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ABSTRACT

MANIPULATION AND CONTROL OF COLLECTIVE
BEHAVIOR IN ACTIVE MATTER SYSTEMS

Ercag Pinge
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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OZET

AKTIF MADDE SISTEMLERINDE KOLLEKTIF
HAREKETIN KONTROL VE MANIPULASYONU

Ercag Pinge
Fizik, Doktora
Tez Danigmani: Giovanni Volpe
Ekim 2016

Aktif madde sistemleri, termal dengenin uzagindaki ortamlarda yer alan ve en-
erjiyi yonlendirilmig harekete donitistiiren aktif yapi taglarindan olugur. Ak-
tif ajanlarin birbirleriyle ve de girdikleri ortamla etkilegsimleri sonucu uzun-
erimli diizenin olusumu ve kollektif hareket ortaya cikar. Aktif madde sis-
temleri icerisindeki bu tiir dinamik davranmiglara ornek olarak bakteri koloni-
lerindeki desen olugumu, kuglarin siirti olusturmasi ve yayalarin olugturdugu kal-
abaligin kiimelenmesi gosterilebilir. Biitiin bu fiziksel olaylar, termal dengenin
uzaginda gerceklegen etkilesimlerden kaynaklanmaktadir. Bu olaylar1 yonlendiren
dinamikler hentiz tam anlagilmamig ve yeterince iizerinde caligilmamigtir. Bu
tezde, mekansal diizensizligin, kolloidlerin olusturdugu yasayan aktif madde sis-
temindeki kollektif dinamigi degistirmesi tizerinde nasil bir rol oynadigini in-
celedik. Ortamdaki heterojenligin seviyesinin, bakteri banyosunun igerisinde yer
alan kolloid toplulugunun uzun-erimli diizenini etkiledigini ispatladik. Bakter-
iler tarafindan kolloidlerin tizerine uygulanan denge-digi kuvvetlerin, kolloidlerin
toplanmasi ve dagilmasi arasindaki gegiste onemli oldugunu gosterdik. Karmasgik
aktif madde sistemlerindeki ortam faktorlerinin incelenmesi haricinde, yeni bir
aktif parcacik sinifi olan “biyonik mikroyiizerlerin” ve onlarin kiimelenme hareke-
tinin lizerine yogunlastik. Hareketli F.coli bakterilerini melamin parcaciklarina
yapistirarak elde ettigimiz kiiresel biyonik mikroyitizerlerin biiyiik kolloid yapilari
olusturabildiklerini gosterdik. Son olarak, biyonik mikroyiizerlerin kollektif
hareketi sonucu yiizen yiginlarin olusumunu gozlemledik. Sonuclarimiz, aktif
madde sistemi igersinde yer alan aktif pargaciklarin istatistiksel davraniglari ve
aralarindaki denge-uzagindaki etkilesimleri hakkinda fikir vermektedir.

Anahtar sozciikler: Aktif madde, Benekli 151k alani, Escherichia coli, Biyonik
mikroytzerler, Aktif Brown hareketi.
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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 Schrédinger 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



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 vortez) [25-27], and flocking behavior [28]29] are
examples of micro- and macroscale self-organization behavior in the biological

realm.



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 ﬂgﬂ (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,

Tp(t + At) = x,(t) + vAt cos @, + /2DrALE, ,
yn(t + At) = y,(t) + vAtsin g, + /2DrAtE, , (1.1)
on(t + At) = (om(t))



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 ¢, is the orientation of particle n, (y,,(t)) is ensemble averaged over all
orientations of other particles within the flock at time ¢, Dt is the diffusivity of
the particle and &, ,,, §,,» are white noise terms in x- and y-directions. The order
parameters of the model are self-propelling particle density, p = N/L? 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, 7. 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 (< Vo >= 0) above
a critical noise strength n > 7., 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 [35H38]. 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.

Oxygen formation due to

(a) Pt/Au self propglhng decomposition of HoOy at the 3.3% Hy0, ‘L = lum [39]
rod-shaped particles ¢ = 370 nm ]
Pt end of nanorod
Pt capped spherical
(b) polystyrene (PS) Janus Self-diffusiophoresis 1-10%H,0, 1.62 pm |40}/41]
particle
Gold capped Janus Self-phoretic motion due to Critical mixture
(c) ticl F)p ’ local demixing of the critical (e.g. water-2,6- 0.1 to 10pm  [42{44]
particies mixture by absorbed light lutidine)
. . Self-diffusiophoresis due to the
Polymeric spherical decomposition of HyO5 near the
(d) particles enclosing o o2 0o8 3% H,0, 1.5pm 15147
hematite ctibes particle surface by the incident :
e S8 UV light
Deformable cylindrical Lagegrc -locomc.)mon due to 7Tmol% of L=1mm
. o deformation by ;
(e) microrobots of liquid . AP mesogen + ¢ = 200 to |48
crystal elastomers photoizgligization and reen laser light 300 pm -
M light-induced thermal effects & © B
3D printed PDMS Flapping magnetic shells by Exterr.lally -
(f) Dbased micro-scallops applying magnetic field applied ~ 1.2mm 9]
magnetic field
Motile bacteria (e.g. E. Glucose
(2) coli) tethered spherical Bacteria-powered swimming (motility 10 pm |501}51]
g particles medium)
]S)uNi_lgil;?ja etic Flagellar activity through the Externally
(h) berb 5 modulation of external applied 10pm [52]
colloids attached to red . . ]
magnetic field magnetic field

blood cells

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.



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 sustain