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ABSTRACT

MANIPULATION AND CONTROL OF COLLECTIVE
BEHAVIOR IN ACTIVE MATTER SYSTEMS

Erçağ Pinçe

Ph.D. in Physics

Advisor: Giovanni Volpe

October 2016

Active matter systems consist of active constituents that transform energy into di-

rected motion in a non-equilibrium setting. The interaction of active agents with

each other and with their environment results in collective motion and emergence

of long-range ordering. Examples to such dynamic behaviors in living active mat-

ter systems are pattern formation in bacterial colonies, flocking of birds and clus-

tering of pedestrian crowds. All these phenomena stem from far-from-equilibrium

interactions. The governing dynamics of these phenomena are not yet fully un-

derstood and extensively studied. In this thesis, we studied the role that spatial

disorder can play to alter collective dynamics in a colloidal living active matter

system. We showed that the level of heterogeneity in the environment influences

the long-range order in a colloidal ensemble coupled to a bacterial bath where

the non-equilibrium forces imposed by the bacteria become pivotal to control

switching between gathering and dispersal of colloids. Apart from studying envi-

ronmental factors in a complex active matter system, we also focused on a new

class of active particles, “bionic microswimmers”, and their clustering behavior.

We demonstrated that spherical bionic microswimmers which are fabricated by

attaching motile E. coli bacteria on melamine particles can agglomerate in large

colloidal structures. Finally, we observed the emergence of swimming clusters

as a result of the collective motion of bionic microswimmers. Our results pro-

vide insights about statistical behavior and far-from-equilibrium interactions in

an active matter system.

Keywords: Active matter, Speckle light field, Escherichia coli, Bionic microswim-

mers, Active Brownian motion.
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ÖZET

AKTİF MADDE SİSTEMLERİNDE KOLLEKTİF
HAREKETİN KONTROL VE MANİPÜLASYONU

Erçağ Pinçe

Fizik, Doktora

Tez Danışmanı: Giovanni Volpe

Ekim 2016

Aktif madde sistemleri, termal dengenin uzağındaki ortamlarda yer alan ve en-

erjiyi yönlendirilmiş harekete dönüştüren aktif yapı taşlarından oluşur. Ak-

tif ajanların birbirleriyle ve de girdikleri ortamla etkileşimleri sonucu uzun-

erimli düzenin oluşumu ve kollektif hareket ortaya çıkar. Aktif madde sis-

temleri içerisindeki bu tür dinamik davranışlara örnek olarak bakteri koloni-

lerindeki desen oluşumu, kuşların sürü oluşturması ve yayaların oluşturduğu kal-

abalığın kümelenmesi gösterilebilir. Bütün bu fiziksel olaylar, termal dengenin

uzağında gerçekleşen etkileşimlerden kaynaklanmaktadır. Bu olayları yönlendiren

dinamikler henüz tam anlaşılmamış ve yeterince üzerinde çalışılmamıştır. Bu

tezde, mekansal düzensizliğin, kolloidlerin oluşturduğu yaşayan aktif madde sis-

temindeki kollektif dinamiği değiştirmesi üzerinde nasıl bir rol oynadığını in-

celedik. Ortamdaki heterojenliğin seviyesinin, bakteri banyosunun içerisinde yer

alan kolloid topluluğunun uzun-erimli düzenini etkilediğini ispatladık. Bakter-

iler tarafından kolloidlerin üzerine uygulanan denge-dışı kuvvetlerin, kolloidlerin

toplanması ve dağılması arasındaki geçişte önemli olduğunu gösterdik. Karmaşık

aktif madde sistemlerindeki ortam faktörlerinin incelenmesi haricinde, yeni bir

aktif parçacık sınıfı olan “biyonik mikroyüzerlerin” ve onların kümelenme hareke-

tinin üzerine yoğunlaştık. Hareketli E.coli bakterilerini melamin parçacıklarına

yapıştırarak elde ettiğimiz küresel biyonik mikroyüzerlerin büyük kolloid yapıları

oluşturabildiklerini gösterdik. Son olarak, biyonik mikroyüzerlerin kollektif

hareketi sonucu yüzen yığınların oluşumunu gözlemledik. Sonuçlarımız, aktif

madde sistemi içersinde yer alan aktif parçacıkların istatistiksel davranışları ve

aralarındaki denge-uzağındaki etkileşimleri hakkında fikir vermektedir.

Anahtar sözcükler : Aktif madde, Benekli ışık alanı, Escherichia coli, Biyonik

mikroyüzerler, Aktif Brown hareketi.
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way up from İstanbul to monitor and evaluate my scientific progress.

I am grateful to Evren Doruk Engin and Fatih Ömer İlday for being the members
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mogeneous in space. The error bars represent one s.d. around the

average values. The colour bar in the inset shows the temperature

variation as a function of position. Reprint from [104]. . . . . . . 31
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by the high-intensity grains of the static speckle pattern where the

colloids are metastably trapped. Reprint from [104]. . . . . . . . . 34
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2.5 Dynamic switching between gathering and dispersal of colloids in

an active bath. By dynamically controlling the roughness of the
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The colloids first gather in the illuminated area under a smooth

Gaussian potential, while they start to disperse after the first 15
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potential. (d) The profiles of the optical potentials along the white

dashed lines in c both for smooth Gaussian illumination (red line)

and disordered illumination (black line). All scale bars correspond
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intensity of Rhodamine B solutions in the sample chamber is a
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of laser illumination, the temperature of the sample cell is the
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shots at t = 30 minutes of the distribution of colloids in an active

bath under different optical potentials where the local roughness is

continuously decreased from a high contrast speckle Cs = 0.71 (a)

to an almost Gaussian distribution with very low speckle contrast

Cs = 0.02 (f) through four intermediate values (b) Cs = 0.13, (c)

Cs = 0.10, (d) Cs = 0.07, (e) Cs = 0.05. These snapshots show a

non-monotone transition from dispersal (a) to gathering (f) of indi-

viduals in the central illuminated area. The scale bar corresponds

to 40 µm. The complete time evolutions of the colloidal population

are shown in Fig. 2.4(d)-(f) and Fig. 2.4(j)-(l). Reprint from [104]. 48
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Chapter 1

Introduction

Physical systems containing active parts that show distinctive features as taking

up energy from the environment and transforming it into mechanical motion can

be defined as active matter [2–4]. The dissipation of the stored energy via the

interaction of the parts with each other and with the environment can drive such

complex systems to a far-from-equilibrium state. Emergent collective phenom-

ena in complex systems require self-organization of active parts, and therefore

sustainable energy input, for a coherent collective motion to occur. In the case

of thermal equilibrium, the formation of ordered structures, such as crystals or

liquids, can be understood in terms of equilibration dynamics. However, life is

an intrinsically far-from-equilibrium process that features complexity and diver-

sification. As Schrödinger noted in his famous book “What is life?” [5], living

matter is under constant inward and outward flux of material so it cannot be

isolated from its environment and its existence depends on the exchange of en-

ergy as an open system. Historically, Boltzmann was the first who analytically

related order to entropy as a microscopic feature of matter [6]. His findings in-

dicated that non-equilibrium processes might also generate order as in the case

of equilibrium and physical structures that exist in far-from-equilibrium can be

spontaneously formed. This idea constructs the essence of how living matter

must stay in far-from-equilibrium conditions. Prigogine introduced the idea of

“dissipative structures” where functional active parts of a complex system can
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self-assemble into a larger construct in space and time [7]; thus, active matter

can be understood as a dissipative structure and stands as a good model system

to study non-equilibrium statistics of microscopic matter.

In this introduction, we will first summarize how self-organization in a far-from-

equilibrium setting emerges and then provide some background information on

self-propelling particles and microswimmers. Furthermore, we will define active

Brownian motion and finally briefly discuss how collective motion emerges in

active matter system.

1.1 Self-organization far from equilibrium

Self-organization is the formation of highly ordered structures arising from the

interaction between a multiple of significantly simpler components. This phe-

nomenon is observed in open systems that are driven far from equilibrium and is

often driven by non-equilibrium fluctuations and feedback loops [7,8]. There are

various examples of self-organization in physics, chemistry and biology where the

simple constituent elements of a complex system transform into an ordered struc-

ture by collective movement. Examples of self-organization phenomena in physics

are spontaneous crystallization of liquids (see Fig 1.1(a)) [10], diffusion-limited

aggregation of branching patterns during the electric break-down of solids (Fig

1.1(b)) [11, 12], Belousov-Zhabotinsky reaction-diffusion systems (Fig. 1.1(c))

[13, 14], percolation in disordered landscapes [15, 16] and emergence of Rayleigh-

Bénard convection patterns (Fig 1.1(d)) [17] . In chemistry, colloidal crystals (Fig

1.1(e)) [18–20], self-assembled supramolecular structures [21, 22] and formation

of liquid crystals [23] are examples of self-organization at microscale. Turing’s

morphogenesis [24], growth pattern of bacterial colonies (see Fig 1.1(f) for the

growth pattern of Paenibacillus vortex ) [25–27], and flocking behavior [28,29] are

examples of micro- and macroscale self-organization behavior in the biological

realm.

2



(a) (b) (c)

(d) (e) (f)

Figure 1.1: Self organization in nature. (a) Picture of an ice crystal. Crys-
tallization of atoms occurs at near-equilibrium conditions. Reprint from
http://www.snowcrystals.com. (b) The Lichtenberg figure, fractal patterns
formed by the breakdown of dielectric inside plexiglass, is an example of diffusion-
limited aggregation. Reprint from http://www.capturedlightning.com. (c)
Belousov-Zhabotinsky reaction, an example of non-linear, oscillating chemical re-
action which shows self-organizing patterns. Reprint from [9]. (d) Self-assembled
Rayleigh-Bénard convection cells. Reprint from http://www.alderstone.com.(e)
Picture of a colloid crystal. Reprint from http://www.nonmet.mat.ethz.ch. (f)
The formation of Paenibacillus vortex colony on solid agar. Dentrite-like self-
organized patterns can be clearly seen. Reprint from http://www.wikipedia.org.
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1.2 Self-propelling particles

Self-propelling particles require a constant energy input to maintain the system

in a far-from-equilibrium state. Such particles render the system to a far-from-

equilibrium state by converting the energy resources, which are available in the

environment, into a directed type of motion. As we mentioned in the previous sec-

tion, active matter is formed by active constituents and these active constituents

can spontaneously self-organize into an ordered matter. Self-propelling particles

are the main constituents of such an organization. These small particles can be

either inanimate, (e.g. nematics, artificial swimmers, robots) or living matter

(e.g. microorganisms and humans). The first realization of an artificial flock in

computer simulation was performed by Reynolds [30]. This artificial life simu-

lation contains small agents (Boids for Bird-oid objects) modeling the flocking

behavior of birds. Each boid follows a simple set of rules and is able to interact

with other boids. The three basic rules of Boids model are separation of boids

with each other at a critical proximity (Fig. 1.2(a)), alignment of the orientation

of the local boids (Fig. 1.2(b)) and changing the position of a given boid towards

the average position of its neighbors (Fig. 1.2(c)). As a result of this interaction,

ensemble of boids featured large flocks and moved collectively. Reynolds’ Boids

model was the first simple model that emphasizes emergent complexity in swarm-

ing behavior of interacting agents. As in the case of Reynolds’ model, Vicsek et

al. constructred a novel type of swarming model where the particles are moving

at a constant speed with random orientation [31, 32]. The Vicsek model is one

of the earlier theoretical work to describe swarming in nature by using alignment

interactions [29,31]. The original version of Vicsek model is based on active par-

ticles moving with a constant velocity v adjusting their alignment with respect

to the average alignment of neighboring members of the flock within an effective

radius, typically on the order of flock’s radius. An adapted version of Vicsek

model can be described in terms of finite difference equation in two dimensions,

xn(t+ ∆t) = xn(t) + v∆t cosϕn +
√

2DT∆t ξx,n

yn(t+ ∆t) = yn(t) + v∆t sinϕn +
√

2DT∆t ξy,n

ϕn(t+ ∆t) = 〈ϕm(t)〉

(1.1)
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(a) (b) (c)

