/vσ
−1 = D0 = 0.002 for different amplitudes of

size polydispersity σs. The inset displays the diffusivity vs. the lattice periodicity lc for the obstacles, for a non
perturbed lattice, normalized by the orbit radius Ro. The dashed lines indicate the diffusivity for a system without
obstacles, and serve as a guide for the eye.

1.2.4 Non-uniform size distribution

For a non-uniform obstacle size distribution, σs sets the strength of the obstacle size poly-

dispersity. In Fig. 1.6, the diffusivity is presented for different σs. Here the limit of large

polydispersity (σs/σ = 0.50) corresponds to configurations with about 20.0% of obstacles, typ-

ically the largest, touching at density ρ = 20.0%. The right axis in Fig. 1.3 represents the size

polydispersity (σs/σ +D0).

When navigating a surface with polydisperse obstacles, the diffusivity profile for a particle

with D0 is affected similarly to the system with positional quenched noise. For the smallest

polydispersity (σs/σ = 0.05), at densities ρ < 17.0%, the fine structure is little affected, as the

particle traverses the system in an erratic way (Fig. 1.3(a.7) provides an example for ρ = 9.5%).

For higher densities ρ > 17.0%, similar to the positional noise, the shift in the position of the

peak around ρ = 20.0% is a result of the obstacles guiding the particle through channels of

irregularly sized obstacles (similar to Fig. 1.3 (c.7)). This leads to a local maximum in the

diffusivity for densities around ρ = 19.0%. For still higher densities bottlenecks and pockets

form that trap the particle. When the polydispersity is increased slightly to σs/σ = 0.10, the

effect of intermittent trapping in orbits for densities around ρ = 15.0% is reduced (Fig. 1.3

(b.8)) and the peak is smeared out and shifted to lower densities.

For polydispersity σs/σ = 0.25, the fine structure is smoothed out for ρ > 12.0% as the
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particle explores the system efficiently tracing erratic trajectories, until it increasingly becomes

trapped for ρ > 18.0% and the diffusivity vanishes (Fig. 1.3 (c.8)). When the polydispersity is

increased to σs/σ = 0.50, the fine structure is smoothed out for all densities, the peak around

ρ = 9.5% is shifted to slightly lower densities and is reduced as the trajectories are randomized

and periods of intermittent trapping in orbits occur (Fig. 1.3(a.9)). The shifting of the peak can

be explained by the larger total surface covered by the obstacles due to the size polydispersity

(what is gained by the obstacles that increase in size is not offset by what is lost by the obstacles

that become smaller). For σs/σ = 0.50 the diffusivity is suppressed relatively to σs/σ = 0.25,

for almost all densities. This is a result of some of the obstacles becoming increasingly larger;

for ρ > 8.0% the large obstacles form clusters that trap the particle, as well as walls that

subdivide the system and prevent the particle from accessing parts of it. For ρ > 15.0%, the

diffusivity vanishes rapidly as the particle becomes caged in pockets of obstacles. In Fig. 1.3(a-

c.9), some example trajectories are displayed for noise amplitudes σs/σ = 0.50. When the

polydispersity is further increased (σs/σ > 0.50), some obstacles become much larger than the

particle; in this limit particle-obstacle interactions become more important, and our simplified

model is no longer expected to accurately capture the dynamics [45, 46].

1.3 Discussion

In this chapter, we investigated the dynamics of a chiral active particle on a surface with ob-

stacles. Different densities of obstacles as a fraction of the surface area were considered. We

introduced distinct types of disorder: noise in the dynamics of the particle and noise in the

positions of the obstacles, as well as obstacle size polydispersity.

A noiseless chiral active particle in an environment without obstacles gets trapped in circular

orbits and does not explore space. When navigating an array of regularly spaced obstacles, for

most densities, space exploration of a chiral active particle is limited to fixed orbits. Efficient

long time transport, in the form of a ‘translating orbit’, occurs when the distance between the

obstacles approximates the orbit radius of the particle, or the spacing between the obstacles ap-

proximates the size of the particle. Less efficient long time transport occurs for a few densities,

with the particle tracing an erratic trajectory.

A chiral active particle that experiences dynamic noise performs long time transport for all

densities, except for very high densities when it becomes trapped by the obstacles. The presence
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of low to intermediate densities of obstacles enhances the transport of a chiral active particle, by

rectifying orbits. Especially when the distance between the obstacles approximates the radius

of the orbit, this effect is pronounced. For higher densities, obstacles can enhance transport by

guiding the particle through open channels in the lattice.

When the strength of the dynamic noise is increased, the chiral trajectories are more strongly

perturbed. This reduces the tendency of the particle to move in circles, enhancing transport for

all densities, and reducing the effect of scattering by obstacles on the transport. For large noise

amplitudes, the particle is effectively no longer chiral. In this case, the presence of obstacles

hinders transport, which is in agreement with previously published results for non-chiral active

particles [30, 31].

