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En route vers l'équilibre, les gels colloïdaux sont un état particulier de la matière, dont la relaxation est interrompue, à mi-chemin entre les liquides et les solides. Les systèmes de particules actives qui convertissent l'énergie externe en travail mécanique ont fait l'objet d'intenses recherches au cours des 25 dernières années, car ils présentent un certain nombre de phases de la matière, hors de portée des systèmes à l'équilibre. Dans ce travail, nous développons d'abord un système qui combine gélification colloïdale et activité. Pour ce faire, nous intégrons dans un gel colloïdal des particules actives, dont l'activité est contrôlée par une lumière bleue. Nous étudions ensuite la réponse à l'activité du gel colloïdal passif préformé, et les effets de l'activation sur les propriétés du gel après la phase d'activation. Nous caractérisons pour cela la structure et la dynamique du gel, avant, pendant et après la période d'activation. Lors de l'activation, la mobilité des particules passives composant le gel augmente et présente une réponse échelle-dépendante à l'activation : aux temps courts, le gel se réorganise intensément à grande échelle, ce qui permet aux temps longs une réorganisation progressive des petites échelles. Le gel se réorganise, avec les brins les plus petits fusionnant avec les plus gros et laissant de plus grands trous dans la structure. Fait intéressant, une fois l'activation désactivée, le gel garde en mémoire la période d'activation. En effet après activation, le gel adopte la structure héritée de la réorganisation qui a eu lieu pendant la phase active, alors que les conditions thermodynamiques sont les même que celles précédant l'activation. Cette structure est typiquement celle d'un gel qui aurait vieilli plus longtemps, comme si l'activation avait accéléré la cinétique. Cette interprétation alléchante est cependant trop simple. Comme prévu en l'absence d'activité, la dynamique du gel ainsi nouvellement formé est à nouveau figée comme en témoigne le déplacement carré moyen qui plafonne à tout temps. Cependant, la valeur du déplacement carré moyen après activation est supérieure à celle avant activation. C'est-à-dire que le gel est moins rigide, un résultat qui contredit l'interprétation ci-dessus d'un vieillissement accéléré. Nous concluons que le système s'est transformé en un véritable nouveau gel, dont la structure ressemble à celle d'un gel plus ancien, mais dont la dynamique est celle d'un gel moins rigide. Dans la gamme d'activité explorée ici, le réarrangement structurel et l'amélioration de la mobilité augmentent tous deux avec l'activité.
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Chapter 1 Introduction

One of the distinctive properties of living systems is to be self-driven, they thereby access emergent properties. One prominent example is muscle contraction which is carried out by the cooperated deformation of the cells. The shape of the cell is maintained by the cytoskeleton which consists of cross-linked protein networks and molecular motors. Molecular motors exert force collectively on the networks, leading to the contraction of the muscle cell. This type of phenomenon has inspired the study of active gels which composed of elastic architectures and activity. Activity drives the system into a far from equilibrium state and the coupling of active units through elasticity lead to emergent behaviors that are out of the access of the passive systems. For instance, it was shown that cross-linked networks, by exerting sliding forces, lead to the stiffening of the network (Figure 1.1a) [START_REF] Gijsje H Koenderink | An active biopolymer network controlled by molecular motors[END_REF]. Emergent phenomena can be triggered by the collective actuation of active agents. For example, macroscopic contraction of the network by molecular motors into a cluster is reported in some active gel systems (Figure 1.1b) [START_REF] Alvarado | Molecular motors robustly drive active gels to a critically connected state[END_REF]. It is demonstrated that the system needs critical connectivity and low activity to enable global contraction. Active gels also exhibit rich patterning and self-organization (Figure 1.1c) [START_REF] Backouche | Active gels: dynamics of patterning and self-organization[END_REF]. The final structures of the gel can be networks, rings, or Astars depending on activity and bundling level.

The biological driving systems have also inspired the development of artificial stimuli-response materials. These 'smart' functional materials can adapt their physic-Figure 1.1: Emergent behaviors of active gels in living system: (a) Stiffening of the network by molecular motors, adapted from ref [START_REF] Gijsje H Koenderink | An active biopolymer network controlled by molecular motors[END_REF]; (b) Microscopic contraction of protein network induced by molecular motors, adapted from ref [START_REF] Alvarado | Molecular motors robustly drive active gels to a critically connected state[END_REF]; (c) Self-organization and patterning in active gel system, adapted from ref [START_REF] Backouche | Active gels: dynamics of patterning and self-organization[END_REF]. ochemical properties or geometry to the stimuli from the environment like pH [START_REF] Zhou | Multicolored pH-tunable and activatable fluorescence nanoplatform responsive to physiologic pH stimuli[END_REF], heat [START_REF] Zhang | Thermally responsive pulsating nanotubules[END_REF], light [START_REF] Kocer | A light-actuated nanovalve derived from a channel protein[END_REF], magnetic [START_REF] Zrinyi | Intelligent polymer gels controlled by magnetic fields[END_REF], voltage [START_REF] Zuzanna | Engineered voltage-responsive nanopores[END_REF] et al. These responsive materials have shown great potential in the realization of complex actuating structures [START_REF] Hu | Synthesis and application of modulated polymer gels[END_REF][10] or hydrogel soft robots [START_REF] Shen | Stimuli-responsive functional materials for soft robotics[END_REF].

The goal of this work is to design a model experimental system that combines gel system and activity. Colloidal gel with active particles is likely a good candidate. The preparation and characterization of colloidal gels are relatively well understood, which allows easy control over their structures. Further, the size of colloids is in the range of micro-meters, making them ideal for studying dynamics since they can be observed in real space. Active particles performing directed motions are an ideal candidate for generating swimming forces. In addition, they can be easily assembled with passive colloids into colloidal gels. This introductory chapter will first provide an overview of the basic properties of the two ingredients of active colloidal gels: active colloids and colloidal gels. Then I will review the current state of research concerning active colloidal gels. Last, I will illustrate the goal of the present work and the question we want to address.

Basic ingredients for active colloidal gels

Active colloids

Active matters consist of units that consume energy from the environment and transfer it into mechanical work. Such systems are intrinsically out of thermal equilibrium and break the time-reversal symmetry because energy is constantly injected locally at the single unit level. Due to these properties, active systems exhibit rich behavior that can not be accessed through thermal equilibrium, such as self-driving [START_REF] Cavagna | Scale-free correlations in starling flocks[END_REF], swarming [START_REF] Chaté | Insect swarms go critical[END_REF], self-organisation [START_REF] Backouche | Active gels: dynamics of patterning and self-organization[END_REF] and other emergent behavior. From schools of fish and swarms of ants to bacteria and molecular motors, all demonstrate examples of active matter in the living system. Recently, artificial counterpart systems have been developed and raise large interest in the study of active matter. One of the most studied artificial active matter systems is the self-propelled particles. These particles can transfer energy from their surroundings into directed motion. They are also referred to as walking grains [START_REF] Deseigne | Collective motion of vibrated polar disks[END_REF], swimming droplets [START_REF] Izri | Selfpropulsion of pure water droplets by spontaneous Marangoni-stress-driven motion[END_REF], microswimmers [START_REF] Elgeti | Physics of microswimmers-single particle motion and collective behavior: a review[END_REF], active colloids [START_REF] Igor S Aranson | Active colloids[END_REF], or micro-nanomotors [START_REF] Gao | Synthetic micro/nanomotors in drug delivery[END_REF].