Figure 1.2: Three basic rules of Boids model. (a) Separation: avoiding the local
boids crowding within flock radius (b) Alignment: directing towards the average
orientation of the local boids. (c) Cohesion: change position towards the average
position of the local boids. Reprint from http://www.red3d.com/cwr/boids/.

where ϕn is the orientation of particle n, 〈ϕm(t)〉 is ensemble averaged over all

orientations of other particles within the flock at time t, DT is the diffusivity of

the particle and ξx,n, ξy,n are white noise terms in x- and y-directions. The order

parameters of the model are self-propelling particle density, ρ = N/L2 where N

is the number of particles and L is the size of the square shaped lattice that the

motion of particles is translated by imposing periodic boundary conditions, v, the

particles’ speed and the intensity of the noise, η. For smaller particle densities

and higher noise strength, particles starts grouping and move coherently as flocks

in various directions. For higher particle densities and lower noise strength, the

correlation between particles becomes long-ranged and the whole ensemble moves

towards a specific orientation. This physical phenomenon is reminiscent of contin-

uous phase transitions in thermal equilibrium. Active particles that are described

by the Vicsek model start from a disordered state and swim into bands of coherent

clusters. If active agents in the flock become suddenly passive (< ~V >= 0) above

a critical noise strength η > ηc, order between particles disappears [33,34]. Thus,

active motion is crucial for flocking to occur. The most important feature of the

Vicsek model is its universality: the emergence of collective phenomena does not

depend on the species or a specific type of animal behavior that is controlled by

using cognitive abilities. Therefore, this phenomenon might be observed on a

group of inanimate active matter [35–38]. It is still a challenge for researchers

to establish a unified theory for flocking self-propelling particles that correctly

depicts collective phenomena in nature [29,33].
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Table 1.1: Examples of artificial microswimmers. Their propulsion mechanisms
are summarized in the tables. Each letter corresponds to the microswimmer
image given in Fig. 1.3.

Microswimmer Mechanism of Propulsion Fuel Dimensions Ref.

(a)
Pt/Au self propelling
rod-shaped particles

Oxygen formation due to
decomposition of H2O2 at the

Pt end of nanorod
3.3% H2O2

L = 1 µm
φ = 370 nm

[39]

(b)
Pt capped spherical
polystyrene (PS) Janus
particle

Self-diffusiophoresis 1-10%H2O2 1.62 µm [40,41]

(c)
Gold capped Janus
particles

Self-phoretic motion due to
local demixing of the critical

mixture by absorbed light

Critical mixture
(e.g. water-2,6-

lutidine)
0.1 to 10 µm [42–44]

(d)
Polymeric spherical
particles enclosing
hematite cubes

Self-diffusiophoresis due to the
decomposition of H2O2 near the
particle surface by the incident

UV light

3% H2O2 1.5 µm [45–47]

(e)
Deformable cylindrical
microrobots of liquid
crystal elastomers

Particle locomotion due to
deformation by

photoizomerization and
light-induced thermal effects

77mol% of
mesogen +

green laser light

L = 1 mm
φ = 200 to

300 µm
[48]

(f)
3D printed PDMS
based micro-scallops

Flapping magnetic shells by
applying magnetic field

Externally
applied

magnetic field
∼ 1.2 mm [49]

(g)

Motile bacteria (e.g. E.
coli) tethered spherical
particles

Bacteria-powered swimming
Glucose
(motility
medium)

10 µm [50,51]

(h)

DNA-linked
superparamagnetic
colloids attached to red
blood cells

Flagellar activity through the
modulation of external

magnetic field

Externally
applied

magnetic field
10 µm [52]

A well-known example of self-propelling particles from living matter is the swim-

ming microorganisms. Chemotactic microorganisms, such as E. coli can sense

chemical gradients and respond to them by moving from regions with lower con-

centration of chemicals to regions with higher concentration or vice versa. Also,

artificial self-propelling particles have been experimentally realized. Artificial mi-

croswimmers are colloidal particles which can harvest the energy stored in the

environment in order to generate a directed self-propulsive motion.
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Table 1.1 shows a list of artificial self-propelling particles and Figure 1.3 provides

several examples of artificial particles which can be found in the literature. Unlike

Brownian particles, the diffusion of active particles is not governed by forces in a

thermal equilibrium setting. Thermal equilibrium dictates that fluctuations must

be counterbalanced by the dissipative forces resulting from the drag of particles

inside an aqueous medium. As a result of this effect, a Brownian particle expe-

riences friction and its motion is eventually damped by the interaction with the

environment because its kinetic energy is dissipated into heat by the surround-

ing molecules. This is a well-known consequence of the fluctuation-dissipation

theorem imposing the reversible dynamics upon the system in terms of detailed

balance [53,54]. Therefore, the diffusion of Brownian particles must be invariant

under time-reversal symmetry and obey detailed balance. On the other hand,

individual trajectories of self-propelling particles break the time-reversal symme-

try and show sensitivity to initial conditions because of irreversible dynamics of

matter in a far-from-equilibrium setting. Besides their physical importance, ar-

tificial microswimmers have various applications regarding bioremediation, drug

delivery [55–57], chemical detection [58] and environmental sustainability [59].
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(a) (b) (c)

(d) (e) (f)

(g) (h)

Figure 1.3: Examples to artificially realized microswimmers. (a) Pt and Au
coated rod-shaped microswimmers which are actived when exposed to hydrogen
peroxide solution due to decomposition of H2O2 at Pt interface. Reprint from [39].
(b) Pt capped spherical Janus particle that undergoes self-diffusiophoresis due to
the concentration gradient around the particle surface. Reprint from [41].(c)
Schematic of the self-propulsion mechanism of gold capped spherical Janus parti-
cle which performs a self-phoretic motion due to the local demixing of the critical
mixture by the incident light. Reprint from [43]. (d) A Scanning electron mi-
croscopy image of polymeric spherical particles enclosing hematite cubes. Reprint
from [45]. (e) Activation of deformable cylindrical soft-microrobot. Reprint
from [48]. (f) A cartoon of 3D printed PDMS based micro-scallops. Reprint
from [49]. (g) Florescent image of E.coli based microswimmers. Spherical PS
bead is highlighted in red whereas attached bacterial cells are highlighted in yel-
low. Reprint from [51].(h) Schematic of DNA-linked superparamagnetic colloids
as an artificial magnetic ”flagellum”. Reprint from [52].
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1.3 Passive and active Brownian particles

In order to clearly understand how a single self-propelling particle diffuses in a

homogenous environment, we have to first consider Brownian motion [60]. A

single active particle having a velocity in a given direction is a good starting

point to build the model of a self-propelling particle and compare it to the case

of a Brownian particle. We can start to describe Brownian motion by considering

the 1D Fokker-Planck equation for a given probability density function (PDF)

ρ(x, t),

∂ρ(x, t)

∂t
= − ∂

∂x
[µ(x, t)ρ(x, t)] +

∂2

∂x2
[D(x, t)ρ(x, t)] (1.2)

where D(x, t) is the spatiotemporal diffusivity of the particle and µ(x, t) is the

drift term. We assume that there is no drift applied upon the diffusing particle

(µ(x, t) = 0) and the particle’s diffusivity is uniform and constant over the

infinitesimal time δt and space δx. Then, the Fokker-Planck equation (1.2) can

be reduced into the 1D diffusion equation,

∂ρ(x, t)

∂t
= D

∂2ρ(x, t)

∂x2
(1.3)

The exact solution of this equation for a Brownian particle located at the origin

is a Gaussian function with zero mean and variance 2Dt:

ρ(x, t) =
1√

4πDt
e−

x2

4Dt (1.4)

If we consider a Brownian particle in one dimension starting its motion from the

position x = 0, the PDF of its position at t = 0 is Dirac delta function peaked

around the origin, δ(x), the first- and higher-order moments, except the second-

order moment, of the position of vanish. The second moment of the position of

the Brownian particle is calculated,
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〈∆x2(t)〉 = 2Dt (1.5)

where ∆x = x(t)−x(t = 0) and the brackets represent the ensemble average. For

a Brownian particle moving in three dimensions, the second-order moment term

becomes

〈∆r2(t)〉 = 6Dt. (1.6)

As mentioned in the previous statement, both displacement and velocity average

out to zero because of the symmetric Gaussian PDF. Hence, the second moment is

a much more useful parameter to evaluate the average displacement of a diffusing

particle. The expression in equation (1.5) is termed mean square displacement

(MSD). It is also a measure of how far a particle can reach by performing Brow-

nian motion in an given amount of time
√
t. To understand the meaning of MSD

for diffusing particles, let us consider a dilute Brownian particle suspension in a

viscous medium. According to Fick’s first law, the diffusional flux of Brownian

particles, Jdiffusion, at a position r is given by

Jdiffusion(r) = −D∇ϕ(r) (1.7)

where D is the diffusivity, ∇ is the gradient operator and ϕ is the particle con-

centration in a unit volume [61]. We assume that there exists a uniform external

potential field, V (r), present in the medium. This potential field, V (r), gener-

ates a conservative force field that acts on the Brownian particles in the liquid

medium. We may assume that these particles respond to the force field by an

opposite force term which is called the drag force, Fd(r), and given by

Fd(r) = ξ vd(r) (1.8)

where ξ is the friction coefficient and vd is the drag velocity term. The Brownian
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particle immersed in the viscous fluid experiences the drag force, Fd, and move

with the drag velocity vd. We can restate the drag velocity term as

vd =
−∇V (r)

ξ
(1.9)

where ∇ is the gradient operator. The particles will flow towards the minimum

of the potential energy V (r) with the drag velocity, vd, and this creates a drift

current, Jdrift, due to the particle flux towards the minimum energy point

Jdrift = vd ϕ(r) (1.10)

and the total particle flux is given by

JT = Jdiffusion + Jdrift (1.11)

Under equilibrium conditions, the total flux must vanish and the particle concen-

tration must follow the Maxwell-Boltzmann distribution, therefore the volume

concentration can be approximated as ϕ(r) ∝ e
− V (r)
kBT . Thus, equation (1.11)

becomes

−∇V (r)

ξ
ϕ(r) = D∇ϕ(r) (1.12)
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If we plug the expression for the particle concentration in equation (1.12), we

obtain the Einstein-Smoluchowski relation [54,62,63],

D = µkBT (1.13)

where kB is Boltzmann constant and T is temperature. Here µ is the mobility

of the Brownian particle and inverse of the friction coefficient ξ. For a spherical

particle with radius of R, the friction coefficient ξ is given by the relation,

ξ = 6πηR (1.14)

according to Stokes’ law. Here, η is the viscosity of the surrounding fluid.

If we plug this coefficient into equation (1.13), we obtain the Stokes-Einstein-

Sutherland equation for a Brownian particle in a low-Reynolds-number regime

where viscous forces are dominant over inertial forces and the particle’s inertia

becomes negligible [62,64],

DT =
kBT

6πηR
(1.15)

Equation (1.15) is the relation which connects mass diffusivity of a Brownian

particle to physical and thermodynamical quantities. DT is also termed as the

translational diffusivity of a Brownian particle. The rotational diffusivity, DR,

can be retrieved by following the same line of reasoning only by changing the

drag force friction coefficient ξ given in equation (1.14) to ξR = 8πηR3,

DR = τ−1
R =

kBT

8πηR3
(1.16)
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where τR is the characteristic time scale for a Brownian particle subject to rota-

tional diffusion. Einstein’s model provided the framework needed to describe a

Brownian particle’s diffusion [62,65]. However, the main drawback of this model

was the lack of an accurate description of particle’s instantaneous velocity and

the role that Brownian particle’s inertia plays in the diffusion. For example, the

mean velocity of a Brownian particle can be defined

〈v〉 =

√
∆x2

t
=

√
2DT√
t

(1.17)

In equation (1.17), the mean velocity term 〈v〉 diverges when t approaches to zero,

therefore 〈v〉 term cannot represent instantaneous velocity of a Brownian parti-

cle between two consecutive measurement taken place at an infinitesimal time

intervals. The problem is based on the arbitrary selection of the time interval in

which the instantaneous velocity of Brownian particle is calculated. According to

Einstein, there is a short time interval during which the Brownian particle moves

in a straight line, i.e., performs ballistic motion, and the instantaneous velocity

can be measured within this short time scale t < τm. Einstein’s model predicts

that a Brownian particle of a 1 µm diameter in water would change its position

in a time interval of 0.1 µs over a distance of about 2 Å before its speed and

orientation are randomized by thermal noise [65, 66]. Recent technical advance-

ments in optics made the measurement of a Brownian particle’s position possible

in a chamber filled with rarefied gas and in liquid medium for a spatial resolution

down to 0.3 Å within a time frame of about 0.01 µs [67–69]. These findings verify

the ballistic motion that the inertial Brownian particle experiences, confirming

Einstein’s intuition.