Positional noise and obstacle size polydispersity result in a disordered environment, which

enhances transport by preempting fixed orbits in between or around obstacles. Additionally,

scattering of the particle by the disordered obstacles results in erratic motion. For densities

where the inter-obstacle distance approximates the radius of the particle’s orbit, such motion

perturbs the otherwise efficient rectification of orbits, and suppresses transport.

For high densities, quenched noise perturbs channels, limiting, and suppressing transport.

For high densities and large quenched positional disorder or size polydispersity, pockets of

obstacles form that trap the particle, strongly hindering transport. In the limit of large positional

noise, the presence of a low or intermediate density of obstacles enhances transport. When

the obstacle size polydispersity is increased, the dynamics is increasingly hindered by a few

very large obstacles that form pockets that trap the particle, inhibiting long term transport.

These findings are in line with a recent experimental and numerical study of (non chiral) active

particles exploring a complex micro structure [47], where the authors found a coupling between

the active force and the topography of the micro structure that strongly influences the effective

diffusivity of the particles. In the future, this effect could be explored further for chiral active

particles. In addition, differently shaped (non spherical) obstacles could be considered, and

depending on the shape, these might promote the emergence of a preferred direction of motion

or the trapping for the active particles.

We solely considered steric (repulsive) interactions. For wet active systems, as e.g. mi-

croswimmers, hydrodynamic interactions with the obstacles are also likely to affect the dynam-

ics. For example, in [35] it has been shown that for E. coli, hydrodynamic interactions with

obstacles (forward scattering) are the key mechanism responsible for an enhancement in the
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diffusion for an optimal density of random obstacles. Here, we show that in the absence of hy-

drodynamic interactions, diffusion of a chiral active particle is also enhanced, although through

a different physical mechanism. Future works might include the role of hydrodynamic effects

in the particle-obstacle interaction, such effects can introduce an attractive interaction that de-

flects the particle in the absence of a particle-obstacle collision [45, 46]. Moreover, in the case

of a strong attraction, the particle might get trapped by the obstacles due to the attraction alone,

potentially introducing new localized states.

An interesting extension of this work would be to investigate the effect of spatial arrange-

ment and disorder on the dynamics of interacting chiral active particles. Previous work en-

countered motility induced phase separation, commensuration effects and frustrated states for

a simple model of interacting non-chiral particles in a similar square lattice of obstacles [48].

Another possibility would be to consider moving obstacles. The bronchus in the lungs are lined

with respiratory cilia: microscopic, periodically beating hairs that clear inhaled debris and mi-

crobes from the conducting airways [49]. By introducing a periodic motion in the obstacles, the

dynamics governing the transport of (chiral) microbes in the cilia could be explored. From a

very different perspective, simulation studies of circular ac driven skyrmions on a square lattice

of obstacles encountered behaviours similar to our findings for the ‘ideal chiral active parti-

cle’ [50]. It could be interesting to see how such systems respond to noise. Although this work

is limited to surface topography, extending it to three dimensions would also be interesting, as

will be discussed in the next chapter. Recently a geometric criterion for the optimal transport

of run and tumble polymers in a porous medium was uncovered, which emerges when their

run lengths are comparable to the longest straight path available in the porous medium [39]. In

addition to a fundamental understanding of the dynamics of chiral active particles in complex

environments, these findings can be employed to guide the future design of active searchers ca-

pable of optimal navigation in complex environments, or the development of micro-structured

surfaces that can control and prevent bacterial adhesion.

This chapter followed closely: D. M. van Roon, G. Volpe, M. M. Telo da Gama, and N. A.

M. Araújo, “The role of disorder in the motion of chiral active particles in the presence of

obstacles,” Soft Matter, vol. 18, pp. 6899–6906, 2022.
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Chapter 2

3D model for the surface accumulation of

chiral and non-chiral microswimmers

An important property of active matter is the inherent asymmetry in the interaction of active

particles with boundaries. When approaching a boundary, an active particle will swim along

(or against) it, effectively becoming ‘trapped’ at the boundary, until its direction of motion is

pointed away from it. When moving away from a boundary, the particle will move freely, until

it encounters another boundary. Due to this asymmetry, active particles tend to accumulate

near boundaries, even when they are purely repulsive [8, 19, 51, 52]. For passive particles such

accumulation near boundaries is not observed, and would require an attractive interaction. Steric

effects and the persistence in the swimming direction are generic contributing factors to surface

accumulation, in addition to hydrodynamic effects that depend on the specifics of the swimmer

and the surface. For example, they may result in stable swimming trajectories following the

boundary, even if the boundary is convex [45, 46, 53]. Furthermore, driven by hydrodynamic

interactions, several microswimmers move in chiral trajectories, typically along circles, when

swimming near a flat interface [4–7].