In the following, we shall restrict ourselves to the realm of the colloidal system. Such active particles usually have an asymmetric structure (therefore it is often called the Janus particle, after the name of the ancient Roman god of duality) and can generate gradients that can induce the particle's motion. The first realization of the active self-propelled particle is demonstrated by Paxton et al in 2004 in the form of catalytic Figure 1.2: Illustration of self-electrophoresis of Pt-Au nano-rod. The decomposition of H 2 O 2 takes place at the two ends of the rod and generates ion flux in the solution which produces electric field that drives the particle to move relative to the solution, adapted from ref [START_REF] Walter F Paxton | Catalytically induced electrokinetics for motors and micropumps[END_REF] bi-metallic nano-rods [START_REF] Walter F Paxton | Catalytic nanomotors: autonomous movement of striped nanorods[END_REF]. They reported the directed propulsion of gold-platinum (Au-Pt) nano-rod in the presence of hydrogen peroxide by the so-called mechanism of self-electrophoresis [START_REF] Walter F Paxton | Catalytically induced electrokinetics for motors and micropumps[END_REF]. Platinum is an active catalyst for the decomposition of hydrogen peroxide. When placed in a solution containing hydrogen peroxide, H 2 O 2 is oxidized to generate protons in the Pt end (a schematic is illustrated in Figure 1.2), electron transfers through the conductive metallic rod to the gold end, reduct proton into water. Therefore a concentration gradient of the proton is generated between the two heads which leads to the migration of protons from the Pt end to the Au end. The resulting ion flux thereby induces an electrical field that leads to the migration of the charged particle like electrophoresis. Another mechanism due to chemical reaction is self-diffusiophoresis [START_REF] Mihail | Self-diffusiophoresis of chemically active colloids[END_REF][22] [START_REF] Velegol | Origins of concentration gradients for diffusiophoresis[END_REF]. A concentration gradient will be induced by the differences in diffusion rates of products. If the products are charged, an electric field will be generated, like self-electrophoresis, the self-generated electrical field will propel the particle. If the products are neutral, the unbalanced force will be generated by the different interactions between the particle surface and the solvent [START_REF] John L Anderson | Colloid transport by interfacial forces[END_REF]. There are various mechanisms that can be implanted to drive the motors, such as light driven photochemical reaction [START_REF] Jang | Multiwavelength light-responsive Au/B-TiO2 janus micromotors[END_REF][25], self-thermophoresis [26][27]; electrical field powered induced-charge electrophoresis(ICEP) [START_REF] Todd | Breaking symmetries in induced-charge electroosmosis and electrophoresis[END_REF][29], Quincke rollers [START_REF] Quincke | Ueber rotationen im constanten electrischen felde[END_REF][31] [START_REF] Bricard | Emergence of macroscopic directed motion in populations of motile colloids[END_REF]; magnetic fields [33][34]; ultrasound [35][36]; Marangoni effect [START_REF] Thutupalli | Swarming behavior of simple model squirmers[END_REF][15] etc.. More details on different kinds of artificial self-propelled particles can be found in these reviews [START_REF] Chen | Colloidal motors 101: a beginner's guide to colloidal motor research[END_REF] [START_REF] Wang | A practical guide to active colloids: choosing synthetic model systems for soft matter physics research[END_REF]. Multiple driving mechanisms provide various scenarios and possibilities for fundamental research and practical applications.

Driven out of equilibrium [START_REF] Erdmann | Brownian particles far from equilibrium[END_REF] [START_REF] Hänggi | Artificial Brownian motors: Controlling transport on the nanoscale[END_REF], active particles serve as ideal model experimental systems to study non-equilibrium physics [START_REF] Michael | Diffusive transport without detailed balance in motile bacteria: does microbiology need statistical physics?[END_REF]. Their interactions with each other or with the environment generate many interesting phenomena, such as collective behavior, self-assembly, synchronization, and oscillation, which have sparked widespread interest in the study of soft and active matter. From a more applied perspective, active particles show potential application in the areas from the target drug delivery, microsurgery, bio diagnostic and the depollution of water [START_REF] Sj Ebbens | Active colloids: Progress and challenges towards realising autonomous applications[END_REF][44] [START_REF] Wang | Nano/microscale motors: biomedical opportunities and challenges[END_REF] etc..

Non-interacting particles

Passive particles perform Brownian motion. In contrast to passive particles, active particles are able to perform directed motion. In this part, I will discuss the basic dynamics of passive and active colloids. For a purely Brownian particle with radius a performing random walks, the squared displacement is linear in time:

M SD = 4D t τ (1.1)
with its slope controlled by diffusion coefficient D t that follows Stokes-Einstein equation:

D t = k B T /(6πηa),
where k B T is the thermal energy, η is the viscosity of the medium. The particle also undergo rotational diffusion with coefficient

D r = k B T /(8πηa 3
), which gives a persistent time scale τ r = 1/D r .

For an active particle performing directed motion with velocity U 0 , it will move along the direction of its initial orientation for a typical persistent time τ r along a typical persistence length L p :

L p = U 0 D r = U 0 τ r (1.2)
The relative importance of directed motion and diffusion of a particle with size a can be characterized by the Péclet number:

P e = L p a = U 0 D r a (1.3)
its mean squared displacement is given as [START_REF] George | On the theory of the Brownian motion[END_REF]:

M SD(τ ) = 4D t τ + U 2 0 τ 2 r 2 [ 2τ τ r + e -2τ /τ r -1] (1.4) At very short time, τ << 4D/U 2 0 : M SD(∆t) = 4D t τ , particle performs diffusive Brownian motion; At intermediate time: 4D/U 2 0 << τ << τ r , M SD(τ ) = 4D t τ + U 2
0 τ 2 , displacement increases linear with time, particle performs ballistic motion; at longer time τ >> τ r :M SD(τ ) = (4D t + U 2 0 τ r )τ , particle performs diffusive motion with an enhanced diffusion coefficient

D ef f = D t + 1 4 U 2 0 τ r ).

Particle-Particle interaction

Passive particles are subject to some basic interactions: the sterical interaction due to the impenetrable nature of most particles; the DLVO interaction which includes electrostatic interaction and the van der Waals interaction. These interactions also apply to active particles. In addition to these, there are other interactions that can be found in active systems. As described before, active particles can be driven by various mechanisms. For chemically powered particles, there will be chemical gradient induced phoretic force which could be repulsive or attractive [START_REF] Palacci | Light-activated self-propelled colloids[END_REF]. Furthermore, the chemical coupling will occur when these particles are near each other [START_REF] Aubret | Targeted assembly and synchronization of self-spinning microgears[END_REF] [START_REF] Wu | Ion-exchange enabled synthetic swarm[END_REF]. For electric field or magnetic field-driven particles, there might be the presence of dipolar interaction [START_REF] Yan | Reconfiguring active particles by electrostatic imbalance[END_REF]. In any case, particles are subject to hydrodynamic interaction, the difference is the range and strength of the interaction. At the situation where particles interact, rich behaviour emerge, such as clustering [START_REF] Palacci | Living crystals of light-activated colloidal surfers[END_REF], swarming [START_REF] Ibele | Schooling behavior of light-powered autonomous micromotors in water[END_REF][48], self assembly [START_REF] Nishiguchi | Flagellar dynamics of chains of active Janus particles fueled by an AC electric field[END_REF] and synchronization [START_REF] Aubret | Targeted assembly and synchronization of self-spinning microgears[END_REF] etc.