For an inertial Brownian particle, there must be a time interval t < τm where the

particle undergoes ballistic motion because of the inertial forces applied to the

viscous medium by the massive particle. According to the equipartition theorem,

in thermal equilibrium, each translational kinetic energy term of a massive par-

ticle corresponds to an average energy of 1
2
kBT . Formulating the equipartition

theorem for an inertial Brownian particle yields,
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〈v2〉 =
kBT

m
(1.18)

In the ballistic regime (t < τm), the orientation and speed of the particle are not

as largely fluctuating as in the case of non-inertial Brownian motion regime and

therefore the speed of the particle can be taken as a constant. Thus, the MSD of

a massive Brownian particle can be expressed as

〈∆x2(t)〉 = 〈v2〉t2 (1.19)

if we plug the average velocity expression found in equation (1.18) into the MSD

term above, equation (1.19) becomes

〈∆x2(t)〉 =
kBT

m
t2 (1.20)

which shows the MSD function of an inertial particle before momentum relax-

ation. Previously, in Einstein’s model, the effect of inertia was neglected and the

MSD function was linearly increasing as a function of time. Einstein’s model ne-

glected the effects of ballistics over a particle’s trajectory and diffusion in smaller

time intervals.

Langevin later showed that the linear trend for MSD of a Brownian particle

is only valid for relatively large experimental times and ballistic effects cannot be

ignored below a certain time threshold (i.e. the momentum relaxation time τm)

from the onset of the motion. According to Langevin’s model, the motion of a

Brownian particle must be governed by Newton’s second law and the total force

acting upon the particle must include an external force as a drift term and a ran-

dom force as a noise term. This simplified picture of Brownian motion provided

Langevin a tool to probe single trajectories instead of dealing with the PDFs of

particles.
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Figure 1.4: The effect of inertia on a Brownian particle. (a) Trajectory of a non-
inertial Brownian particle (black) and a Brownian particle with inertia (red). The
trajectory of the particle with inertia displays more directed motion compared
to the massless Brownian particle. (b) The mean square displacement (MSD)
plot of the Brownian particle with inertia in logarithmic scale. The MSD of
the particle with inertia rapidly converges to the free diffusion line after the
momentum relaxation occurs (i.e. t ≈ τ). The parameters of the particle with
inertia that are used for this simulation are R = 1 µm , m = 11 pg, η = 0.001
Pa s, T = 300 K and τ = 0.6 s.

Langevin’s equation for a massive particle is

m
d2x

dt2
= −ξ dx

dt
+ f(t) (1.21)

where m is the mass of Brownian particle, f(t) is the random force, i.e. the noise

term and ξ dx
dt

is the friction term. The noise term can be defined as a white

spectrum Gaussian noise corresponding to a delta-correlated random force in the

time domain,

〈f(t)f(t′)〉 = δ(t− t′). (1.22)

Again by using the equipartition theorem, the generic MSD function of an inertial

Brownian particle can be deduced by ensemble averaging over many realization

of the trajectories:
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〈∆x2(t)〉 =
2kBT

ξ

(
t− m

ξ
+
m

ξ
e−

ξt
m

)
(1.23)

For time scales where the experimental time is larger than the momentum re-

laxation time (t >> τm = m
ξ

), the MSD function recovers the free diffusion of a

Brownian particle in Einstein’s model,

〈∆x2(t)〉 =
2kBT

ξ
t = 2DTt (1.24)

for smaller experimental times, i.e. t << τm exponential term can be expanded

into a power series for small t and the MSD of the particle becomes a quadratic

function of time:

〈∆x2(t)〉 =
kBT

m
t2 (1.25)

Langevin’s model successfully unified MSD of a massive Brownian particle for

ballistic and diffusive regimes. Figure 1.4(b) shows the MSD function of inertial

and non-inertial Brownian particles.

Microscopic particles are generally swimming in the low-Reynolds-number regime

where viscous forces are dominant over inertial forces. Therefore, we shall neglect

the inertial effects to model passive Brownian motion of a microscopic particle.

The Langevin equations describing the motion of passive Brownian particle in

two dimensions are

ẋ =
√

2DT Wx(t)

ẏ =
√

2DT Wy(t)

ϕ̇ =
√

2DRWϕ(t)

(1.26)

where x, y are the coordinates of the particle, ϕ is the angle showing the particle’s
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 (a)  (b)  (c)  (d)

Figure 1.5: Simulating the motion of active Brownian particles in two dimen-
sions. An active particle in a thermal bath having a velocity v and a orientation
of φ with a radius of 1 µm undergoes Brownian motion. The motion of such a
self-propelling particle is modeled as an interplay between Brownian and ballistic
motion. Trajectories of active particles are shown with respect to their veloci-
ties.(a) v = 0 µm s−1(Brownian particle), (b) v = 1 µm s−1, (c) v = 2 µm s−1,
(d) v = 3 µm s−1. Active particles with higher velocity explore larger area. Each
trajectory corresponds to 11 seconds of simulation time. The direction of the
active particle motion is randomized by the rotational diffusion at diffusive time
scale larger than relaxation time t >> τR. Reproduced from [4].

orientation with respect to the center-of-mass frame, and Wx(t), Wy(t) and Wϕ(t)

are independent, delta-correlated Gaussian noise terms. Simulated trajectories of

non-inertial Brownian particles obtained by numerically solving Langevin equa-

tions with the finite difference method given as the set of equations (1.26) are

shown in Fig. 1.4(a) [4, 70, 71]. In the case of an active particle, i.e. a self-

propelling Brownian particle, the particle possesses a certain velocity v and is

subject to rotational diffusion. The direction of the velocity vector determining

the direction of motion is coupled to the particle’s orientation (ϕ). Here is the

set of equations governing the motion of an active Brownian particle [4, 71]

ẋ = v cosϕ+
√

2DT Wx(t)

ẏ = v sinϕ+
√

2DT Wy(t)

ϕ̇ =
√

2DRWϕ

(1.27)

Figure 1.5(a-d) shows a series of active particles starting their motion from the

same point simultaneously. As the particle’s velocity increases, the direction of

motion changes because the particle is undergoing rotational diffusion. Thus, ac-

tive particles follow a ballistic regime at smaller experimental time scales whereas
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their motion becomes diffusive because of rotational diffusion at longer time

scales. In order to underscore the contrast better between the notion of passive

and active Brownian particles, let us go back to the concept of average trajectory

and consider the motion of a particle starting from the axis origin with a specific

orientation (i.e. x(0) = 0, y(0) = 0 and ϕ(0) = 0). For a passive Brownian

particle, the average trajectory is identically zero, i.e. 〈x(t)〉 = 〈y(t)〉 = 0, simply

because its PDF is symmetric (Gaussian function). However, introducing self-

propulsion into the model breaks this symmetry in the radial direction. Since the

Langevin equation for the particle’s orientation ϕ is not coupled to the particle’s

coordinates, its angular PDF (ρϕ(x, t)) must be the same expression as in the

passive Brownian case, and therefore ensemble averages as 〈cosϕ〉 and 〈sinϕ〉
can be obtained by using the angular PDF. The ensemble average of sine term in

y(t) in equation (1.27) vanishes, thus the average trajectory in y-direction, 〈y(t)〉,
identically vanishes [4]. The average velocity of a self-propelled particle in the

x-direction can be calculated as

〈x(t)〉 =
v

DR

(
1− e−DRt

)
(1.28)

If we substitute radial relaxation time (τR), which is the inverse of the rotational

diffusivity DR, equation (1.28) becomes

〈x(t)〉 =
v

τR

(
1− e−t/τR

)
(1.29)

This expression shows that an active particle has a decaying memory of its initial

orientation. An active Brownian particle starts its trajectory by following an ini-

tial direction for a finite persistence length, L, before its orientation is randomized

by the rotational diffusion,
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L = v τR. (1.30)

The motion of a set of active particles with different velocities v, as shown in

Fig. 1.5, displays ballistic motion at shorter time scales and diffusive motion

at longer time scales. The crossover between regimes occurs at relatively shorter

relaxation times for active particles with lower velocity v. In order to quantify this

observation, we must derive the theoretical MSD function of an active Brownian

particle as a function of its speed and characteristic time, τR. Theoretical MSD

function for an active particle can be formulated as [40]

〈∆x2(t)〉 = [4DT + v2τR] t+
v2τ 2

R

2
[e−t/τR − 1] (1.31)

At shorter time scales, t << τR, the MSD function of an active particles becomes

linear as in the case of a non-inertial Brownian particle, i.e. 〈∆x2(t)〉 = 4DTt.

Near to the crossover where the experimental time becomes comparable to the

relaxation time, t ≈ τR, the MSD function becomes quadratic, 〈∆x2(t)〉 =

4DTt + 2v2t2, and the motion regime of the particle is superdiffusive. At rel-

atively longer times scales, t >> τR, the MSD function relaxes back to linear,

〈∆x2(t)〉 = [4DT + 2v2τR] t, and the particle features enhanced diffusion with an

effective diffusivity Deff = DT + 1
2
v2τR. Figure 1.6 shows the MSD functions of

passive and active Brownian particles with different velocities.

In this section, we studied the active Brownian particle model in 2D by introduc-

ing a self-propulsion velocity of the particle which is coupled to its orientation due

to the rotational diffusion. In the following section, we shall discuss the Chiral

active Brownian model describing the motion of asymmetrical active particles.
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Figure 1.6: The enhanced diffusion and mean square displacement(MSD) of active
Brownian particles. The lines show theoretical MSD functions whereas symbols
show the MSD values of numerically simulated particles (see eq.(1.22)) with ve-
locities v = 0 µm s−1(circles), v = 1 µm s−1(diamonds), v = 2 µm s−1(squares)
and v = 3 µm s−1(stars). In the Brownian case (v = 0), the particle is in free
diffusion regime (MSD(t) ∝ t) whereas in the active Brownian case, particle is in
diffusive regime at shorter time scales (MSD(t) ∝ t where t << τR) renders to
superdiffusive regime (i.e. MSD(t) ∝ t2 for t ≈ τR) and then relaxes back to free
diffusion (MSD(t) ∝ t where t >> τR) with an enhanced diffusion coefficient.
Reproduced from [4].
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1.4 Chiral active Brownian motion

Moving along a straight line is seldom realized by a swimmer in most of the situ-

ations. The deviations from the linear trajectory of a microswimmer undergoing

ballistic motion breaks the left-right symmetry. As a result of this, a swimmer’s

trajectory can show a certain degree of helicity, i.e. chirality. The chirality of a

swimmer depends on the directional sign where it turns, which can be either clock-

wise (dextrogyre) or anti-clockwise (levogyre). A chiral swimmer shows circular

motion in two dimension and helicoids in three dimensions. The chiral motion of

microorganisms was first observed by Jennings in 1901 [72]. Since then the chiral

motion of E. coli [73, 74], spermatozoa [75] and other species of bacterial cells

have been observed in 2D as well as the helicoidal motion in 3D. For instance,

E.coli bacteria exhibit chiral motion near to a solid boundary or liquid-air in-

terface [76, 77]. Moreover, E. coli can be trapped outside of an obstacle or near

to a solid wall surface [78, 79]. Chiral motion is not limited to animate matter,

it can be also observed in L-shaped self-propelling particles [44] or asymmetrical

particles [80].