Bacterial surface dynamics are central in various industrial, biomedical, and environmental

processes [21, 54, 55]. On the one hand, the adhesion of bacteria to surfaces frequently results

in the formation of persistent biofilms that are difficult to remove, causing challenges in vari-

ous fields, including fouling of water purification systems [56], corrosion of structures used to

transport and store chemicals [57], and adhesion to medical implants, where bacterial infection

can result in inflammation that can even lead to death [58]. On the other hand, the industrial

potential of biofilms is becoming increasingly developed, including biorefineries [59], bioreme-
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diation to remove contaminants from freshwater and wastewater [60], and as templates for new

materials with applications in construction and industry [61].

A quantitative understanding of surface entrapment and subsequent adhesion could fur-

ther the development of engineered materials to control and prevent bacterial adhesion to sur-

faces [62–64]. In recent years, the effects of surface topography and roughness on bacterial

surface dynamics and adhesion have received increasing attention. Recent experiments on E.

coli approaching a surface, have shown that the average reorientation of the cells in a direction

parallel to the surface is driven by steric forces at contact and short-ranged hydrodynamics,

with long-range hydrodynamics playing only a minor role [65–68]. Similar results were ob-

tained for sperm cells on a surface [69], for E. coli interacting with microsized pillars [53] and

for synthetic microswimmers navigating an environment of passive colloidal beads [45]. After

the reorientation event, a swimmer was observed to move along a boundary (surface, pillar or

bead) until Brownian diffusion rotates its axis away.

In this chapter we introduce a 3D model to examine the surface accumulation of microswim-

mers induced by steric forces and an effective short-ranged hydrodynamic alignment force that

aligns the propagation direction of the swimmers along the nearest boundary. We take E. coli

and bull sperm cells as examples, navigating a volume bounded by a top surface plane and a

bottom one, akin to a microfluidic channel. We study the effect of placing convex obstacles,

which are three times the size of the swimmers, randomly on both surfaces. We examine how

the surface accumulation is impacted by the strength of the alignment force and the angular

velocity of the motion. We quantify the surface accumulation by measuring the fraction of

swimmers near the surfaces. We find that the presence of obstacles always reduces the accu-

mulation of non-chiral microswimmers on these surfaces, as, by aligning along the boundary

of the obstacles, the swimmers are directed away from the surface. As the obstacle density is

increased, the surface accumulation is reduced. For chiral microswimmers, the accumulation

can be reduced or enhanced. As previously observed in [45,46,53], we confirm with our model

that a chiral swimmer may get trapped. This orbital trapping results from an interplay of the

alignment force with the chiral motion of the swimmer, and only occurs if the obstacles are at

least equal to the size of the swimming orbit. We discuss how obstacles can be used to control

the accumulation of chiral swimmers near surfaces, by carefully tuning their size. In addition,

we discuss how obstacles can be employed to sort swimmers based on their angular velocity.
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2.1 Model

We consider a spherically shaped swimmer of diameter σ (for natural and synthetic microswim-

mers typically 1-5 µm) moving with velocity v⃗ and corresponding momentum p⃗. The swimmer

navigates a volume of thickness 100σ bounded by a top and bottom square surface plane, with

edge size L and periodic boundary conditions along the directions parallel to the surfaces. Each

surface plane is covered with Nobstacle non-overlapping obstacles of diameter σobstacle = 6σ, dis-

tributed uniformly at random. The obstacles are quantified by the surface coverage defined as:

ρ = Nobstacleπσobstacle
2

4L2 (×100%). The motion of the swimmer is determined by the force acting on

it, and a stochastic term ξ⃗ that is parameterized to set a proper rotational diffusion constant for

the swimmer. The force has two contributions: F⃗motile responsible for the self-propelled mo-

tion in the volume and F⃗surface describing the interaction with the surface. The trajectory of the

swimmer is obtained by integrating the following equation

˙⃗p = F⃗motile + F⃗surface + ξ⃗. (2.1)

The motile force is

F⃗motile = −1

τ
(p⃗− p0p̂), (2.2)

which drives the motion along a predefined direction p̂, with a momentum of magnitude p0. The

timescale of the motility is set by τ . For the surface interaction we take

F⃗surface = −α(p̂ · µ̂⊥)µ̂⊥ + β(p̂× µ̂⊥) + F⃗steric, (2.3)

where the first term is an effective alignment force between the swimmer and an obstacle or sur-

face plane, the second term is the angular velocity of the motion when the swimmer approaches

the surface, and the last term is the steric interaction of the swimmer with the obstacles and the

surface. The strength of the alignment interaction is determined by α. For α > 0 the force

will align the swimmer along the obstacle boundary or surface plane, with µ̂⊥ the unit vector

perpendicular to the obstacle boundary or surface plane closest to the swimmer [65, 66].