Active particles are not just 'hotter' passive particles with enhanced diffusion. The long persistent length is an important feature of active particles that distinguishes them from passive ones. This feature gives rise to many emergent behaviors that are not accessible to the passive system, for example, the forming of clusters with purely repulsive interaction [START_REF] Buttinoni | Dynamical clustering and phase separation in suspensions of self-propelled colloidal particles[END_REF], or the arise of ratchet effect [53][54]. In this part, I will present the collective behavior of active particles.

Clustering and phase separation

The rich interaction forces and self-driving speed of active motors endow them with many collective behaviors. Cluster formation and phase separation is one of them that has attracted strong attention. The formation of dynamical clusters in median density has been observed in the phoretic self-propelled system [START_REF] Theurkauff | Dynamic clustering in active colloidal suspensions with chemical signaling[END_REF]. Diffusiophoretic chemical interaction is introduced to explain the clustering behavior. Another system with the chemically powered phoretic particle is observed to present a similar behavior with the formation of 'living crystals' (Figure 1.3a), whose dynamic assembly is suggested to be a competition between the phoretic attraction and self-propulsion of the active particle [START_REF] Palacci | Living crystals of light-activated colloidal surfers[END_REF]. In these systems, it is difficult to rule out phoretic attractive forces as the main cause of particle formation, although self-propulsion does increase the chance of particle collisions. Experiments with negligible attractive electrophoretic interactions are reported to exhibit cluster formation and phase separation at low and high densities (Figure 1.3b) [START_REF] Buttinoni | Dynamical clustering and phase separation in suspensions of self-propelled colloidal particles[END_REF]. This behavior is rationalized in terms of self-trapping of self-propelled particles which is due to the repulsive excluded volume interaction associated with the persistent motion of these active particles.

When excluded volume interaction dominates in a dense system, particles slow down in the high-density region due to the trapping, leading to the motility-induced phase separation (MIPS) [58][59]. Recent studies show that the presence of both volume exclusion and polar alignment leads to the interrupted motility-induced phase separation (Figure 1.3c) [START_REF] Marjolein | Interrupted motility induced phase separation in aligning active colloids[END_REF]. The dynamical formation of the clusters is elucidated into 3 regimes: the early stage of cluster forming due to MIPS, the intermediate stage in which structure ordering produces homogeneous compact clusters and polar alignment is developing, and finally, the polar ordering induced active stress rupture the cluster along the structural defects. In a system with dipole interaction, a new Figure 1.3: Clustering and phase separation in active particle systems: (a) 'Living crystals' formed by light-activated phoretic particle, adapted from ref [START_REF] Palacci | Living crystals of light-activated colloidal surfers[END_REF]; (b) Cluster formed by self-trapping, with arrows indicating the polar axis, adapted from ref [START_REF] Buttinoni | Dynamical clustering and phase separation in suspensions of self-propelled colloidal particles[END_REF]; (c) Interrupted motility induced phase separation, left: large view, right: cluster colored by polar axis, adapted from ref [START_REF] Marjolein | Interrupted motility induced phase separation in aligning active colloids[END_REF]; (d) Phase separation induced by dipole interaction, left: large view, right: cluster with loose packing, adapted from ref [START_REF] Zhang | Active phase separation by turning towards regions of higher density[END_REF] type of active phase separation induced by torque is observed (Figure 1.3d) [START_REF] Zhang | Active phase separation by turning towards regions of higher density[END_REF]. These particles are activated by the electric field and are with stronger dipoles in the tail than in the head. A torque is introduced due to the stronger repulsion in the rear, which turns particle towards higher density regions, leading to the formation of structured clusters. Unlike clusters forming due to hard core repulsive induced self-trapping, clusters formed in this system with long range electrostatic repulsion remain fluid and exhibit fast particle turnover. Group formation and cohesion of active particles is realised by density-mobility control through external feedback [START_REF] François A Lavergne | Group formation and cohesion of active particles with visual perception-dependent motility[END_REF]. The particle mobility is activated when it is facing the crowd regain, this 'crowd-taxis' like behavior pattern leads to the formation of group.

Flocking

The amazing phenomena of collective behaviors in nature, from flocks of birds to schools of fish and to swarms of bees, have inspired many scientific investigations. One of the best-known collective motion models is the Vicsek model [START_REF] Vicsek | Novel type of phase transition in a system of self-driven particles[END_REF]. In this model, particles are driven with a constant speed while their direction tends to align with their neighbors that are within a certain range. The system exhibits a continuous transition from anisotropic motion to a state of coherent motion by increasing particle density or reducing rotational noise. This large-scale collective motion exhibits a strong directional correlation, and thus requires alignment between individual units. In experiments, alignment can be introduced through interactions such as the [START_REF] Bricard | Emergence of macroscopic directed motion in populations of motile colloids[END_REF]; (c) Swirls formed in system with external feedback, adapted from ref [START_REF] Bäuerle | Formation of stable and responsive collective states in suspensions of active colloids[END_REF] volume exclusion [START_REF] Zhang | Collective motion and density fluctuations in bacterial colonies[END_REF][14], the dipole interaction [START_REF] Yan | Reconfiguring active particles by electrostatic imbalance[END_REF], and the hydrodynamic interaction [START_REF] Zhang | Collective motion and density fluctuations in bacterial colonies[END_REF]. Collective motion is reported in bacterial colonies (Figure 1.4a), where densely packed bacteria move cooperatively, with their velocity and orientational correlations originating from hydrodynamic interaction and excluded-volume integration of the elongated body [START_REF] Zhang | Collective motion and density fluctuations in bacterial colonies[END_REF]. Indeed, anisotropic shape induced nematic alignment tends to generate cooperated motion [START_REF] Ginelli | Large-scale collective properties of self-propelled rods[END_REF] [START_REF] Peshkov | Nonlinear field equations for aligning self-propelled rods[END_REF].

A system consisting of electric fields powered Quincke roller is reported to display macroscopic directed motion (Figure 1.4b) [START_REF] Bricard | Emergence of macroscopic directed motion in populations of motile colloids[END_REF]. The strong hydrodynamic coupling between particles leads to the formation of the robust and homogeneous polar flock with few density and velocity fluctuations which are often reported in other coherent motion systems [START_REF] Theurkauff | Dynamic clustering in active colloidal suspensions with chemical signaling[END_REF] [START_REF] Zhang | Collective motion and density fluctuations in bacterial colonies[END_REF]. Recently, a model experimental system demonstrates the alignment of particle direction with neighbors described in the Vicsek model through external feedback, stable and responsive swirls are formed in this system (Figure 1.4c) [START_REF] Bäuerle | Formation of stable and responsive collective states in suspensions of active colloids[END_REF]. By varying the misalignment angle (noise), a maximum correlation characterized by susceptibility χ is obtained, suggesting the existence of the critical point [START_REF] Ballerini | Interaction ruling animal collective behavior depends on topological rather than metric distance: Evidence from a field study[END_REF][67] [START_REF] Cavagna | Scale-free correlations in starling flocks[END_REF]. There are not many demonstrations of macroscopic directed motion in microscopic active particle systems. The reason could be that most interactions for active particle systems are not aligning and the accompanied hydrodynamic interaction is screened and weak. This is true for most chemically powered particles, if not all.