The features of chiral motion in active particles can be also captured by a min-

imalistic model as we showed in the previous case of active Brownian particles.

Here, an angular velocity term ω will be added to the time evolution of parti-

cle’s orientation ϕ along with the rotational diffusion of an active particle with a

velocity v:

ẋ = v cosϕ+
√

2DT Wx(t)

ẏ = v sinϕ+
√

2DT Wy(t)

ϕ̇ = ω +
√

2DR Wϕ(t)

(1.32)

where the helicity of particle’s circular motion (e.g. levogyre or dextrogyre) is

determined by the sign of ω. Figure 1.7 shows the simulated chiral motion of

active particles governed by equations (1.32). As shown in equation (1.16), the

rotational diffusivity scales with R−3 and as the size of a chiral active particle

decreases, the random effects of diffusion becomes dominant over the ballistic

ones. This can be clearly seen in Figs. 1.7(a-c).

21



 (a)  (b)  (c)

Figure 1.7: Simulating chiral active Brownian motion in two dimensions. An
active Brownian having a constant angular velocity ω and linear velocity v will
display chiral motion around a central external axis. (a-c) Simulated trajectories
of chiral active Brownian particles with different helicities (i.e. dextrogyre (yel-
low/light gray) and levogyre (red/dark gray)). Each particle has linear velocity
of v = 30 µm s−1 and ω = 10 rad s−1 and radius of R = 1000 nm, R = 500 nm
and R = 250 nm for (a), (b) and (c) respectively. For larger particle sizes, bal-
listic motion is dominant over diffusive effects. As the particle size is decreased,
rotational diffusion becomes dominant over the directed motion because the ro-
tational diffusion constant scales according to 1/R3 (eq. (1.12)). Reproduced
from [4].

1.5 Collective behavior and clustering in active

matter systems

So far, we have dealt with the dynamics of active Brownian particles in a homo-

geneous environment where there is no physical obstacle with which the particle

can interact with. The particle’s motion is governed by an overdamped Langevin

equation as long as the particles are assumed to be swimming in a viscous fluid

with a low Reynolds number. The presence of other active particles in the vicin-

ity drastically change this physical picture because of the emergent interactions

between swimming bodies. These interactions could be of hydrodynamical or

steric (e.g. attractive or repulsive) nature. The onset of such interactions leads

to dynamical changes on the single microswimmer level as well as on the collective

level where phenomena such as dynamical clustering or phase separation in an

ensemble of active particles might arise. We shall start by discussing how aligning

interactions between active particles start the collective behavior and swarming

in such an ensemble. As we mentioned in section 1.2, the Vicsek model is one of
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the earlier theoretical works to describe swarming in nature by using alignment

interactions [31]. Apart from the alignment-based flocking models, attractive and

repulsive interaction between active particles might also lead to cluster formation.

The phenomenology of this behavior follows from purely qualitative arguments:

If two active particles collide with each other heads-on, each one is persistent

to continue its course of motion. This two-particle aggregation can be broken

only if one of the active particle’s orientation points slightly away from the colli-

sion axis because of the rotational diffusion where the reorientation occurs within

rotational relaxation time (t ≤ τR). During this reorientation process, a third ac-

tive particle might join a two-particle cluster if the mean-collision time is smaller

than the time required for the reorientation of the active particles. Similar cluster-

ing dynamics was recently observed on light-activated hematite microswimmers.

Palacci et al. experimentally showed dynamical clustering in the microswimmers

enclosing an hematite core [45]. The formation of clusters is a dynamical process

because of the constant particle scattering in and out of a given colloidal cluster.

This interaction arises mainly due to the presence of attractive diffusiophoresis.

However, a similar clustering behavior is observed in the settings where the role

of diffusiophoresis on the attractive interaction between active particles is negli-

gible [81–84]. The formation of active clusters is not limited to inanimate active

matter, it is also observed in motile bacterial colonies [85, 86].
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Figure 1.8: Examples to collective behavior and clustering in colloidal ensembles.
(a) Clustering of light-activated active particles in aqueous medium. Colloids are
interacting through short-range repulsive potentials leading to phase separation
and other dynamic transitions (e.g. gas phase). Phoretic interactions between
colloidal particles are negligible. Reprint from [81]. (b) Clustering of colloidal
particles enclosing hematite cubes. In contrast to the previous example, attractive
diffusiophoretic interactions play a role in the dynamical clustering of these active
particles. Reprint from [45].
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Chapter 2

Disorder-mediated crowd control

in an active matter system

The spatial organization of individuals plays a crucial role in the growth and

evolution of complex systems. Their gathering and dispersal are critical in phe-

nomena as diverse as the genesis of planetary systems [87], the organization of

ecosystems and human settlements [88], the growth of bacterial colonies and

biofilms [89–92] the self-organization of active matter systems [45, 85] and the

assembly of macromolecular complexes at the nanoscale [93,94]. In systems close

to thermal equilibrium, this phenomenon is observed in the formation and melt-

ing of crystals [95]. For systems that are far from equilibrium, such as living

active matter, these dynamics become much less intuitive and can sensitively de-

pend on environmental factors [3, 74]. Typical environments for natural active

matter systems can indeed be highly heterogeneous, and, as recent theoretical

work has shown [96, 97], the presence of spatial disorder can significantly influ-

ence the motility of active particles, thus leading an active system to different

long-term behaviors. Despite these theoretical insights, the difficulty of exper-

imentally exploring complex environments in a controllable way has held back

the study of these dynamics in active matter systems. We have explored the

long-term spatial organization of a population of colloids in an active bath under
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diverse environmental conditions where a controllable degree of disorder is intro-

duced with optical potentials [98, 99]. The colloidal particles are driven far from

thermal equilibrium by an active bath of motile E. coli bacteria [100], which are

self-propelling microorganisms whose motion proceeds as an alternation of run-

ning and tumbling events [101]; because of random collisions with the bacteria

in the solution, the colloids are driven far from equilibrium, and, in a homoge-

nous environment, their motion features a crossover at a characteristic time in

the order of a few seconds from ballistic motion at short times to enhanced diffu-

sion at long times with an effective diffusion coefficient that is higher for higher

concentrations of bacteria [100]. The colloids in the active bath thus effectively

behave like active particles [40, 102]. Differently from a system at equilibrium,

our results show that the presence of spatial disorder in an external attractive

potential alters the long-term dynamics of the colloidal active matter system:

in particular, the depth of the local roughness in the environment regulates the

transition between individuals gathering in and dispersing from the attractive

potential, thus inspiring novel routes for controlling emerging behaviors far from

equilibrium.

2.1 Results

2.1.1 Dynamics in smooth potentials

To set the stage, we first consider the simple configuration where we illuminate

the colloidal particles (silica microspheres, diameter d = 4.99 ± 0.22 µm) in a

thermal bath, for example, in absence of bacteria, with a defocused Gaussian

beam (wavelength λ = 976nm, waist w0 = 47.8 ± 0.2 µm, power P = 100 mW)

whose intensity profile is reproduced in Fig. 2.1 (section 2.2 and Fig. 2.6).

We tracked the motion of the colloids by digital video microscopy [103]; their

trajectories over 1 minute preceding each snapshot are represented by solid lines

in the time-lapse sequence in Fig. 2.1(b)-(d). The Gaussian beam generates a

shallow smooth optical potential (Fig. 2.6) that attracts the colloids towards the

26



maximum of intensity in the centre of the illuminated area at an initial rate of 40.2

particles per minute (Fig. 2.1(e)); convection or thermophoresis are negligible for

the wavelength, power and chamber geometry used in our experiments (section

2.2.5). In absence of non-equilibrium driving forces (i.e. in the absence of the

bacterial bath), the particles form a crystal-like packed ordered structure within

a few minutes from the activation of the potential (Fig. 2.1(d)) [95]. As the time-

lapse sequence in Fig. 2.1(f)-(h) shows, the colloids gather at the bottom of the

same attractive potential also in an active bacterial bath, albeit without forming

a crystal-like structure (Fig. 2.1(h)). On average the particles drift towards

the maximum of intensity, even though the stochastic nature of the active bath

occasionally drives the colloids away from it, as demonstrated by their trajectories

in Fig. 2.1(f)-(h); the overall result is that the colloidal population in the central

region increases over time: within the first 30 minutes from the activation of

the potential, the population increases from Nparticles ≈ 20 to Nparticles ≈ 55 as

new individuals gather at a rate of 1.3 particles per minute (Fig. 2.1(i)). The

effective radial drift, which is negative, also confirms the gathering of particles at

the bottom of the potential (Table 2.1 and section 2.2.6). Since we start from a

disperse solution of colloids and bacteria (section 2.2), we do not observe phase

transitions [74] or the formation of active crystals [45, 85] within the time frame

of our experiment.

2.1.2 Dynamics in rough potentials

To test the effect of spatial disorder on the active matter system, we now make

the potential rough by generating an optical speckle pattern by mode-mixing a

coherent laser beam in a multimode optical fibre (Fig. 2.1(j); section 2.2 and

Fig. 2.6). Speckle patterns form rough, disordered optical potentials character-

ized by wells whose average width is given by diffraction (the average grain size,

here ws = 4.87 ± 0.70 µm) [98, 99]. Moreover, the well depths are exponentially

distributed [98,105], similar to the potentials found in many natural phenomena

such as in the anomalous diffusion of molecules within living cells [106]. Since the
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Figure 2.1: Gathering and dispersal of colloids in an active bath. In a smooth
attractive optical potential generated by a Gaussian beam (λ = 976 nm, w0

= 47.8 ± 0.2 mm and P = 100 mW) (a) the (b-d,f-h) time sequences show
colloids (silica microspheres, d = 4.99 ± 0.22 mm) gathering at the centre of the
illuminated area (corresponding to the dashed square in (a,j)) in a thermal bath
and in an active bath of E. coli bacteria, respectively. When disorder is added to
this potential with a speckle pattern (j) the (k-m, o-q) time sequences show that
colloids still gather at the centre in a thermal bath, but they are expelled from it
in an active bath. The solid lines in the sequences show particles trajectories over
1 min before each snapshot; in each time sequence, trajectories with the same
colour correspond to the same particle. The concentration of the bacteria as a
function of time is similar in both sequences (f-h, o-q) in particular, it starts at
a concentration c0 = 0.014 ± 0.001 cells per µm2 and it reaches a plateau ∼ 3.5
times this value as time passes. Sample experimental intensity distributions are
shown in the insets in a and j. The shaded areas in e, i, n and r show the time
evolution of the colloidal population for the four previous cases respectively. The
dashed lines are linear fits whose slopes give the initial rate of particle gathering or
dispersal. To directly compare smooth and rough potentials, the time evolutions
of e and i are also shown as solid lines in n and r respectively. The scale bars
correspond to 60 µm in a and j and to 20 µm in b and k. Reprint from [104].
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fibre imposes a Gaussian envelope to the speckle pattern [99], this random opti-

cal potential has a global minimum, which, just as the smooth Gaussian profile,

attracts the colloids towards the centre of the illuminated area (Fig. 2.6). In ab-

sence of bacteria, in fact, the colloids gather at the centre of the illuminated area

and eventually form a crystal-like ordered structure as shown in the time-lapse

sequence in Fig. 2.1(k)-(m). Compared with the sequence in Fig. 2.1(b)-(d),

this process happens at a slower rate of 22.4 particles per minute (Fig. 2.1(n)),

because the colloids are metastably trapped by the high-intensity grains of the

static speckle pattern and undergo a process of transient subdiffusion (section

2.2) [98], as confirmed by the fact that the 1-min trajectories in Fig. 2.1(k) are

much more confined than those in Fig. 2.1(b).