For β > 0, the swimmer will trace circular trajectories when moving close to the surface.

The orbital radius of the trajectories Ro is determined by β and defined as Ro =
v
β

. We introduce

Ω = σobstacle
2Robstacle

as a measure of the angular velocity, by normalizing the size of the obstacles

with the size of the swimming orbit. For larger values of β swimmers trace smaller orbits
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Figure 2.1: (a,b) Schematic depiction of a swimmer (red) moving at velocity v⃗ in the volume (blue) near the surface
(light grey). The dark grey arrows indicate the direction of motion of the swimmer, the blue arrows indicate the
vector perpendicular to the closest surface plane, or the boundary of the closest obstacle (dark blue hemisphere).
(a) A non-chiral swimmer (I) approaching the surface, (II) guided away from the surface after interacting with the
obstacle. (b) A chiral swimmer (Ω ̸= 0) (I) approaching the surface, where it moves in orbits of radius Ro, (II)
guided away from the surface after interacting with the obstacle, (III) trapped in an orbit around the boundary of
the obstacle.

corresponding to larger values of Ω. Experimentally, Ω could be controlled through the obstacle

size, with larger obstacles resulting in larger Ω [53,70]. A schematic illustration of a non-chiral

swimmer (β = 0) is shown in Fig. 2.1 (a,I), and an illustration of a chiral swimmer in Fig.

2.1 (b,I). To represent the short-ranged nature of the interactions, a cut-off distance rc = 3σ
2

is introduced, such that, when the distance r between swimmer and the obstacle boundary or

surface plane is r > rc, α and β are set to 0.

The last term in eq. 2.3 is the steric interaction. A truncated Weeks-Chandler-Anderson

potential is used to represent the steric interaction with the obstacles as it is a well tried method

for including obstacle-swimmer interactions [34, 35]. For the surface we use an exponential

repulsion of magnitude

Fsurface =
1

rs
exp (−rs), (2.4)

with rs the distance between swimmer and surface. The interaction becomes effective when

rs < σ
2
. The time evolution is obtained by integrating the system with the velocity Verlet

method. In the following we will express distances in terms of the dimensionless swimmer

radius σ/2 and time in terms of σ/v. A simulation typically includes Nobstacle = 100 obstacles

on each surface plane, for a total of 200 obstacles. Finally, the step size in the simulation is

∆t = 10−4, τ = 1 and a simulation lasts for t = 3600 σ/v.
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2.2 Results

To characterize the surface accumulation, we count the number of swimmers Nsurface that are at

a distance shorter than 3σ (one obstacle radius) from the bottom or top surfaces in the steady

state of the system. We define the fraction ϕ of microswimmers accumulated at the surfaces as,

ϕ = ⟨Nsurface

N
⟩. (2.5)

The brackets ⟨.⟩ indicate an ensemble average over N = 25000 swimmer trajectories (the

swimmers do not interact), each beginning at a position selected uniformly at random within the

volume. For smooth surfaces ρ = 0, the surface planes contain no obstacles. For surfaces with

obstacles, each surface plane is covered with Nobstacle non-overlapping hemispherical obstacles,

uniformly and randomly placed on the surface, such that their centres are on the surface plane.

Results of 250 swimmer trajectories are averaged over 100 obstacle configurations, for a total

N = 25000 swimmer trajectories. Two different values for the rotational diffusion will be

considered, DR = 0.1 rad2/s corresponding to the rotational diffusion measured for E. coli [67],

and DR = 10−4 rad2/s corresponding to the value for bull sperm [69].

2.2.1 Smooth surface

To set the stage first consider the simplest case of non-chiral (Ω = 0) swimmers navigating

a volume bounded by smooth surfaces, where the surface accumulation ϕ increases with the

alignment force strength α. Fig. 2.2 (a,b) (blue diamonds) shows how the surface accumulation

ϕ increases with α ranging from α = 0, where the rotational diffusion governs the dynamics, to

α = 60, where the alignment force dominates.

In the absence of alignment force (α = 0), about 15% (DR = 10−4 rad2/s, Fig. 2.2 a ) and

12% (DR = 0.1 rad2/s Fig. 2.2 b), swimmers accumulate near the surface. This accumulation

is a result of the persistent motion of the swimmers. A swimmer explores the volume until it

collides with one of the surfaces, where it will stay until rotational diffusion directs it away from

it, and it can escape.