Jamming, glass

Now we look at how active systems behave at higher density, where crowding, glassy, and jamming physics take place. Where would activity and high density lead the system to? On one hand, one would suspect that at high density, the distinguishing effects of activity would be suppressed. On the other hand, larger propulsion could build up pressure that destroys the stable arrest state. A numerical study on soft active disks shows a transition from a liquid phase with a coherent motion to a Figure 1.5: Active particle in dense systems: (a) Active jamming in soft active particle system, arrows represent the instantaneous velocity field, adapted from ref [START_REF] Henkes | Active jamming: Self-propelled soft particles at high density[END_REF]; (b) Crystallization of active vibrated disk, colored by a local orientational order parameter, adapted from ref [START_REF] Briand | Crystallization of self-propelled hard discs[END_REF]; (c) Activity dependence of relaxation time for the ergodic and nonergodic active colloidal assembly. adapted from ref [START_REF] Klongvessa | Active glass: Ergodicity breaking dramatically affects response to self-propulsion[END_REF].

high density jammed phase (Figure 1.5a) [START_REF] Henkes | Active jamming: Self-propelled soft particles at high density[END_REF]. In this soft system, even in the jammed phase, slow mobility is maintained. Through simulation, soft active particles at extreme high density (number density to be 1.2) are studied [START_REF] Mandal | Extreme active matter at high densities[END_REF]. By varying persistent time τ p and active force f, an intermittent phase is reported at intermediate τ p and f. In the intermittent phase, periods of jamming followed by bursts of plastic yielding are observed. The yielding event is characteristically avalanche-like scale-invariant statistics and results in vorticity and turbulence. Similar jamming-yielding behavior is also observed in motile cell system [START_REF] Garcia | Physics of active jamming during collective cellular motion in a monolayer[END_REF].

We see that high density does not necessarily lead to dynamics arrest for the soft particle system. In a model experiment system consisting of vibrated active hard disk, a self-melting crystalline state emerges where dense hexagonal-ordered packed discs go through dynamical melting-forming, and there is no dynamical arrest even in the highest possible packing fraction (Figure 1.5b) [START_REF] Briand | Crystallization of self-propelled hard discs[END_REF]. Simulations reveal a transition from a liquid phase to coexistence between active liquids and hexatic order, followed by the transition from hexatic order to an active solid phase. As activity increases, the transition to the ordered phases is shifted to higher densities [START_REF] Digregorio | Full phase diagram of active Brownian disks: From melting to motility-induced phase separation[END_REF] [START_REF] Klamser | Thermodynamic phases in two-dimensional active matter[END_REF]. While activity can't be pictured simply as an effective temperature. A study in an active glass system reports a nonmonotonic dependence of relaxation on activity [START_REF] Klongvessa | Active glass: Ergodicity breaking dramatically affects response to self-propulsion[END_REF]. when probed from the ergodic supercooled liquid side, there is a monotonic shift of the glass transition line with effective temperature as predicted by theories. Intriguingly, when the system enters the nonergodic glass side, the presence of low activity slows down the relaxation first, followed by accelerating relaxation with further increasing activity as shown in Figure 1.5c. It's proposed that the nonmonotonicity is due to the competition between the swimming energy helping to break the cage and the persistent directed motion hindering cage exploration. Further simulation study refute this hypothesis and argues that the nonmonotonicity is actually linked to activity-enhanced aging [START_REF] Klongvessa | Aging or DEAD: origin of the non-monotonic response to weak self-propulsion in active glasses[END_REF].

Interaction with passive particle

In this part, I will introduce the interaction between active and passive particles. I will start with a low active particle fraction, then go into a higher fraction of the active particle system.

Active doping

Only small fraction of doping with active particles can lead to dramatic change in the behaviour of the surrounding passive environment. As active particles self-propel, perturbations resulting from volume exclusion, hydrodynamic interaction or phoretic interaction and so on will affect the dynamics or structure of the passive particle system. It has been reported that the formation of clusters is observed by doping with a small fraction of active particles (Figure 1.6a) [START_REF] Kümmel | Formation, compression and surface melting of colloidal clusters by active particles[END_REF]. With the doping concentration increase, larger clusters or crystal is produced, with the active particles accumulating at the interfacial regions between crystalline domains. This accumulation of active particles at the interface is also reported in simulation [START_REF] Wysocki | Propagating interfaces in mixtures of active and passive Brownian particles[END_REF].

The activity could also be introduced to assist crystallization. [START_REF] Van Der Meer | Fabricating large two-dimensional single colloidal crystals by doping with active particles[END_REF][79][80] [START_REF] Huang | Inverse solidification induced by active Janus particles[END_REF]. In one example [START_REF] Ramananarivo | Activity-controlled annealing of colloidal monolayers[END_REF], greatly accelerated annealing of a monolayer of passive particles is achieved by doping with a moderate amount of self-propelled particles. The active particles travel through the grain boundaries, producing active fluctuation and local reorganization through collision with the passive beads.

Passive particles in active bath

When passive particles are immersed in a bath full of active colloids, they experience active collision that is different from thermal fluctuation, thus exhibiting different dynamics [START_REF] Bechinger | Active particles in complex and crowded environments[END_REF]. A study of passive beads in a bacteria bath reveals that their mean squared displacement undergoes a transition from superdiffusive to normal diffusion at a larger scale resembling that of active particles (Figure 1.6b) [82][84]. This superdiffusive dynamic is attributed to the collective motion of bacteria. Apart from Figure 1.6: Interaction between active particles and passive particles: (a) Crystal produced by active doping, red: crystal, blue: trajectories of active particles, adapted from ref [START_REF] Kümmel | Formation, compression and surface melting of colloidal clusters by active particles[END_REF]; (b) Mean squared displacement of passive particles in an active bath of bacteria, adapted from ref [START_REF] Wu | Particle diffusion in a quasi-two-dimensional bacterial bath[END_REF]. the effects on dynamics, the interaction between passive particles could be modified in the presence of an active bath [START_REF] Stenhammar | Activityinduced phase separation and self-assembly in mixtures of active and passive particles[END_REF][86] [START_REF] Ni | Tunable long range forces mediated by self-propelled colloidal hard spheres[END_REF]. Short range attraction similar to depletion forces is observed to arise between passive particles immersed in bacteria bath [START_REF] Angelani | Effective interactions between colloidal particles suspended in a bath of swimming cells[END_REF]. This depletion-like attraction does not arise from volume exclusion in the thermal system but is due to the active fluctuation induced by the long persistence motion of bacteria [START_REF] Bechinger | Active particles in complex and crowded environments[END_REF].

Gels

What are gels

Gel as a material is ubiquitous in our daily life, from food, ceramics, cosmetics, coatings, pharmaceutical suspension formulations, printing ink [START_REF] Leocmach | Creep and fracture of a protein gel under stress[END_REF][89] [START_REF] Liang | Solvent-induced crystal morphology transformation in a ternary soap system: sodium stearate crystalline fibers and platelets[END_REF] to the biological gel-like mucous, biofilm [START_REF] Sujit S Datta | Polymers in the gut compress the colonic mucus hydrogel[END_REF][92] etc.. Gels are usually composed of two phases, a liquid phase and a solid phase with connected, cross-linked networks. Due to their unique structures, gels exhibit properties that are both liquid-like and solid-like: they behave like solids at rest and under mild deformations due to their three-dimensional cross-linked network that can transfer stress or strain. As external mechanical constraints increase, their viscoelastic response becomes nonlinear. When above the yield point, gels exhibit liquid-like behavior [START_REF] Rubinstein | Polymer physics[END_REF]. The building blocks of the gel could be polymer [START_REF] Costantino Creton | 50th anniversary perspective: Networks and gels: Soft but dynamic and tough[END_REF], cross-linked through chemical bonds, or weak physical bonds like hydrogen bonding [START_REF] Guo | Tough stimuli-responsive supramolecular hydrogels with hydrogen-bonding network junctions[END_REF] [START_REF] Webber | Large strain hysteresis and mullins effect of tough double-network hydrogels[END_REF]. In biological systems, gels are composed of cross-linked protein networks that serve as scaffolds to maintain cell shape [START_REF] Daniel | Cell mechanics and the cytoskeleton[END_REF].