In the active bath, because of the attractive nature of the optical potential,

one would still expect to observe the colloids gather at the centre of the illu-

minated area as in all previous cases. Yet, the time-lapse sequence presented

in Fig. 2.1(o)-(q) shows the opposite behavior where the colloids are expelled

from the central illuminated area-this is our central experimental result. The

particle trajectories in Fig. 2.1(o)-(q) clearly show that on average the particles

move outwards, even though, as previously noted, there are instances of particles

moving in the opposite direction as a consequence of the stochastic nature of this

process. The corresponding colloidal population, which at the beginning (at the

time of activation of the potential) is similar in number to that of Fig. 2.1(f)

(Nparticles ≈ 2), decreases to virtually no particle after 30 minutes at a rate of 0.6

particles per minute (Fig. 2.1(r)). The effective radial drift is positive and, thus,

also confirms the dispersal of particles away from the illuminated area (Table 2.1

and section 2.2.6). These results clearly indicate that, while in absence of bacteria

the colloids always gather at the bottom of any attractive potential and eventu-

ally form a crystal-like ordered structure [95], under the non-equilibrium driving

forces introduced by the bacterial bath the colloids disperse if spatial disorder is

added to the attractive potential. In the following, we explain these observations

as a consequence of the presence of two sources of heterogeneity in the system:

the first is the gradient in the local concentration of bacteria, and the second is

the degree of local roughness of the attractive potential.
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2.1.3 Underlying mechanism

To understand why the addition of spatial disorder leads the active system to this

counterintuitive long-term response, we need to explore the underlying dynam-

ics behind the behavior of the bacteria, which are the driving force that takes

the system out of equilibrium and represent the first source of heterogeneity in

the system. As it can be directly appreciated in the time-lapse sequences in

Fig. 2.1(f)-(h) and in Fig. 2.1(o)-(q), the motile bacteria rapidly accumulate

in the illuminated area following the activation of the optical potential. For the

power levels we employ, the optical forces acting on the bacteria are negligible

(section 2.2), whereas absorption of near-infrared light from the motility buffer

generates a shallow temperature gradient (∆T = 1.3 ± 0.3 K above room tem-

perature; Fig. 2.8 and section 2.2.7) that attracts the bacteria towards warmer

regions [92, 107–109]. To visualize the temperature profile, we calculated the

steady-state temperature gradient for both smooth (Fig. 2.2(a), (b)) and rough

potentials (Fig. 2.2(c), (d)).

The calculated temperature increase (∆T ≈ 1.2 K above room temperature,

section 2.2.7) agrees with the measured value and is similar for both potentials

since it is mainly determined by the Gaussian envelope of the intensity profile

and shows little sensitivity to the local roughness in the speckle case. As a

consequence of their accumulation in the illuminated area, the bacteria form a

concentration gradient that fades radially towards colder regions [92,107] so that

the average velocity v of the colloids in the active bath also fades radially as a

function of the concentration of bacteria (Fig. 2.2(e)) [100]. For both smooth and

rough potentials, this creates an outward radial drift that tends to transport the

colloids from regions of higher bacterial concentration (higher velocity) to regions

of lower concentration (lower velocity), that is, away from the illuminated area.

This is in agreement with the theoretical expectation that the density of active

particles whose velocity is position-dependent scales with their velocity [110,111].

However, only when the colloidal dynamics are slowed down by the transient sub-

diffusion due to the disorder in the random optical potential (the second source

of heterogeneity in the system) this outward drift of colloids outbalances their
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Figure 2.2: Colloidal average velocity in the temperature-induced gradient of
bacteria. (a) Calculated temperature gradient ∆T near the surface due to light
absorption in the motility buffer at λ = 976 nm for a Gaussian illumination. (b)
Crosscuts of ∆T (red line) and of the Gaussian intensity profile I (grey line) along
the dashed line in a. The scale bar corresponds to 40 µm. (c,d) Same as (a,b)
for a disordered speckle illumination with a Gaussian envelope. In both cases,
the temperature gradient is smooth and is mainly determined by the Gaussian
envelope of the intensity distribution, despite the presence of local roughness in
the speckle intensity. (e)E. coli bacteria are attracted towards warmer areas and
their radial concentration c increases as a function of the local heating (inset), so
that the average velocity v of the colloids, which depends on the concentration of
bacteria, fades radially when moving away from the central illuminated area. c0

is the concentration of bacteria before the activation of the optical potential and
it is homogeneous in space. The error bars represent one s.d. around the average
values. The colour bar in the inset shows the temperature variation as a function
of position. Reprint from [104].
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inward drift due to the attractive nature of the envelope of the optical potentials.

In the bacterial bath, two competing effects influence the dynamics of the col-

loids: on the one hand, the attractive optical potentials induce a drift towards

the centre of the illuminated area for both time-lapse sequences in Fig. 2.1(f)-(h)

and in Fig. 2.1(o)-(q); on the other hand, the temperature-induced gradient of

bacteria determines an opposite drift that tends to drive the colloids out of the

illuminated area. On average, a single active particle would, in principle, settle

where these two counteracting effects balance each other out; this will happen for

both cases of smooth and rough potentials, even though at different positions.

When multiple particles are present, however, crowding effects due to steric in-

teractions come into play. In the smooth attractive potential (Fig. 2.1(f)-(h)),

the particles drifting towards the centre of the illuminated area create a steric

confinement that limits the capability of the particles already in the central region

to escape from the potential well; hence the overall accumulation. In the rough

attractive potential (Fig. 2.1(o)-(q)) instead, the local potential traps introduced

by the disorder prevent the formation of a similar steric confinement by signifi-

cantly slowing down the advancement of the outer, less-active particles towards

the bottom of the potential well; hence the overall dispersal. Furthermore, once

the particles are expelled, the same roughness created by the local traps is what

prevents the particles to re-accumulate at the bottom of the potential well.These

conclusions are corroborated by a set of experiments performed with a laser at

λ = 785 nm where water absorption is about 20 times lower than at λ = 976

nm heating effects are thus negligible (∆T ≈ 0 K). (Fig. 2.8 and section 2.2.7);

in this case, we did not observe either accumulation of bacteria or dispersal of

colloids, as shown in Fig. 2.3.

To test the generality of these results for a generic active matter system beyond

the specific implementation of our experimental settings, we consider a minimal-

istic numerical model where the colloids are substituted by active particles whose

average velocity v is position-dependent to account for the temperature-induced

gradient of bacteria (section 2.2). This is a realistic scenario both for living and

artificial active matter, for example, bacteria adjust their propulsion in response
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to chemical gradients of food or toxins, and microswimmers in response to gra-

dients in their energy source [74]. Figure 2.7 shows that, also in simulation, the

long-term behavior of a population of active particles with a position-dependent

velocity v depends on the underlying potential in quantitative agreement with our

experimental results in Fig. 2.1: in a smooth Gaussian potential (Fig. 2.7(a)-(c)),

the particles gather at its minimum at a rate of 0.88 particles per minute (Fig.

2.7(d)), while in a disordered potential with a Gaussian envelope (Fig. 2.7(e)-

(g)) the particles are expelled from the central region at a rate of 0.26 particles

per minute (Fig. 2.7(h)), despite the presence of attractive forces pushing them

inwards.

2.1.4 Transition from gathering to dispersal

So far we have identified two long-term behaviours for the active system un-

der different underlying potentials, that is, the gathering and dispersal of active

particles. Figures 2.4 and 2.9 show that the transition between such opposite

responses can be controlled by regulating the average depth of the local rough-

ness in the potential. To decrease the potential depth in a controllable way, we

generate time-varying speckle patterns with different decorrelation times τs (sec-

tion 2.2 and Fig. 2.6): in this way, the effective potential is the time average of

the potentials generated by all the M uncorrelated speckle patterns within the

characteristic timescale of the colloids motion over the speckle patterns (τp ≈ 124

ms) [98].

The change in local potential depth can then be measured by the speckle contrast

Cs = 1√
2M

where the factor 2 accounts for the two possible polarizations of

light and M = τp
τs

for τs ≤ τp and M = 1 otherwise [105]. This allowed us to

dynamically shift from a potential with maximum contrast when the speckle is

static(Cs = 0.71, τs =∞ , Fig. 2.4(a)) to a case where the speckle is decorrelating

extremely fast so that any roughness is averaged out in time and the potential

is essentially Gaussian (Cs ≈ 0, τs = 0.08 ms, Fig. 2.4(i)). The evolution of the

colloidal populations is shown in Fig. 2.4 for the various cases. As expected, the
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Figure 2.3: Colloidal dynamics in an active bath at 785 nm. The (a-c,e-g) time
sequences show the gathering of colloids (silica microspheres, d = 4.99 ± 0.22
µm) at the centre of the illuminated area in an active bath of E. coli bacteria
for smooth and rough optical potentials generated by a laser at wavelength λ =
785 nm (P = 100 mW, w0 = 49.9 ± 0.2 µm). The average speckle grain size in
e-g is ws = 4.38 ± 0.50 µm. Because water absorption is about 20 times lower
at λ = 785 nm compared with water absorption at λ = 976 nm, heating effects
are negligible and the gradient of bacteria that can drive the expulsion of colloids
from the illuminated area does not form. This is in contrast to Fig. 2.1f-h, o-q
at λ = 976 nm where bacteria are accumulating at the centre of the illuminated
area and gathering of colloids in the active bath is observed only for a smooth
potential (Fig. 2.1(f)-(h)), but not for a rough potential (Fig. 2.1o-q). The scale
bars correspond to 20 µm. The shaded areas in d and h show the time evolution
of the colloidal population for the two previous cases, respectively. The dashed
lines are linear fits whose slopes give the rate of particle gathering, which is (d)
0.6 and (h) 0.2 particles per minute, respectively. Compared with the sequence
in a-c the gathering of colloids in e-g is slowed down by the high-intensity grains
of the static speckle pattern where the colloids are metastably trapped. Reprint
from [104].
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two extreme cases (Fig. 2.4(a), (i)) closely resemble the results of Fig. 2.1, and

we respectively observe dispersal and gathering of colloids. For the intermediate

cases, we observe a continuous transition between these two behaviours going

through a case where the colloidal population is stable in time (Cs = 0.05, τs =

0.7 ms, Fig. 2.4(h)) when the two competing processes, that is, the gathering and

the dispersal of colloids are balancing each other. Interestingly, this transition is

non-monotone: when we first reduce the contrast (Cs = 0.13, τs = 4.2 ms, Fig

2.4(b) and Cs = 0.1, Cs, τs = 2.5 ms, Fig. 2.4(c)) the dispersal of colloids becomes

even faster before starting to slow down for lower values of Cs (Cs = 0.07, τs = 1.4

ms, Fig. 2.4(g)). Our interpretation for this behavior is that initially, when the

contrast of the speckle lowers and the average potential depth starts decreasing,

the bacteria can push the colloids out of the local potential wells created by the

speckle more easily, thus accelerating the rate of expulsion of the particles from the

illuminated area. Finally, Fig. 2.5 shows that real-time control of the dynamics

of the active system is achievable by changing the statistical properties of the

potential. By switching between smooth and disordered Gaussian potentials and

vice versa, the evolution of the colloidal population in time can be modulated

and switched between opposite behaviors: in Fig. 2.5(a), the colloids gather in

the central area in the first 15 minutes under smooth Gaussian illumination, and

start dispersing as soon as the potential is switched to a disordered one; in Fig.

2.5(b) instead the colloids that are being expelled from the disordered attractive

potential in the first 15 minutes restart accumulating as soon as the potential is

switched to a smooth one.

2.1.5 Discussion

Our results demonstrate the critical role played by spatial disorder and environ-

mental heterogeneity in determining the long-term behaviour of active matter

systems as a result of non- equilibrium driving forces. The interplay between

active particles and the features of the underlying potential where they move

can lead to a transition between two long-term opposite behaviours, that is, the

gathering and the dispersal of individuals from a common region.

35



Figure 2.4: Controlled transition between gathering and dispersal of colloids in
an active bath. (a-c,g-i) As the local roughness of the laser beam is continuously
decreased from (a) a high-contrast speckle Cs = 0.71 to (i) an almost Gaussian
distribution with very low-speckle contrast Cs = 0.02, the time evolution of the
colloidal population in the active bath (d-f, j-l) show a non-monotone transition
from (d) dispersal to (l) gathering of individuals in the central illuminated area.
To directly compare all different cases, the time evolution in d is also shown as
a solid line in the other time evolutions. The corresponding snapshots at t =
30 minutes of the distribution of colloids are shown in Fig. 2.9. The scale bar
corresponds to 20 µm. Reprint from [104].