As the alignment force increases, the fraction of swimmers accumulated near the surfaces

increases. This behaviour can be explained by considering that the alignment force competes

with the rotational diffusion, as a stronger tendency to align prevents the swimmer from orient-

ing away from the surface and escape. The marked increase in accumulation for 0 < α < 10
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Figure 2.2: (a,b) Fraction of swimmers accumulated on the surface ϕ against the alignment force α for different
angular velocities Ω, with an obstacle surface coverage ρ = 20%: (a) for swimmers with DR = 10−4 rad2/s and
(b) for swimmers with DR = 0.1 rad2/s. (c,d) Fraction ϕ

ϕ0
of swimmers accumulated on a surface with convex

obstacles relative to the fraction accumulated at a smooth surface ϕ0, as a function of Ω and α, (c) for DR = 10−4

rad2/s and (d) for DR = 0.1 rad2/s.
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results from this competition. For DR = 10−4 rad2/s (Fig. 2.2 a) when α ≥ 10 the alignment

force becomes strong enough to trap the swimmer at the surface. The trapping results in an

enhanced accumulation, which increases with the alignment force, reaching 95% for α ≥ 10.

When DR = 0.1 rad2/s (Fig. 2.2 b), the tendency of the swimmers to diffuse away from the

surface is stronger, reducing the accumulation. The accumulation reaches 76% for α = 10

continuing to increase slowly to 82% for α = 60.

When chiral swimmers are considered (β ̸= 0 and by extension Ω ̸= 0), the accumulation

behavior is unchanged for smooth surfaces. In Fig. 2.2 (a,b), the green line shows the accumu-

lation for Ω = 1, which coincides with the blue diamonds for non-chiral swimmers (Ω = 0).

The chirality causes the swimmers to trace circular trajectories along the surface, but does not

affect their overall surface accumulation.

2.2.2 Surface structured with convex obstacles

A very different behavior is observed, for both values of DR, when randomly placed obstacles

are added to the surface. We begin by considering swimmers with DR = 10−4 rad2/s.

For non-chiral and chiral swimmers in a volume bounded by surfaces with obstacle surface

density ρ = 20%, the accumulation near the surfaces (lines with circles in Fig. 2.2 a) is reduced

for all α for Ω < 1 and for α ≤ 10 for Ω ≥ 1. Fig. 2.2 (c) shows the fraction ϕ
ϕ0

of accumulated

swimmers with angular velocity Ω near a surface with obstacles ϕ with respect to that of swim-

mers with the same angular velocity near a smooth surface ϕ0, as a function of the alignment

force α and angular velocity Ω.

For non chiral swimmers and chiral swimmers with 0 ≤ Ω ≤ 1, the reduction of the

surface accumulation by the obstacles ( ϕ
ϕ0

< 1 in Fig. 2.2 c) is a result of the modified surface

structure. In the absence of an alignment force (α = 0), about 8% of the swimmers accumulate

at the surface. This accumulation is a result of the persistent motion of the swimmers, and the

decrease in accumulation relative to the smooth surface can be attributed to the reduction of the

flat surface area available to swimmers, because of the presence of obstacles. For α > 0, when

approaching an obstacle, a swimmer aligns its direction of motion along the convex boundary

of the obstacle, instead of the surface plane, so that its orientation is directed away from the

surface. As α is increased, the tendency to align along the surface or boundary of an obstacle

becomes stronger, increasing the surface accumulation. A schematic trajectory that leaves the

surface after aligning along an obstacle is shown for a non-chiral swimmer in Fig. 2.1 (a,II)
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and a chiral swimmer in Fig. 2.1 (b,II). For 0 ≤ Ω < 1 the accumulation increases with the

angular velocity (Fig. 2.2 a). This can be explained by the chiral swimmers exploring the

surface less extensively, thereby encountering fewer obstacles when compared to less chiral

swimmers. As the angular velocity increases, the swimming orbits become smaller, decreasing

the efficiency with which the surface is explored. This limits the ability of the obstacles to

reduce the accumulation at the surface and leads to an increase of ϕ
ϕ0

with the angular velocity

in Fig. 2.2 (c).

For chiral swimmers with a larger angular velocity (Ω ≥ 1) a different behavior is observed,

where swimmers move in persistent orbits along the boundary of an obstacle, until the rotational

diffusion directs them away from the obstacle and they escape. A schematic example trajectory

of a swimmer that orbits an obstacle is displayed in Fig. 2.1 (b, III). For DR = 10−4 rad2/s, the

rotational diffusion is relatively weak and the swimmers can become effectively trapped at the

obstacles for a sufficiently strong alignment force α ≥ 20, increasing the surface accumulation

in Fig. 2.2 (a). We note that due to this “orbital trapping”, the ability of the obstacles to

direct swimmers away from the surface is mitigated for α ≥ 20, whereby obstacles will rather

enhancing surface accumulation ( ϕ
ϕ0

> 1 in Fig. 2.2 c).