Another type of building block for gels is colloids. As the size of the building blocks allows for real-space observation, colloidal gels make a prominent model system for studying gels. The essential component that leads to particle aggregation is the attractive interaction which can be induced in many ways. The simplest one is by adding salt or tuning the pH to screen the electrostatic repulsion, then particles can stick together by van der Waals forces [START_REF] Bailey | Colloidal dispersions[END_REF] [START_REF] Da Weitz | Fractal structures formed by kinetic aggregation of aqueous gold colloids[END_REF]. Another frequently used method is by adding polymer to introduce attraction through the depletion effect [START_REF] Wck Poon | The physics of a model colloid-polymer mixture[END_REF][101] [START_REF] Long | The equilibrium aspects of weak flocculation[END_REF]. Interparticle attraction leads particles to aggregate and locally arrest, resulting in the formation of space -spanning network. Numerous mechanisms for gelation have been proposed, including the arrested phase separation [START_REF] Zaccarelli | Colloidal gels: equilibrium and non-equilibrium routes[END_REF][104][105] [START_REF] Tanaka | Network-forming phase separation of colloidal suspensions[END_REF][107], cluster percolation [START_REF] Kroy | Cluster mode-coupling approach to weak gelation in attractive colloids[END_REF][109] [START_REF] Verduin | Phase diagram of a model adhesive hard-sphere dispersion[END_REF], diffusion-limited cluster aggregation [START_REF] Els | Direct observation of crystallization and aggregation in a phase-separating colloid-polymer suspension[END_REF], and jamming [START_REF] Trappe | Jamming phase diagram for attractive particles[END_REF]. Although the proposed mechanisms are different, there is a consensus that gels form an out-of-equilibrium arrested state, with each particle trapped inside a cage resulted from the multi-scale structure of the gel. The structure of the gel is a complex interplay of aggregation, phase separation, and arrested kinetics, and plays an important role in the dynamics, rheology, and mechanical properties of the gels. At such arrested states, gels constantly evolve, but very slowly, towards equilibrium [START_REF] Zaccarelli | Colloidal gels: equilibrium and non-equilibrium routes[END_REF][112] [START_REF] Cipelletti | Universal aging features in the restructuring of fractal colloidal gels[END_REF]. In the following part, I will briefly introduce the basic background of colloidal gels in terms of the structure, dynamics and their response to external fields.

Structure and dynamics

It has been proposed and demonstrated by many systematic studies that phase separation induces gelation [START_REF] Nynke | Fluid-fluid phase separation in colloid-polymer mixtures studied with small angle light scattering and light microscopy[END_REF][103][107] [START_REF] Wck Poon | The physics of a model colloid-polymer mixture[END_REF]. Interaction strength U and particle packing fraction ϕ are two essential components that determine the phase. A general phase diagram for colloidal gel systems is illustrated in Figure 1.7a. Various kinetic pathways towards gelation have been identified. It has been found that for ϕ > 0.1, above critical attraction, arrested spinodal decomposition is the mechanism that leads to gelation [START_REF] Patrick Royall | Vitrification and gelation in sticky spheres[END_REF][114] [START_REF] Tanaka | Viscoelastic model of phase separation in colloidal suspensions and emulsions[END_REF][120][103] [START_REF] Peter | Gelation of particles with short-range attraction[END_REF]. For sufficient attraction, the system is unstable, and small fluctuation in composition leads to liquid-liquid phase separation. Phase separation leads to two phases with very different dynamics: slow dynamics of the colloid-rich phase and fast dynamics of the colloid-poor phase. As the volume fraction of the colloid-rich phase reaches the glass transition line, the dynamic is arrested and the gel is formed. Since the dynamics of the colloid-rich phase can not catch up with the rate of phase separation itself, internal stress is built up in the slow dynamic phase. This type of phase separation is also called viscoelastic phase separation [START_REF] Tanaka | Viscoelastic model of phase separation in colloidal suspensions and emulsions[END_REF] [START_REF] Tanaka | Viscoelastic phase separation[END_REF]. The structure arrested at this non-equilibrium state undergoes viscoelastic relaxation, i.e. the aging of the gel.

With very strong attraction, diffusion-limited cluster aggregation (DLCA) takes place. Even with a low packing fraction, clusters can percolate to form a connected network eventually [START_REF] Wck Poon | Non-equilibrium behaviour of colloidpolymer mixtures[END_REF][122] [123][124]. In this scenario, particles or clusters are Figure 1.7: (a) Schematic phase diagram of general colloidal gel system. Adapted from ref [START_REF] Patrick Royall | Real space analysis of colloidal gels: Triumphs, challenges and future directions[END_REF] and ref [START_REF] Del Gado | Colloidal gelation[END_REF]; (b) Localization length estimated from mean squared displacement plateau as a function of attraction strength, adapted from ref [START_REF] Dibble | Structure and dynamics of colloidal depletion gels: Coincidence of transitions and heterogeneity[END_REF]. bonded irreversibly as soon as they encounter. As the cluster size grows, the diffusion of the clusters slows down, it will take more and more time for larger clusters to aggregate. Eventually, the clusters will be connected to form space spanning network if given enough time. The aggregation is solely limited by diffusion. Dynamical arrested, colloidal gels adopt slow dynamics. It is similar to caging in dense glasses where a particle's localization is determined by the interaction between particles, but unlike the glass case, arrest in gel occurs within a spanning network, therefore the localization length is also determined by the network structure, such as mesh size or connectivity [START_REF] Zaccarelli | Colloidal gels: equilibrium and non-equilibrium routes[END_REF]. It is shown that the localization length of colloidal gels decreases with attraction strength in the low attraction regime, and becomes less sensitive in the high attraction regime as shown in Figure 1.7b [START_REF] Dibble | Structure and dynamics of colloidal depletion gels: Coincidence of transitions and heterogeneity[END_REF]. It can be attributed to the transition from the mobile clusters phase to the percolated gel phase. In addition to changing the stiffness of particle bonds, varying attraction strength also change the network structure, so it is usually difficult to distinguish the effect of these two factors on the dynamics or the mechanical properties of gels [125][126].

Response to external field

The connected network structure endows colloidal gel with solid-like properties, which means gels can sustain applied shear stress while exhibiting little or no creep. It has also been demonstrated that an external field can cause modifications in the properties of gels such as the yield stress [START_REF] Ovarlez | Rheopexy and tunable yield stress of carbon black suspensions[END_REF], viscoelastic moduli [START_REF] Moghimi | Colloidal gels tuned by oscillatory shear[END_REF], delayed yielding [START_REF] Sprakel | Stress enhancement in the delayed yielding of colloidal gels[END_REF], and collapse of the gel network [START_REF] Teece | Gels under stress: The origins of delayed collapse[END_REF]. In this part, we look at how the gels respond to the external fields.