Moreover, we have shown that these behaviors can be dynamically controlled by

changing the statistical properties of the underlying potential in real time. In

particular, we attribute our observations to the interplay among three ingredi-

ents, that is, multiple active particles with a position- dependent velocity (which

in our experiment is generated by a gradient in bacterial concentration), an at-

tractive potential, and a controllable degree of roughness in the potential, which

allows a transition from the gathering of individuals in it to their dispersal. This

effect can be explained as a combination of single- particle dynamics and steric

collective interactions. While the single-particle dynamics are governed by an

intrinsically out-of- equilibrium component associated to the drift in the gradient
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Figure 2.5: Dynamic switching between gathering and dispersal of colloids in
an active bath. By dynamically controlling the roughness of the potential, it is
possible to make the active system shift in real time between the two opposite
behaviours in Fig. 2.4(d), (l). (a) The colloids first gather in the illuminated
area under a smooth Gaussian potential, while they start to disperse after the
first 15 min when the potential is switched to a disordered one. (b) The opposite
situation is considered where the colloids, after dispersing for the first 15 minutes
in a disordered potential, start gathering again in the illuminated area when the
potential is switched to a smooth Gaussian one. Reprint from [104].

of the particle velocity, the collective interactions are not specific to active matter

systems and they can also be observed for systems at equilibrium (for example,

in the crystallization of colloids in a thermal bath in an attractive potential as

in Fig. 2.1(b)-(d), (k)-(m)). Similar dynamics can determine the growth, health

and survival of living matter systems such as bacterial colonies and biofilms where

dispersal and aggregation of individuals play a central role in shaping the time

evolution of the population [89, 91, 92]. In the study of active matter systems,

other interesting phenomena can also emerge as a consequence of the individual

or collective interaction of active particles with a disordered environment, such as

their spontaneous trapping by disorder [96] or the emergence of other large-scale

collective behaviors due to aligning interactions [112]. Beyond this fundamen-

tal interest, these results are relevant to engineer autonomous agents interacting

with realistic (complex and crowded) surroundings, for example, artificial mi-

croswimmers capable of localizing, picking up and delivering nanoscopic cargos

in catalysis, bioremediation, chemical sensing and drug delivery [113].
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2.2 Methods

2.2.1 Bacteria preparation

Motile E.coli were cultured from the wild-type strain RP437 (E. coli Genetic

Stock Center, Yale University). The bacteria were grown overnight at 32.5 ◦C

in tryptone broth containing 1% tryptone. Once the culture saturated, it was

diluted 1:100 into fresh growth medium and incubated again for 4 h at 32.5 ◦C

while mildly shaken at 180 r.p.m. until the culture reached its mid-log phase

(OD 600 ≈ 0.40). Finally, 5 mL of this dilution was centrifuged at 2,000 r.p.m.

at room temperature for 10 min: the resulting precipitated bacterial pellets were

then gently collected and resuspended in 5 mL of motility buffer containing 10

mM monobasic potassium phosphate (KH2PO4), 0.1mM EDTA(pH 7.0), 10 mM

Dextrose(C6H12O6) and 0.002 % of Tween 20. This process was repeated three

times for replacing the growth medium with motility buffer and halt bacterial

growth completely.

2.2.2 Preparation of the solution of colloids

Diluted solutions of colloids in a thermal bath were prepared by adding 10 µL of

monodisperse silica particles (Microparticles GmbH, diameter d = 4.99 ± 0.22

µm, volume fraction 0.025) to 990 µL of motility buffer. Diluted solutions of

colloids in an active bath were instead prepared by adding 10 mL of monodisperse

silica particles to 990 mL of motility buffer containing cultured E. coli bacteria.

2.2.3 Experimental set-up and optical potentials

All the experiments are performed on a homemade inverted microscope that is

adapted to project both smooth and disordered optical potentials in the sample

chamber [98, 114] as schematically shown in Fig. 2.6. Smooth Gaussian optical
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potentials (beam waist w0 = 47.8 ± 0.2 µm are generated by focusing a Gaussian

laser beam (λ = 976 nm, maximum output power P = 600 mW) with a planocon-

vex lens (f = 50 mm) onto the sample chamber (Fig. 2.6(a)). Wavelength and

power (P = 100 mW) were chosen to generate a small increase in the temper-

ature of the motility buffer without damaging the bacteria. Optical potentials

with different degrees of disorder are generated by coupling the laser beam into a

multimode optical fibre (core diameter 105 µm, numerical aperture (NA) = 0.22,

51-m long) using a planoconvex lens of short focal distance (f = 25.4 mm), as

shown in Fig. 2.6(b). The typical output field, known as speckle, has a random

appearance with a Gaussian envelope (beam waist w0 = 49.9 ± 0.2 µm) since it

is the result of the interference of a large number of optical waves with random

phases, corresponding to different eigenmodes of the fibre. In our experiments at

λ = 976 nm, the average speckle grain size is ws = 4.87 ± 0.70 µm. The fibre is

attached to a mechanical oscillator whose vibration frequency can be modulated

to change the roughness of the optical potential [98]: when the oscillator is off,

the speckle is static in time (decorrelation time τs = ∞, Fig. 2.6(c)); otherwise,

the frequency of the oscillation can be increased in a controlled manner to have a

speckle that decorrelates faster and faster until any roughness is averaged out and

the potential is a smooth Gaussian (τs = 0.08 ms, Fig. 2.6(c)). By controlling

the speckle decorrelation time between these two extremes, the average depth of

the local roughness in the potential can also be controlled. It is worth noting

that, for the smooth potential, we obtained qualitatively similar results, that is,

gathering of colloids, with both versions of the set-up. The fibre output end

is connected to a flat-terminated adapter (Thorlabs, SM1SMA) that constitutes

the upper wall of the sample chamber containing the solutions of particles and

bacteria; the distance between the top and the bottom of the chamber is l ≈ 100

µm. In both versions of the set-up, the particles are tracked by digital video mi-

croscopy using the image projected by a microscope objective (× 20, NA = 0.5) on

a monochrome charge-coupled device (CCD) camera with an acquisition rate in

the range of 5−21.4 f.p.s. [103]. Optical scattering forces push the particles in the

direction of light propagation towards the lower wall of the sample chamber, so

that they effectively confine the particles in a quasi-two- dimensional (2D) space.

The incoherent illumination for the tracking is provided by a white-light lamp
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Figure 2.6: Schematics of the setup. Optical setups to generate (a) smooth
Gaussian optical potentials and (b) optical potentials with a controllable degree
of disorder: WI, white light lamp; DM, dichroic mirror; M1 and M2, mirrors; L,
lens; S, sample; O, objective; F, filter; CCD, CCD camera; MMF, multimode
optical fiber. (c) The fiber in b is attached to a mechanical oscillator whose
vibration frequency can be modulated to change the roughness of the optical
potential. (d) The profiles of the optical potentials along the white dashed lines
in c both for smooth Gaussian illumination (red line) and disordered illumination
(black line). All scale bars correspond to 40 µm. Reprint from [104].
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either directly projected onto the sample (Fig. 2.6(a)) or coupled into the optical

fibre (Fig. 2.6(b)) using a dichroic mirror (Thorlabs, DMLP605). The typical du-

ration of an experiment is ∼ 60 minutes before bacteria motility starts to decrease

because of lack of oxygen and nutrients. Fig. 2.6(d) shows examples of calculated

optical potentials for the colloidal particles corresponding to the level of power

used in the experiments for both Gaussian and random illumination [99, 115].

Due to their Gaussian envelope, both potentials show a global minimum at their

centre several times deeper than the characteristic thermal energy (∼18 kBT ).

The potential corresponding to random illumination also presents several local

minima on its Gaussian envelope that are deep enough (≈ 4 kBT on average for

a static speckle) to metastably trap the colloids in the high-intensity grains of

the speckle. For the bacteria (for the same levels of power), the global minimum

of the Gaussian envelope in the optical potentials is in the order of ≈ 0.05 kBT

and the local minima on the Gaussian envelope of the rough potential are in the

order of ≈ 0.3 kBT . Both global and local minima are significantly smaller than

the thermal energy, thus optical forces on bacteria can be safely neglected.

2.2.4 Numerical model

We consider a numerical model where the colloids in the active bath are repre-

sented by self-propelled hard spheres of radius r that move responding to the

following set of Langevin equations [71]:

d

dt
φ(t) =

√
2

τr

Wφ

d

dt
x(t) = v cosφ(t) +

√
DSEWx + Fx(x, y)

d

dt
y(t) = v sinφ(t) +

√
DSE Wy + Fy(x, y)

(2.1)

where [x(t),y(t)], φ(t), v, τr, DSE, γ = 4πvr are, respectively, the active par-

ticles position, orientation, velocity, rotational diffusion time, Stokes-Einstein

diffusion coefficient and friction coefficient; v is the viscosity of the surrounding
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medium; and Wφ, Wx and Wy are independent white noise processes [71]. There-

fore, to model the effect of the bacteria on the motion of the colloids, in addition

to Brownian motion, the spheres move with a radially-dependent velocity v(r) in

a direction that changes randomly on a timescale determined by an effective ro-

tational diffusion τr [71]. The position-dependent velocity of the active particles

accounts for the fact that, in the experiment, the bacterial concentration and,

thus, the velocity of the colloids are position-dependent as a consequence of the

temperature gradient. Then, v(r) is chosen to reproduce the experimental time

dynamics of gathering and dispersal shown in Fig. 2.1(f)-(h), (o)-(q): v(r) is con-

stant within the dashed circle in Fig. 2.7(a), v(r) = 2 µm s−1, then linearly decays

to v(r) = 1 µm s−1 at r = 50 µm and fades to zero at even longer distances. The

optical forces induced by smooth and rough potentials are modeled by imposing

an external force field acting on the particles F = [Fx, Fy] [71]: in the case of the

smooth optical potential, the forces are calculated as the gradient of a 2D Gaus-

sian potential; while in the case of the random potential, the forces are calculated

as the gradient of a 2D speckle intensity pattern with a 2D Gaussian envelope and

same average grain size as in the experiments [98,99,115]. Inertial effects can be

neglected because of the very low Reynolds number regime of our system, while,

when a displacement makes two particles overlap, the particles are separated by

moving each one half the overlap distance along their centre-to-centre axis. The

simulations are robust and the main observable result, that is, the transition

from gathering to dispersal of active particles in an attractive potential, depends

very little on the particular choice of the parameters (for example, absolute value

and functional form of the velocity, and rotational diffusion), although the time

dynamics for the two processes can be altered.
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Figure 2.7: Numerical simulations. The (a-c, e-g) time sequences show that active
particles gather in a smooth Gaussian potential, while they disperse in a rough
spatially disordered potential. The particles move with a position-dependent
velocity v(r) that is constant within the dashed circle in a and then fades gradually
to zero when radially moving away from it. These simulations are in very good
agreement with the experimental time sequences reported in Fig. 2.1 (f)-(h),
(o)-(q), respectively. The scale bars correspond to 20 µm. Sample intensity
distributions are shown in the background for the two time sequences. The shaded
areas in d and h, respectively, show the time evolution of the active particles for
the two previous cases. The dashed lines are linear fits whose slopes give the
initial rate of particle gathering or dispersal. To directly compare smooth and
rough potentials, the time evolution of d is also shown as a solid line in h. The
simulation parameters are chosen to closely mimic the corresponding experimental
values. Reprint from [104].

2.2.5 Absence of convection and thermophoresis

For our experimental conditions, we can exclude a convection-driven flow for the

particles since the Rayleigh number

Ra =
gα∆T l3

vκ
≈ 0.02� 1700, (2.2)

where 1700 represents the critical value above which the onset of convection occurs

in the Bérnard configuration corresponding to two parallel horizontal boundaries

separated by a distance l = 100 µm and with a temperature difference ∆T = 1.2

K; g = 9.8 m s−2 is the gravitational acceleration, α = 2 ·10−4 K−1, is the thermal
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expansion coefficient of water, v = 10−6 m2 s−1 is its thermal diffusivity. More-

over, since silica particles have a positive Soret coefficient, thermophoresis can be

excluded because, in absence of bacteria, they would otherwise be pushed away

from the warmer central illuminated area towards the colder outside boundaries

rather than gathering at its center.