The trapping of a swimmer in an orbit around an obstacle is a result of the interplay between

the angular velocity and the alignment force along the boundary of the obstacle. When a swim-

mer approaches an obstacle, the alignment force will guide the swimmer around its boundary.

For a swimming orbit that is equal to the size of the obstacle (Ω = 1.0), this results in a circular

trajectory centered in the obstacle. When the swimming orbit is of the size, or smaller than

the size of the obstacle, (Ω ≥ 1), the angular velocity will continuously direct the swimmer

towards the centre of the obstacle with the alignment force directing the swimmer back along

the boundary. A larger angular velocity will result in a stronger tendency to align along the

boundary. Detachment of a swimmer from an orbit can occur when the Brownian diffusion is

effective in reorienting the swimmer to escape from its orbit.

For DR = 0.1 rad2/s, the larger diffusion randomizes the motion, increasing the boundary

detachment and reducing surface accumulation (Fig. 2.2 b). By perturbing the circular trajecto-

ries the diffusion increases the surface exploration of chiral swimmers, reducing the difference

between different angular velocities Ω. Due to enhanced surface exploration, obstacles become

more effective in reducing near surface accumulation of chiral swimmers, decreasing ϕ
ϕ0

in Fig.

2.2 (d) (when compared to DR = 10−4 rad2/s, in Fig. 2.2 c) for all but α < 10 when the
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Figure 2.3: Fraction ϕ of swimmers accumulated near the surface for a given angular velocity Ω normalized to
ϕ0, the accumulation near a smooth surface for the same angular velocity, against the obstacles density ρ. The
rotational diffusion is (a) DR = 10−4 rad2/s and (b) DR = 0.1 rad2/s with alignment force strengths α = 10
(triangles) and α = 60 (circles).

alignment force is weak and diffusion dominates.

The effect of orbital trapping on surface accumulation is reduced significantly for most

values of Ω. The diffusion breaks the orbits reducing the surface accumulation promoted by

the obstacles ( ϕ
ϕ0

< 1 in Fig. 2.2 d) with the exception of Ω = 2, where the angular velocity

is strong enough to keep the swimmer aligned along the boundary of an obstacle, effectively

trapping it for α > 20 ( ϕ
ϕ0

> 1 in Fig.2.2 d).

2.2.3 Effect of the obstacle density on accumulation

Now we proceed to examine the effect of the obstacle density ρ. In Fig. 2.3 (a,b) ϕ
ϕ0

, the

fraction of accumulated swimmers is presented for alignment force strengths α = 10 (triangles)

and α = 60 (circles).

An increase in the density enhances the effect of the obstacles on the surface accumulation.

The accumulation declines with increasing density for α and Ω where obstacles repel swimmers

from the surface ( ϕ
ϕ0

< 1 in Fig. 2.2 c,d) and increases where orbital trapping dominates the

dynamics ( ϕ
ϕ0

> 1 in Fig. 2.2 c,d).

As the angular velocity Ω increases, ϕ
ϕ0

varies more weakly with the density in Fig. 2.3

(a,b). For swimmers with small angular velocities the accumulation declines rapidly for small

densities before continuing to slowly decline. Due to the more efficient space exploration of

swimmers with a small angular velocity, a lower density of obstacles is sufficient to affect
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Figure 2.4: Separation efficiency ϕA

ϕB
of a mixture consisting of swimmers with chiralities ΩA and ΩB with accu-

mulations ϕA and ϕB for two values of the rotational diffusion: (a) DR = 10−4 rad2/s and (b) DR = 0.1 rad2/s.
The separation efficiency is displayed as a function of the alignment force, α and the resolution of the separator,
δ = ΩA − ΩB .

the accumulation. This suggest that obstacles are effective in detaching swimmers with small

angular velocities from the surface even at low densities. For swimmers with larger angular

velocity, space exploration is less efficient, as increasing the density gradually increases the

effect of the obstacles, and larger densities are required to affect the surface accumulation.

When we compare DR = 10−4 rad2/s (Fig. 2.3 a) and DR = 0.1 rad2/s (Fig. 2.3 b),

we note that for DR = 0.1 rad2/s increasing the obstacle density has a larger effect on ϕ
ϕ0

for

most values of the angular velocity Ω, suggesting that the density dominates the accumulation

behavior.

2.2.4 Sorting swimmers by angular velocity

By controlling the accumulation of microswimmers, obstacles may be used to sort swimmers

of different angular velocity [71–73]. Depending on the angular velocities, the swimmers will

tend to accumulate near a surface or remain in the volume with a different probability. For

simplicity we will assume that the swimmers in the mixture are identical in all aspects but their

angular velocity and study the efficiency of the separation as a function of the alignment force

and the different angular velocities of the mixture.