One particular case of response to external field is the collapse under gravity [START_REF] Ck Poon | Delayed sedimentation of transient gels in colloid-polymer mixtures: dark-field observation, rheology and dynamic light scattering studies[END_REF][132] [START_REF] Teece | Gels under stress: The origins of delayed collapse[END_REF]. Two categories of collapses have been identified: rapid collapse where gels collapse just after the formation [START_REF] Razali | Effects of vertical confinement on gelation and sedimentation of colloids[END_REF] and delayed collapse in which gel suddenly collapses long after it is formed with no indication [START_REF] Ck Poon | Delayed sedimentation of transient gels in colloid-polymer mixtures: dark-field observation, rheology and dynamic light scattering studies[END_REF]. It has been observed that gels prepared as small samples undergo rapid collapse, while delayed collapse occurs when the same suspension is prepared in a large container [START_REF] Patrick Royall | Real space analysis of colloidal gels: Triumphs, challenges and future directions[END_REF]. For the delayed collapse, it is proposed to be a consequence of coarsening [START_REF] Ck Poon | Delayed sedimentation of transient gels in colloid-polymer mixtures: dark-field observation, rheology and dynamic light scattering studies[END_REF] [START_REF] V Gopalakrishnan | Linking single particle rearrangements to delayed collapse times in transient depletion gels[END_REF]. The state of collapse involves the formation of cracks, plumes, and channels. it's argued that the coarsening process brings the gel to a state where the counter flow acts to erode the pores dramatically [START_REF] Allain | Aggregation and sedimentation in colloidal suspensions[END_REF].

Except for these natural collapses of colloidal gels under gravity, the effects of colloidal gels subject to shear are investigated. When subject to shear, colloidal gel usually undergoes an instaneious response to the shear and restructuring after shear cessation. A study combining experiments and Brownian Dynamics simulations (BD) [START_REF] Koumakis | Tuning colloidal gels by shear[END_REF] investigate the role of shear rate played in modifying the microstructure and [START_REF] Koumakis | Tuning colloidal gels by shear[END_REF]. mechanical properties of colloidal gel. In the study, colloidal gels are presheared with a high shear rate to obtain a homogeneous state and then quenched to the shear rate in question. It is revealed that with a high shear rate the structure is fully broken, resulting in a stronger material with a homogeneous structure, whereas pre-shearing at low rates yields a largely heterogeneous gel with larger voids in the structure and resulting in a weaker gel with reduced elasticity. The time evolution of the linear viscoelastic moduli of a colloidal gel after cessation of shear rejuvenation at high and low shear rates and the corresponding snapshots of the structure obtained are shown in Figure 1.8a and b. Long time behavior of a similar colloidal gel after shear cessation with different shear rate shows a reduced elasticity with increasing shear rate (Figure 1.8c).

The same team further studied tuning colloidal gels by oscillatory shear with different shear amplitude [START_REF] Moghimi | Colloidal gels tuned by oscillatory shear[END_REF]. Both structure and mechanical properties of gels after cessation exhibit a non-monotonic dependence on shear strain amplitude. The structure after shear cessation dependence on amplitude is captured by the volume of voids and the bonds of particles as shown in Figure 1.9a. The structures produced by BD simulations are shown in Figure 1.9b. In the small amplitude regime, the structure heterogeneity increases with increasing shear amplitude, in the higher amplitude regime, shear fully melts the gels and results in a more homogenous structure. On the contrary, the elasticity of gels obtained from experiments shows an opposite dependence trend on strain amplitude as shown in Figure 1.9c: the elasticity of gels first decrease then increase again as increasing shear amplitude. The microscopic events that govern the mechanical response can be directly visualized in a spatially-resolved experiment. It was shown in a 2D colloidal gel system [START_REF] Kasper Masschaele | Direct visualization of yielding in model two-dimensional colloidal gels subjected to shear flow[END_REF], when subject to flow, the network of the gel undergoes a cascade of break-up events as shown in Figure 1.10a. The break-up events are spatially localized and tend to cluster. Localization of the break-up event is suggested to be determined by the relative bond orientation to the deformation field, the bond configuration, and the local stress. Interestingly, the length scale for the break-up is found to be correlated to the heterogeneity of the gel which contains the memory of the pathway that led to the structure. The subsequent reaggregation leads to local compaction and an increase in the heterogeneity in the post-shear structure.

The enhanced heterogeneity during shear is accompanied by a remarkable shearinduced anisotropy [START_REF] Kasper Masschaele | Flow-induced structure in colloidal gels: Direct visualization of model 2D suspensions[END_REF]. In the same system, it is found the resulted aggregation is stretched along the extensional direction at low surface coverage and low shear rate as shown in Figure 1.10b. With higher surface coverage and higher shear rate, the aggregated structure is formed in the compressional direction of the flow. It's demonstrated that the anisotropy is a directional dependence of the break-up and re-aggregation: the largest force is exerted in the extensional direction, which leads to rupture, while aggregates are facilitated along the compressional direction [START_REF] Hoekstra | Flow-induced anisotropy and reversible aggregation in two-dimensional suspensions[END_REF]. Along with the compression and extension, the structures decrease in size and become [START_REF] Kasper Masschaele | Flow-induced structure in colloidal gels: Direct visualization of model 2D suspensions[END_REF]. (c) Aggregate structure with different shear rate of 0, 0.015, 0.026, 0.16, 0.54 and 2.03 s -1 respectively. Adapted from ref [START_REF] Kasper Masschaele | Flow-induced structure in colloidal gels: Direct visualization of model 2D suspensions[END_REF] progressively denser with increasing shear rate as shown in Figure 1.10c. Shear has been shown to be quite efficient at changing gels, an interesting question is whether shear can embed memories into colloidal gels? It has been shown that memories can be encoded into disorder systems through local plastic deformations [START_REF] Nathan | Generic transient memory formation in disordered systems with noise[END_REF][141][142] [START_REF] Nathan C Keim | Memory formation in matter[END_REF]. A recent study demonstrates that orthogonal memories can be encoded in a colloidal gel through oscillatory shear [START_REF] Eric M Schwen | Embedding orthogonal memories in a colloidal gel through oscillatory shear[END_REF]. By monitoring the structure, it is observed that gel bonds remain largely isotropic in the shear-vorticity plane throughout the training process, and the structure is further found to support the training strain not only in the training plane, but also in the perpendicular direction.

Active gel

We have seen that colloidal gels undergo dynamical arrest during gelation. This has two implications. First, particles are trapped in cages formed by neighbors and networks, thus experiencing strongly frustrated dynamics as compared to their freely moving counterparts. Second, with relaxation interrupted by gelation, colloidal gels can not overcome free energy barrier to reach an equilibrium state. External fields provide a way to modify the gels in an anisotropic way since the energy is injected from the boundary. Development of active self-propelled particles provides a way for injecting energy homogeneously at the scale of the individual particle. So far, a few studies have been carried on this direction of combining colloidal gel and activity. A study investigate the dynamics of colloidal gels embedded with Pt-PS Janus active particles which self-propel by catalysing the decomposition of hydrogen peroxide [START_REF] Szakasits | Dynamics of fractal cluster gels with embedded active colloids[END_REF]. It is shown that colloidal gels embedded with active colloids exhibit enhanced dynamics, as characterised by the mean squared displacement (MSD), as shown in Figure 1.11a. The MSDs, both the passive and the active states, increase with small power law exponent 0.15 (Figure 1.11a top), and no large scale rearrangement of the structure is reported. The enhancement is proportional to the total active energy injected (Figure 1.11a below), which is determined by the active energy of the active colloids E A and the number fraction of active particles X A . E A = ζU 0 L p , where ζ is the hydrodynamic drag coefficient, U 0 is the free active particle speed and L p is the persistent length of the active particles. A model is proposed that the enhancement comes from the direct contribution of active particles and the indirect contribution from the strain field induced by the active colloids that drive the passive particle.