2.2.6 Radial drift calculation

The radial drift vr(r) quantifies the average velocity at which the colloids move

away from the center of the illuminated area along any radial direction, and it is

defined as

vr(r) =
1

∆t
〈rn+1 − rn | rn

∼= r〉 (2.3)

where rn are discrete samples of the radial position of the colloidal particles

calculated from the center of the optical beam and ∆t is the time step between

samples.

Optical Potential Bath r(µm) vr(µm s−1)

smooth thermal 30 −0.37

smooth active 30 −0.11

rough thermal 30 −0.26

rough active 30 +0.09

Table 2.1: Radial drift. Radial drift vr at r = 30 µm for colloids in thermal

and active baths under different potentials. The radial drift is positive only for

colloids in an active bath moving on a rough potential.
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A negative radial drift means the particles are gathering at the center, while

a positive radial drift indicates that the particles are moving away from it. In a

thermal bath, the effective radial drift of the colloidal particles is negative both

in smooth and rough optical potentials; in an active bath, the radial drift is

negative only in a smooth potential, while it is positive in a disordered potential,

thus confirming the dispersal of colloids in this case (Table 2.1).

2.2.7 Heating effects

We measured the temperature increase over room temperature (fixed at 23 ◦C)

at the center of the illuminated area (Fig. 2.8) by fluorescence intensity measure-

ments of Rhodamine B (Merck Millipore) using a photodiode [116]. in particular,

our sample chamber was filled with a solution of rhodamine B (0.1 mM) pre-

pared in carbonate buffer (0.02 M); all solutions were prepared using deionized

water. The calibration curve in Fig. 2.8 is obtained by linearly fitting the data

points acquired by measuring the fluorescence intensity of the solution (excitation

λ = 532 nm and P = 5 mW to avoid photobleaching) at different temperatures

on a microscopy stage with temperature controlled at ± 0.05 K (using a heat

bath). Under laser illumination at λ = 976 nm (P = 100 mW, w0 = 47.8 ±
0.2 µm brown square), we measured a temperature increase of 1.3 ± 0.3 K. We

remark that the absorption coefficient of water at λ = 785 nm is approximately

twenty times smaller than at λ = 976 nm, thus the temperature variation will

also be approximately twenty time smaller for the same power of the illumination,

as confirmed from the measurements in Fig. 2.8 where we did not observe any

temperature increase at λ = 785 nm (P = 100 mW, w0 = 49.9 ± 0.2 µm, red

circle).

To gain insight on the temperature distribution beyond the spatial resolution

of our measurements, for the case of light absorption from the motility buffer

in our sample chamber (dimensions wx = 1 mm, wy = 1 mm, wz = 1 mm),

we can calculate the temperature variation ∆T above room temperature due to

laser illumination by numerically solving the steady-state Fouriers law of heat

conduction [117]:
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Figure 2.8: Temperature increase measurement. The normalized fluorescence in-
tensity of Rhodamine B solutions in the sample chamber is a sensitive indicator
of the sample solution temperature. In absence of laser illumination, the temper-
ature of the sample cell is the room temperature (blue diamond, 23 ◦C). Under
illumination with a laser at λ = 976 nm (P = 100 mW, w0 = 47.8 pm 0.2 µm,
brown square) the temperature increases by ∆T = 1.3 ± 0.3 K. Under illumina-
tion with a laser at λ = 785 nm (P=100 mW, w0 = 49.9 ± 0.2 µm, red circle) the
temperature of the sample does not change appreciably. The dashed line shows
the calibration curve that relates fluorescence intensity to temperature used to
perform the measurements. This curve is the linear fitting line for the calibration
data points (dots). Error bars represent one standard deviation around the mean
values averaged over 6 measurements per data point. Reprint from [104].
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∇2(∆T (r)) = −µ(λ)

C
I(r) (2.4)

where I(r) is the intensity of the laser beam at point r; µ(λ) is the absorption

coefficient of the water in the buffer at a given wavelength; and C is its thermal

conductivity. In our case, I(r) is either given by a Gaussian beam or a speckle

pattern with a Gaussian envelope, both propagating along z. For water, µ(λ) =

44.5 m−1 at λ = 976 nm , µ(λ) = 2.22 m−1 at λ = 785 nm and C = 0.60 W

m−1 K−1. The intensity I(r) is defined on a discretized lattice (spatial step: 1

µm) so that the total power at any xy-plane is equal to 100 mW (as the effect

of absorption is negligible on these length scales). The temperature increases

obtained from the numerical simulations shown in Fig. 2.2 are in good agreement

with the measured values.
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Figure 2.9: Final distribution of colloids for different speckle contrasts. Snapshots
at t = 30 minutes of the distribution of colloids in an active bath under different
optical potentials where the local roughness is continuously decreased from a
high contrast speckle Cs = 0.71 (a) to an almost Gaussian distribution with very
low speckle contrast Cs = 0.02 (f) through four intermediate values (b) Cs =
0.13, (c) Cs = 0.10, (d) Cs = 0.07, (e) Cs = 0.05. These snapshots show a
non-monotone transition from dispersal (a) to gathering (f) of individuals in the
central illuminated area. The scale bar corresponds to 40 µm. The complete
time evolutions of the colloidal population are shown in Fig. 2.4(d)-(f) and Fig.
2.4(j)-(l). Reprint from [104].
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Chapter 3

Individual and collective motion

of bionic microswimmers

As we have seen, self-propelling agents can be defined as controllable micro-

scopic active particles which can harvest energy from the environment and trans-

form it into a self-propulsive motion [4, 43, 118]. Ideally, self-propelling swim-

mers are expected to autonomously perform a given task inside hardly accessible

domains [113, 119]. Various artificial self-propulsion methods have been imple-

mented in order to realize active Brownian motion at the microscale [56]. One of

the most common example of such propulsion mechanisms is the chemical activa-

tion of a catalytic interaction between microswimmer and the liquid medium; i.e.

self-diffusiophoresis through decomposition of H2O2 or demixing of a surrounding

critical mixture by illumination [42,43,81]. The physical mechanism behind this

self-propelling action is not fully understood yet and several proposed clarifica-

tions include self-electrophoresis [120,121] and oxygen bubble formation [122]. For

the study of living active matter systems, using these chemical compounds bring

experimental limitations and several drawbacks because catalytic microswimmers

can be only activated inside a chemically active region and their byproducts can

be physiologically noxious to cells and other organisms. Therefore, environmental

factors such as pH, temperature and level of oxygen must be specifically adjusted
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for studying living systems in vivo and in vitro. An alternative approach to cre-

ate bio-friendly microactuators is using artificial substrates, e.g. colloidal beads

anchored by living motile cells [123,124]. The biohybridization method of swim-

mers holds a great potential for specific tasks such as targeted delivery performed

by bacterial cells where they can be directed and steered through taxis response.

E. coli [125–127], Serratia marcescens [50, 128], phototactic algae [129], magne-

totactic bacteria [130] and sperm cells [131] can be tethered to various substrates

as small motile organisms in order to control pathways of microactuator trans-

portation and cargo delivery. S. marcescens is an opportunistic pathogen and

thus not very suitable for such studies and possible biomedical applications. On

the other hand, the propulsion mechanism as well as chemotactic response of E.

coli has been extensively studied and very well-known. Furthermore, the bacte-

rial strains containing non-pathogenic variants of E. coli can be safely isolated

and replicated in a laboratory environment and they do not possess any harmful

effects on human health. Therefore, E. coli cells can be readily used in vari-

ous biophysical studies regarding cell motility [132, 133]. Recently, Sahari et al.

fabricated a biohybrid microswimmer by attaching E. coli bacteria with protein-

ligand interaction on the surface of polystyrene(PS) particles [127]. We followed

a similar method and protocol to form bionic microswimmers based on motile E.

coli bacteria. We used streptavidin conjugated spherical melamine resin (MF)

particles and biotin conjugated antibodies targeting particular antigenic sites on

membrane of the microorganism in order to couple particles with freely swim-

ming E. coli cells (section 3.1). We were able to control the average number of

bacterial cells attached on a given particle surface by adjusting the dilution rate

of the biotin conjugating antibody added into the suspension. As a result, we

observed colloidal aggregates in a particle ensemble formed by two or more parti-

cles attached to each other. We called these higher colloidal structures as dimers,

trimers and so on depending on their colloidal valence number. The attachment

method causes bacterial cells to be randomly tethered on a given colloidal surface.

Therefore, this creates a unique type of behavior of bionic microswimmers where

the motion of the particle is highly dependent on the number of cells attached to

it as well as their position on the particle. By using a video microscopy setup and

conventional particle tracking methods, we retrieved the trajectory of monomers
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Figure 3.1: Motions of a monomer, dimer and trimer. (a-d) Time sequence of
a video shows the trajectory of the active particle (melamine resin(MF) micro-
sphere, d = 3.27 µm) attached to a single bacterium (E. coli). Trajectories are
extracted from a set of video sampled at 10 f.p.s. The scale bar corresponds to
15 µm for each set. The motion of the active monomer clearly shows a chiral
(left-handed) character. (e-h) Time sequence of a video showing the trajectory
of a dimer. (i-m) Time sequence of a video shows trajectory of a trimer.

attached by a single and double or more E. coli cells and calculated their mean

square displacement (MSD). Furthermore, we studied the collective dynamics

of individual bionic microswimmers. We observed that collection of bionic mi-

croswimmers can dynamically form large colloidal aggregates. This phenomenon

was previously observed on active Brownian particles [134, 135], light activated

artificial microswimmers [45,81] and motile bacteria [85,86,136]. Our model sys-

tem of active colloids is confined to a quasi-two dimensional sample space due

of the hydrodynamic coupling between bacterial flagella and the wall of sample

chamber [76].

51



Monomers, dimers and trimers of active colloids show a characteristic motion

depending on the number of colloidal bodies and on the number of bacteria at-

tached to them. Figure 3.1 shows trajectories of each active particle class. The

competition between translational and rotational motion on each particle aggre-

gate, from monomer to trimer, shifts the characteristics of the motion from a

superdiffusive to a sub-diffusive transport regime. To obtain a better insight into

the motion characteristics of each colloidal structure, we calculated the mean-

square displacement (MSD) and mean-square angular displacement (MSAD) of

each particle type ensemble (Fig. 3.2). Monomer with single and double bac-

teria shows a superlinear trend for shorter and longer timescales whereas dimer

displays oscillatory behavior at longer times. For trimer case, MSD and MSAD

data display a sublinear trend which can be estimated as trimer is undergoing

sub-diffusional process. The misalignment between rotational and translational

of three-body-colloidal aggregates is larger compared to the other particle species,

therefore we can claim that the trimer’s motion is mostly governed by rotational

diffusion. The trajectory data shown in Fig. 3.1(i-m) is supporting this argu-

ment: the trimer’s trajectory is confined to a smaller area because the average

step length is smaller than for the monomer and dimer case within the same

time period. This is mainly due to the random bacterial attachment that con-

tributes to the total torque acted on the whole body causing the diversion from

a linear trajectory. Ebbens et al. previously reported that a dimer of Janus par-

ticles display oscillations of MSD and MSAD function similar to the case of our

bionic microswimmers [113]. The analytical function for the MSAD of a diffusing

particle can be written as

< ∆θ2 >= ω2t2 + 2DRt (3.1)

where ω is the angular velocity of the particle and DR is the rotational diffusion

constant. In the bionic microswimmer case, we observed an oscillatory behavior

of the MSD and MSAD functions. In contrast to a Janus-particle-based dimer,

here, we did not observe any crossover from ballistic to diffusive regime inherently

coupled to the oscillatory trend of MSD. However, we proved that the quadratic

MSAD expression given in equation (3.1) can be fitted to MSAD data of the

dimer for smaller timescales. This shows that a living agent, i.e. motile bac-

teria, which performs chemotactic motion under the influence of chemical cues,
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Figure 3.2: Characterization of the motion of bionic microswimmer agglomerate.
(a) Mean square displacement of each species of bionic microswimmers shown in
Fig 3.1. (b) Mean square angular displacement of bionic microswimmers. The
dimer clearly shows an oscillatory behavior. The inset displays MSAD for smaller
time-scales(red marker); the fitting function (blue line) follows quadratic increase
in time showing a consistent trend with MSAD model for active dimers only for
the first five seconds of the experimental time.