A way to sort swimmers of different angular velocities would be to consider obstacle sizes

such that Ω < 1 for one fraction (A) of swimmers and Ω > 1 for the other (B). We define

δ = ΩA −ΩB the resolution of the sorter and ϕA

ϕB
its efficiency. In Fig. 2.4 (a,b) the efficiency is
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displayed for swimmers with DR = 10−4 rad2/s and DR = 0.1 rad2/s, for different values of

the resolution δ and the alignment force strength α.

We observe that, as the rotational diffusion increases, the ability to sort the swimmers by

angular velocity is reduced. For DR = 10−4 rad2/s (Fig. 2.4 a) the more chiral fraction

accumulates up to 11 times as much as the less chiral one, whereas for DR = 0.1 rad2/s (Fig.

2.4 b) the more chiral fraction accumulates by up to 2.5 times than the less chiral one.

For DR = 10−4 rad2/s, and α ≈ 10 the fraction with a higher angular velocity accumulates

significantly more than the other fraction and the mixture can be sorted, while for other α, the

sorter becomes less efficient as α increases. For DR = 0.1 rad2/s the alignment force strength

needs to be above 20 for the two fractions to accumulate at different rates, and the sorter does

not work efficiently.

2.3 Discussion

In this chapter, we introduced a 3D model to study the surface accumulation of a microswim-

mer, induced by steric forces and an effective short-ranged hydrodynamic force that aligns the

propagation direction of the swimmer along the nearest boundary (surface or obstacle). Chi-

ral and non-chiral microswimmers were considered, navigating a volume bounded by a bottom

and a top surface plane. We introduced obstacles on the surfaces and studied their effect on the

surface accumulation.

For smooth surfaces (without obstacles) and structured surfaces (with obstacles) the surface

accumulation is enhanced by increasing the alignment force. The alignment force competes

with diffusion to prevent the swimmer (chiral and non-chiral) from orienting away from the

surface and escaping. When obstacles are added to the surface, the angular velocity of the

swimmer is found to strongly affect their accumulation. For a non-chiral swimmer, the obstacles

significantly reduce the accumulation when compared to a smooth surface, even when a small

fraction of the surface is covered by obstacles. The obstacles prevent a swimmer from aligning

with the surface, by guiding it away into the volume, consistent with recent experimental results

[35]. For a chiral swimmer, the ability of obstacles to mitigate the accumulation is reduced with

increasing angular velocity. Swimmers with a large angular velocity explore the surface less

efficiently, encountering fewer obstacles, which reduces their effect. Moreover, for a chiral

swimmer we find that for sufficiently strong alignment forces, the swimmer may be trapped in
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a trajectory along the boundary of the obstacle [11,46,53], resulting in enhanced accumulation.

We find that the relevant length scale for trapping is set by the obstacle size, such that as when

the swimming orbit is of the size of the obstacle, or smaller, trapping can occur. We further note

that, for swimmers that experience a stronger rotational diffusion, the motion becomes more

randomized, reducing the effect of the angular velocity on the accumulation.

The ability of obstacles to impact the accumulation of microswimmers at a surface, may

be used to guide the development of materials that selectively hinder or promote the adhesion

of microswimmers, e.g., to control the establishment of biofilms in the case of bacteria. Our

findings indicate that, by adding obstacles, for non-chiral swimmers, a surface can become

more resistant to accumulation, which is in line with studies of bacterial accumulation [68]. For

chiral swimmers, the way obstacles impact surface accumulation of microswimmers is more

complex. Our findings suggest that, by selecting the size of the obstacles, we can control the

accumulation near the surface. Covering a surface with obstacles could make it more resistant

to the accumulation of microswimmers that are only weakly chiral (that swim in orbits larger

than the size of the obstacles), but less resistant to strongly chiral swimmers (that swim in orbits

with the size of the obstacle, or smaller).

Additionally, the surface accumulation of swimmers of different chiralities, or the tendency

of swimmers to accumulate at obstacles that are larger than the radius of their swimming orbit,

could be used to design a sorter of microswimmers based on their angular velocity. By selecting

from a mixture of microswimmers the most appropriate swimming properties, the efficiency of

microswimmers for a specific task e.g. drug-delivery or bioremediation may be improved [72,

73]. Alternatively, chirality-based spermatozoa selection may be employed to select cells with

specific swimming traits desirable for artificial fertilization techniques [74]. Our results suggest

that for chiral swimmers with a rotational diffusion similar to that of bull sperm, effective sorting

by angular velocity could be achieved. Future work might include differently shaped obstacles

that are known to trap swimmers well to further explore this idea.

In recent studies, for a microswimmer following a convex boundary, the angle between

swimmer and boundary, was found to depend on the radius of curvature of the boundary [46,53].