The same system demonstrates a decrease in the linear viscoelastic moduli, with mechanical rheology change in proportion to an effective temperature that is determined by total energy in the system: [START_REF] Szakasits | Rheological implications of embedded active matter in colloidal gels[END_REF]. The reduction in viscoelastic modulus is attributed to the softening of the interparticle attraction caused by active motion. Further study [START_REF] Keara T Saud | Yield stress behavior of colloidal gels with embedded active particles[END_REF] reveals a decrease in the yield stress with active particle embedded. The reduction in the yield stress increases with active energy and parallels the reduction in the linear viscoelastic moduli as shown in Figure 1.11c. It is also shown that active particles generate no significant change in yield strain. The reduction in yield stress is found to be related to activation at the cluster scale rather than at the particle scale. For this system, the activity level is kept low enough that no significant change in the structure is observed.

T ef f = (E A X A +E P X P )/K B (Figure 1.11b)
A simulation study explores how doping with active particles in self-assembly can impact the final structure of the gel [START_REF] Ahmad K Omar | Swimming to stability: structural and dynamical control via active doping[END_REF]. The system consists of passive particles doped with active particle at a fraction to be one-tenth of that of the passive particles, Enhancement in dynamics of active gels, top: MSD for passive and active gels, bottom: dynamical enhancement δ proportional to the total active energy. Adapted from ref [START_REF] Szakasits | Dynamics of fractal cluster gels with embedded active colloids[END_REF]. (b) Linear viscoelastic moduli of active gels decrease as total energy in the system increases. Adapted from ref [START_REF] Szakasits | Rheological implications of embedded active matter in colloidal gels[END_REF]. (c) Relative linear viscoelastic moduli, yield stress and yield strain of active gels as a function of active energy. Adapted from ref [START_REF] Keara T Saud | Yield stress behavior of colloidal gels with embedded active particles[END_REF]. and particles interact with short-range attraction with a well depth of 6k B T . Various micro structures have been obtained by varying the swimming force P e s = ζU 0 a/k B T and persistence: P e R = a/L p of the active particles as shown in Figure 1.12. When the active force is smaller than the inter particle bonding P e s << P e * s = F a /k B T , active particles are not able to escape the strand once trapped. In this case, activity act as accelerating the coarsening of the gel strands without altering the topology of the network. A faster coarsening is observed with increasing persistent length. With increasing swimming force toward attraction strength (P e s → P e * s ), the coarsening trend is significantly amplified and is greatly accelerated by larger persistence, accompanying with some lost on the connectivity of the network as shown in the blue region in the phase diagram (Figure 1.12). In the other case, when the swimming force is larger than inter particle attraction (P e s >> P e * s ), active particles can escape the network. In this case activity induced attraction and activity induce repulsion phases are observed with small and large persistence. Note that in this system, active particles are activated during the self assembly of the gel and the final structures obtained [START_REF] Ahmad K Omar | Swimming to stability: structural and dynamical control via active doping[END_REF] are altered by active doping. Active doping is able to drive the gel into states that can not be achieved only by thermal fluctuation.

External fields have been shown to be efficient in modifying the properties of the colloidal gel, but a feature of this approach is the introduction of anisotropy. Another way to drive the colloidal gel is to introduce local activity into the system to drive from internal and locally. Except for the few examples mentioned above, systems that combine elasticity and activity remain largely unexplored experimentally, especially in the case where larger activity could be introduced to mediate the structure of the gel. In the above examples, activity is already presented during the gelation process, thus the structures obtained is the one already mediated by activity, which is not the same as the purely passive gel. So another missing piece of current research is the investigation of the effect of activity on an already-formed passive gel. Apart from that, an interesting question is what are the properties of the gel after activation, are there memories encoded during activation? Addressing these questions could enable a better understanding of the properties of colloidal gels and provide new design strategies for mediating colloidal assembly.

Goal of the present work and thesis outline

The present work aims at designing an active colloidal gel system in which active particles are embedded into the colloidal network and whose activity is switchable and tunable. We want to investigate how an already-formed gel reacts to activity and how it is modified by the activation process. By doing so, the states of the gel before, during, and after activation should be monitored in real space using confocal microscopy in order to quantify the structure and dynamics of the 3 states. The response to activation will be captured in the active state and the role played by activity in modifying the gel will be elucidated by comparing the gel prior to activation and the gel after activation. We finally want to set different activity levels to investigate the effect of activation.

In Chapter 2 of this thesis, I present the experimental systems and protocols. We propose different designing routes for active colloidal gel and present the system we finally chose which realizes the coupling between colloidal gel and activity and enables us to have facilitated control of the activity. Then the experimental methods including the protocols for the active gel preparation, the setting of the microscope and the acquisition, and the data processing are illustrated.

Chapter 3 describes the exploration of the phase diagram in terms of the gel structures obtained by tuning gelation parameters: the interparticle attraction strength and the particle packing fraction. By doing so, we identify 4 phases and then their response to activation is investigated. Gels in different phases exhibit rich behaviours and demonstrate different response to activation. We later focus on the phase in which the structure remains well connected while still allowing for reorganization.

In Chapter 4, we focus on the phase we are interested in, as identified in Chapter 3. The response of the well-connected network to different levels of activity is studied. With activity being switched on after the gel is formed, we first quantify the properties of the already-formed passive gels before activation. During the active period, we find the gels exhibit a characteristic scale-dependent response to activation. By switching off the activity, we characterize the gel after activation. We find their properties in terms of structure and dynamics have been changed after activation. The correlation between the change in structure and dynamics is investigated.

In Chapter 5 we summary our main findings and propose several perspectives suggested by this work.

Chapter 2 Experimental system and protocol

The general ideas of this project is to design a model system which combines elastic architecture and activity, and to study the response of the system due to the microscopic actuation, that is active colloidal gel. There are several reasons for us to choose colloidal systems. First of all, colloids have been studied for a long time with their interactions and physical properties being well understood, and have been widely used as a model system in physics research. Second, the properties of these artificial particles can be easily tuned and well controlled, unlike their biological counterparts. Third, their size is at a scale at which we can probe in real space. Colloidal gel system has been extensively studied in the past, but the one with activity remains largely unexplored. When it comes to practical operation, it is not easy to find the right system. Both sides of the system, that is elasticity and activity, must fulfill certain conditions to exist, and sometimes their conditions even conflict with each other. aq In this chapter, I will first describe the exploration of several experimental systems in the early days of my Ph.D. studies. Then I will present the details of the final system that we chose and the protocol of sample preparation. Then I will present our optical system which allows us to have simultaneous and independent control of observation and actuation. Later in this chapter, I will introduce the methods we adapted for data analysis, including particle detection and tracking, image processing, and noise removal. I will finally introduce the dynamical and structural observables and how we compute them.

Routes to active colloidal gels

To form an active colloidal gel, we need to bring together colloidal gel and activity. For colloidal gel, the aggregation of particles is typically induced by adding salt or tuning the pH of the solution to screen electrostatic repulsion force and allowing particles to aggregate by short-range attractive forces. For activity, recently developed active self-propelled particles which can perform directive motion are ideal candidates. These particles usually have asymmetric structures, which can induce sort of gradient, therefore are able to perform directive motion due to these self-generated gradients. It is not such an easy task to find the right systems that can coexist at first sight. In the following part, I will introduce some systems that we have explored and their pros and cons.