follows the same analytical MSAD function as catalytically-activated dimers for a

smaller time scale [41]. For the second part of this work, we focused on the collec-

tive dynamics of bionic microswimmers. We started by tracking an ensemble of

monomers, dimers and trimers of bionic microswimmers and observed that each

particle swims and sticks to the neighboring microswimmers, eventually agglom-

erating into large clusters of swimming particles (Fig. 3.3). This effect is mainly

based on the sticky nature of each colloid because of the biomolecules (proteins)

present on the colloidal surfaces. The dynamics of cluster formation, however,

exhibits similar characteristics to previously reported experiments on artificially

activated microswimmers. The main difference between clustering of these bionic

microswimmers and chemically activated active particles is the absence of repul-

sive forces in bionic microswimmer case. Here, the main driving force of the

aggregation is the sticky boundary condition imposed upon each colloid by the

surrounding active clusters: once a particle reaches a proximity threshold, it is

trapped by the agglomerate and it collects other active particles in the surround-

ing area.
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Figure 3.3: Aggregation of bionic microswimmers. (a-d) Time sequence of the
video showing the active colloidal clustering. The scale bar corresponds to 15
µm. The trajectory is extracted from a video sampled at 4.55 f.p.s. (e) Average
cluster size as a function of experimental time. The linear fit indicates that
colloidal clusters grow at a rate of 1.28 particle per minute.
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In order to understand and quantify this active sticking effect, we calculated

the relative angle distribution P (θ,∆) of the trajectory of a bionic microswim-

mer stuck by a large colloidal cluster (Fig 3.4). MSD of a particle is not sensitive

to the directional features of the particle’s motion as an order parameter because

it contains only one-dimensional information. Burov et al. showed that the rel-

ative angle distribution of a given trajectory might probe the complex motion

dynamics and provide more information comparing to MSD [137]. This includes

the information about how the orientation of a given active particle changes with

respect to the caging of the particle by other surrounding particles or geometri-

cal features present in the environment. Here, we calculated the relative angle

distribution of the tracer bionic microswimmer to quantify the sticking effect of

large colloidal agglomerates. We used the definition of relative angle θ(t; ∆)

θ(t; ∆) = arccos

[
V(t; ∆) ·V(t+ ∆; ∆)

|V(t; ∆)‖V(t+ ∆; ∆)|

]
(3.2)

where V(t,∆) = X(t + ∆) − X(t), the vector between points separated by ∆

steps in time domain, X(t) is the position of the particle at time t and ∆ is the

lag time between the time steps of a given trajectory. We calculated the proba-

bility density function P (θ; ∆) by building an histogram of the angle distribution

θ(t; ∆) for the different values of the lag time ∆.

For the particle shown in Fig. 3.4(a-d), we calculated the relative angle dis-

tribution P (θ; ∆) (Fig. 3.4(f)). As we increase the value of ∆, the relative angle

distribution curve starts to localize around θ = π. This effect shows that the

set of points in the particle’s trajectory marked at smaller time scales becomes

anti-correlated with the points marked in the particle’s trajectory at longer time

scales (Fig 3.4(e)). The particle started its trajectory by freely swimming in the

medium (Fig. 3.4(a)) and then it was stuck in the large colloidal agglomerate.

The motion of the particle undergoes a transition from superdiffusive to subdiffu-

sive regime. We quantified this effect by calculating the relative angle distribution

for two different lag times ∆ = 2 and ∆ = 100 (Fig 3.4(f)). The peak on the

relative angle distribution curve shown in Fig 3.4(f) display a clear shift towards

θ = π showing that the motion of the particle is in ballistic regime for smaller
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time scales but undergoes a subdiffusive regime for longer time scales.

We demonstrated that E. coli based bionic microswimmers show a similar motion

characteristics to its artificial counterparts. We calculated the MSD and MSAD

functions of each agglomerate up to the trimers and observed that the motion

of dimers exhibit a large translational and rotational coupling in their motion as

a result of the competition between linear and angular velocity. For the collec-

tive dynamics in the bionic microswimmers, we observed the formation of large

colloidal aggregates starting from single bionic microswimmer, i.e. monomers.

The phenomenon has a striking resemblance to the clustering of light-activated

artificial microswimmers.
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Figure 3.4: Trapping of a single active colloidal particle inside bionic microswim-
mer cluster. (a-d) Time sequence of a video showing a monomer joining a large
cluster of bionic microswimmers. The position of the monomer is shown by the
white arrow. The scale bar corresponds to 15 µm. (e) The trajectory of the colloid
is extracted from the video sampled at 14.22 f.p.s. The trace of the colloidal par-
ticle displays the trapping effect of the cluster as the set of points on monomer’s
trajectory becomes highly localized inside the agglomerate. (f) Relative angle dis-
tribution of points extracted from the monomer. As the lag time ∆ is increased,
the de-correlation between points at different regions of the trajectory increases
and the distribution is shifted towards the center.
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3.1 Materials and methods

3.1.1 Experimental setup

For obtaining particle images, we used a home-made inverted microscopy setup

with an objective of 20x magnification. We used a white LED as a light source.

A CCD camera by Thorlabs captured the pictures showing the sample chamber

on 1224 x 1024 pixels at 15 f.p.s.

3.1.2 Culturing bacteria

Bacteria cells (Escherichia Coli) were cultured from the wild-type strain-, RP437

provided by E. coli Genetic Stock Center at Yale University [138]. The liquid

culture of RP437 was taken from −80◦ C archive stock and streaked onto a

fresh sterile hard agar medium. The inoculated Agar plate was incubated and

grown overnight at 32.5◦C. Single colonies grown upon agar were isolated by

sterile toothpicking and inoculated into fresh liquid growth medium containing

tryptone broth (1% tryptone). After reaching the saturation phase, the culture

was diluted 1:100 into fresh tryptone broth. The final dilution was incubated at

32.5◦C and mildly shaken at 180 rpm until the culture reached its middle growth

phase (OD600 ∼ 0.40). Then, 5 mL volume of the final dilution was transferred

into a falcon tube and centrifuged at 2000 rpm at 24◦C for 10 min. Precipitated

RP437 pellets were then gently collected and immersed in 5 mL of motility buffer

containing 10 mM Monobasic Potassium Phosphate (KH2PO4), 0.1 mM EDTA,

10 mM Dextrose (Glucose) and 0.002% of Tween 20. The cell-washing procedure

was repeated three times in order to undermine the growth medium and terminate

further cell duplication inside the motility buffer.
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3.1.3 Particle preparation

We used melamine resin (MF) particles produced by “Microparticles GmbH” with

a diameter of 3.27 µm, MF particles are diluted from their master stock solution

down to a volume fraction of 1%. We added 4 µLs of FITC conjugated strepta-

vidin into the suspension to decorate particles with streptavidin. The suspension

mix was incubated on a vortex shaker at 500 rpm, at room temperature for 120

minutes. In order to undermine possible artifacts due to uncoupled streptavidin

in the next steps, the particles were centrifuged at 1250g for 15 minutes and then

resuspended inside 1mL of fresh motility buffer. This washing procedure was

repeated five times. For obtaining samples in which we observed single particles,

we blocked the particle surface by using bovine serum albumine(BSA) in order

to prevent clustering of particles because of non-specific protein-to-protein at-

tachment. Pellets of MF particles are added into 1mL of BSA solution (5%) and

incubated at 500 rpm for 30 minutes. BSA-decorated particles were centrifuged

at 1250g for 15 mins and resuspended inside 1mL of fresh motility buffer. This

washing procedure was repeated for three times.

3.1.4 Assembly of bionic microswimmers

We started the assemby of bionic microswimmer by decorating E. coli cells. 2mL

of cell suspension, which had been washed and resuspended in 5mL of motility

buffer, was transferred into an empty 2mL sample tube. This suspension was

centrifuged at 750g for 10 minutes. Then the resulting pellets were transferred

into 1mL of fresh motility buffer. We functionalized E. coli cells with primary and

biotin-conjugated secondary antibodies in order to anchor them onto MF particle

surface. For this purpose, we followed a common antibody blotting protocol: we

added 1µL of lipopolysaccharide (LPS) anti-lipid A as primary antibody into 1mL

of prepared bacterial suspension and incubated at 500 rpm, room temperature for

10 minutes. Bacterial cells are centrifuged at 750g for 10 minutes and resulting

pellets were transferred into 1mL of fresh motility buffer. This washing procedure

is repeated five times. The dilution rate of biotin conjugated secondary antibody
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(Donkey anti-goat IgG) was varied, e.g. from 1 : 103 to 1 : 104, in order to control

the amount of bacterial cells attached over MF bead surfaces. We incubated the

bacterial suspension containing biotin-conjugated secondary antibody at 500 rpm.

for 10 minutes. Then, bacterial cells are centrifuged at 750g for 10 minutes and

resulting pellets were transferred into 1mL of fresh motility buffer. This washing

procedure is repeated five times to remove excess amount of uncoupled antibodies

inside the suspension. At the final step, MF particle suspension was centrifuged at

1250g, room temperature for 15 minutes and the resulting pellets were suspended

inside 1mL of fresh motility buffer and the pellets of E. coli cells that had been

centrifuged at 750g, room temperature for 10 minutes was suspended inside this

last MF particle solution. Final particle-bacteria mix was incubated at 500 rpm,

room temperature for 10 minutes.
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Chapter 4

Summary and Outlook

In this thesis, we studied the motion of active matter in complex and crowded

environment. At the first part, we studied living active matter as a far-from-

equilibrium system and we showed that the dynamics of self-organization in such

a dissipative system can be highly sensitive to the environmental conditions. It

has been recently showed that spatial disorder can strongly influence the motility

of active particles and therefore the presence of noise may alter the dynamics

of the collective behavior [96, 97]. Essentially, we studied long-term spatial or-

ganization of a colloidal active matter system under two different environmental

conditions: smooth and noisy optical potential landscapes. For the smooth opti-

cal potential configuration, we generated Gaussian beam and for the noisy optical

potential configuration we generated speckle light field pattern by mode-mixing

a coherent laser beam in a multimode optical fibre. Here, the active matter sys-

tem was formed by motile bacterial cells (E. coli) and micron-sized silica beads

swimming under one of these optical configurations. We showed that colloids

swimming in the same environment along with E. coli are dispersed away as the

optical potential is switched to speckle light field, i.e. the environment is ren-

dered into a spatially disordered state. Furthermore, we gradually controlled the

degree of the disorder in the environment by decreasing the potential depth in the

speckle light field and we observed the transition from the dispersal of colloids

towards their gathering at the central area. We demonstrated that it is possible
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to control and switch the spatial configuration of a colloidal active matter system

via introducing disordered optical potentials.

In the second part, we studied the motion of a new class of colloidal active

particles, bionic microswimmers. Colloidal particles have been a good model

system to study and understand the dynamics of self assembly and how the col-

lective motion leads to complex structures in a coordinated fashion [20]. We

fabricated bionic microswimmers by decorating the surface of melamine particles

with bacterial cells (E. coli) through protein-ligand (streptavidin-biotin) interac-

tion. In order to fully understand and quantify how bionic microswimmers move,

we studied the colloidal motion in quasi-two dimensional space and observed par-

ticle self-assembly formed by basic building blocks of single or double colloids.

We classified and characterized trajectories of each type of bionic microswimmer

agglomerate from a single body up to higher order structures. Finally, we demon-

strated that bionic microswimmers can agglomerate in large swimming colloidal

structures. Our work underscores the self-organization capability of E. coli based

bionic microswimmers to form active particle aggregates.
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