By making the alignment force dependent on the radius of curvature we could explicitly include

this in our model. Alternatively, in [20] the swimming behavior of an active particle between

obstacles, resulting in optimal space exploration, was found to be different for convex and

concave obstacles. In the future, the effect of cavities (or concave obstacles), in combination
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with convex obstacles on surface accumulation of microswimmers could also be explored. In

[20] the active particles were confined to a surface, while with the model proposed here would

be possible to extend this study to 3D domains.

This chapter followed closely: DM van Roon, G Volpe, MMT da Gama, NAM Araújo, “3D

model for surface accumulation of chiral and non-chiral microswimmers,” arXiv:2401.05237.
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Chapter 3

Conclusions

In the first chapter we examined numerically the effect of disorder in the steric interactions

on the dynamics of a chiral active particle exploring a periodic arrangement of obstacles on a

surface. By not considering explicitly hydrodynamic effects, we were able to study relatively

complicated topographies including different arrangements, densities and sizes of obstacles. We

were able to isolate the role of steric interactions and the effect of noise in these interactions, on

the propagation of chiral active particles.

In the second chapter we introduced a model to study the dynamics of a microswimmer

in a 3D volume bounded by a top and a bottom surface plane. Our model includes steric in-

teractions and an effective, short-ranged, alignment force that aligns the propagation direction

of the swimmer along the nearest boundary (surface or obstacle). The alignment force repre-

sented in an effective way, the short ranged hydrodynamic interaction between microswimmer

and boundary and was able to reproduce well the near surface dynamics observed for E. coli

and sperm cells. The simplicity of the effective interaction enabled us to investigate separately

the role of hydrodynamic alignment and convex surface structure in the surface accumulation

of microswimmers.

For microswimmers in two dimensions, many interesting phenomena, including commensu-

ration effects in [48], topography dependent behavior to optimally explore space in [20,21,34],

and confinement induced self-organisation in [19, 75, 76] have been observed. In the future,

our model could be used to numerically explore further such behaviors in complex crowded 3D

domains.

To study the surface accumulation of a specific type of microswimmer in detail, man-made

or natural, the results of the model could be compared to experimental results to determine the
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parameters that represent accurately the interaction of that microswimmer with a boundary. Al-

ternatively, detailed hydrodynamic simulations of the swimmer approaching a boundary could

be employed to determine realistic values for the parameters. Living microswimmers such as

E. coli, in addition to Brownian noise, are known to be able to employ deliberate moves e.g.

’tumble moves’ [21] to reorient their direction of motion towards or away from a wall. By

including in a controlled way such organism specific moves in our model, we might be able

to examine their role in space exploration or near surface accumulation, and better represent

different organisms.

This thesis so far concerned individual microswimmers or ’dilute systems’ in which the

interactions between microswimmers were neglected. In their natural environment however,

microswimmers often not only aggregate into colonies, swarms or biofilms, but also behave

differently depending on the local density, as in quorum sensing. To study systems composed

of many microswimmers, our models would have to be adapted to include these interactions.

It would be necessary to verify whether the effective potentials in our models, which are based

on experiments with dilute systems are still valid. This could be challenging, as it often is

difficult to perform experiments with crowded systems. A further challenge is posed by the

interpretation of experimental observations of such systems, to parameterize our models. To

infer from macroscopic behavior the correct potential form that describes the interactions might

be difficult. A first step could be to add steric interactions between swimmers, and to compare

results to experimental findings. Such a comparison might provide us with cues to adapt our

models. Subsequently short ranged (hydrodynamic) effects coupling the rotational degrees of

freedom could be introduced. Alternatively, hydrodynamics simulations might be employed to

shed light on the swimmer-swimmer interactions, but ultimately these would have to be com-

pared to experiments too. This approach is likely to be limited to few interacting swimmers, as

hydrodynamics simulations of large crowded systems tend to quickly become computationally

unfeasible. By focusing on steric and effective short-ranged hydrodynamic interactions, we ex-

cluded the effects of possible long-ranged interactions. For systems with long-ranged effects

e.g. chemo-taxis or alignment-interactions, our model is not expected to be adequate in its cur-

rent form. In order to study such systems we would have to include these interactions in (an

effective way) in our model.

In addition to a fundamental understanding of microswimmers in complex environments,

our 3D model could be employed to guide the design of microfluidic chips that include mi-
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croswimmers. A particular advantage of our model would be that it enables a quick numerical

exploration of a design, before attempting to build it. A first concept could be a sorter of

microswimmers based on their swimming properties. By placing pillars increasing size in a mi-

crofluidic channel, the scattering observed in [36–38] together with the dynamical trapping of

microswimmers observed in [45, 46, 53] could be exploited. Further applications could include

the development of micro-structured surfaces, that can control bacterial adhesion, limiting the

growth of hazardous biofilms.
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