Colloidal gel at a water-oil interface with Pt-PS Janus particles

Experimental system 2D colloidal network formed at a liquid interface has been extensively studied in the past decades [START_REF] Pieranski | Two-dimensional interfacial colloidal crystals[END_REF][START_REF] Horozov | Order-disorder transition in monolayers of modified monodisperse silica particles at the octane-water interface[END_REF][START_REF] Bum | Direct measurements of the effects of salt and surfactant on interaction forces between colloidal particles at water-oil interfaces[END_REF]. Monolayers of colloidal particles at the water-oil interface form a well-ordered structure. This ordering of particles has been attributed to the long-range repulsion due to dipole-dipole interaction induced by asymmetric dielectric propertie of the two liquids as recognized early by Pieranski [START_REF] Pieranski | Two-dimensional interfacial colloidal crystals[END_REF]. The aggregation of particles can be induced by adding a small amount of salt to reduce the electrostatic repulsion.

The active particle we use is Pt-PS Janus self-propelled particle. It is synthesized by depositing a thin layer (10 nm) of platinum (Pt) on 3 µm polystyrene sphere, half of the particle is covered with Pt while the other side is still plain polystyrene. Pt is an active catalyst of hydrogen peroxide: it catalyzes the decomposition of hydrogen peroxide into water and oxygen.

2H 2 O 2 → 2H 2 O + O 2 (2.1)
This reaction only takes place at one half side of the particle where there's Pt layer (Figure 2.1). Therefore a chemical concentration gradient of the products is induced around the particle due to this asymmetric catalysis. Particles then swim due to the self-induced chemical gradient. The true mechanism behind this propulsion remains unsettled. In the early days the self-diffusiophoresis mechanism due to neutral product O 2 was proposed [START_REF] Howse | Self-motile colloidal particles: from directed propulsion to random walk[END_REF], while later on new studies show the motor slows down in ionic environment [START_REF] Brown | Ionic effects in self-propelled Pt-coated Janus swimmers[END_REF], which is not a feature of neutral self-diffusiophoresis. Recently, new studies show that tracer particles accumulate in the middle of Pt cap [START_REF] Andrew I Campbell | Experimental observation of flow fields around active Janus spheres[END_REF], and that discontinued Pt cap slows down the motion [START_REF] Lyu | Active, Yet Little Mobility: Asymmetric Decomposition of H2O2 Is Not Sufficient in Propelling Catalytic Micromotors[END_REF]. Thus new mechanisms have been proposed suggesting an unevenly deposited Pt cap that gives rise to self-Figure 2.1: Illustration of Pt-PS active particle with its Pt half catalysing the decomposition of hydrogen peroxide, moving its PS cape forward.

electrophoresis. When trapped at a liquid interface, Pt-PS Janus self-propelld particles maintain their motion [START_REF] Dietrich | Active Atoms and Interstitials in Two-Dimensional Colloidal Crystals[END_REF].

In our system, a water-oil interface is created using deionized water and decane [START_REF] Reynaert | Control over colloidal aggregation in monolayers of latex particles at the oil-water interface[END_REF]. Water is heavier than decane, therefore, is at the bottom layer of the two liquid phases. Monovalent salt NaCl, surfactant Sodium dodecyl sulfate (SDS), and fuel for active particle hydrogen peroxide are added to the water phase. We have two experimental chambers used to create a liquid interface. The first chamber is made of a 4 cm diameter petri dish equipped with two access ports below the oil-water interface, which are designed to add and remove salt in the sub-water phase. To ensure a plan interface, the top part of the petri dish is rendered hydrophobic by dipping into a 5 percent solution of dimethylchlorosilane in heptane solution for 24 h. Although the first chamber can create a flat interface, it somehow suffered from slow convection. To avoid convection, the second chamber is made according to the literature [START_REF] Dietrich | Two-dimensional nature of the active Brownian motion of catalytic microswimmers at solid and liquid interfaces[END_REF]. The chamber is made of a glass petri dish with a metal ring glued to the bottom with UV curable glue. DI water is first added to the metal ring until it is pinned to the edge, which turns out to prevent convection effectively. Then decane is added to the rest of the petri dish to form a flat oil-water interface. The chamber is covered with a glass slide to prevent evaporation and convection. When the oil-water interface is formed, the particle solution composed of different ratios of passive particles, Pt-Janus particles suspension, and Isopropyl alcohol mixture is added to the interface using a pipette.

The passive building blocks we use are passive PS particles. There are 2 ways to form the active gel. The first one is to place passive PS colloids at the interface. Due to electrostatic repulsion, they form a crystal. By adding salt to screen the repulsion force they aggregate into networks as illustrated in Figure 2.2a and b. After the colloidal network is formed, we add active particles. In this case, the active particle is in between the network without being embedded into the network. The second method is to embed active particles into the gel during gel formation. In this process, there is no need to add salt because Janus particles themselves aggregate into a fractal network at the interface. This might be due to the capillary interaction induced by the pinning of the contact line around the diffuse boundary between the two hemispheres [START_REF] Bum | Janus particles at an oil-water interface[END_REF]. During this process, aggregation of PS is also induced, leading to the self-assembly of all particles. Note that at this stage the Janus particles are not active yet because H 2 O 2 has not been added yet (Figure 2.2c and d).

Experimental observation

After the gel is formed, the activity of the Pt-PS particle is triggered by adding hydrogen peroxide into the system. Platinum is known for its high activity in catalyzing hydrogen peroxide. Plenty of oxygen bubbles are generated while the reaction goes on (Eqn 2.1). When we put a larger fraction of Janus particles, a great amount of oxygen is formed and causes problems either by blocking the view of observation or by disturbing the interface (see Figure 2.3). The advantage of this system is that inducing the formation of gel is easy to operate and the structure is 2D. The defect is that the active particle is not suitable for large population actuation due to the bubble being generated during the reaction. Although the system looks very promising, we couldn't find an effective solution to this bubble problem. So in the end we had to drop this system and find another one. 

Colloidal gel a at water-oil interface with induced charge electrophoresis Au-MF particles

Induced charge electrophoresis active particle

The first type of active colloid powered by chemical gradients produces too many bubbles in high concentrations and therefore is not suitable for our system. So we turn to another kind of self-propelled particle which is driven by oscillatory electric fields. These particles also consist of asymmetric structures in terms of material properties. Different polarisation of the thin double layers of the particle surface is induced when an electric field is applied. The asymmetric polarisation thus gives rise to an unbalanced flow which propels the particle in the direction perpendicular to the applied field. An illustration of the propulsion mechanism is shown in Figure 2.4. This mechanism is the so-called induced charge electrophoresis which is first analyzed by Squires and Bazant [START_REF] Todd | Breaking symmetries in induced-charge electroosmosis and electrophoresis[END_REF]. They predicted that a metallic sphere with hemispherical Figure 2.4: Schematic of induced charge electrophoresis (ICEP) mechanism: A Janus particle with two caps made of different materials gives rise to different polarization in the two half caps in response to an electric field. The amount of induced surface charges in the black cape is higher than that in the gray cape, thus inducing an unbalanced surface osmosis flow that propels the particle with its gray cape forward. dielectric coating swims perpendicular to the field at a velocity:

U ICEP = 9 64 
ϵRE 2 η(1 + δ) (2.2)
where ϵ is the dielectric constant and η is the viscosity of the solvent, R is the radius of the particle, E is the amplitude of the field, δ is the ratio of the differential capacitances of the compact and diffuse layers.

For a typical experiment in water, with E ranging from 100 to 1000 V/cm, it results in a velocity with a dielectric hemisphere forward, a magnitude range from 5 to 50 µm/s for the frequency in the scale of kilo Hz. When increasing the frequency of the AC field to 20-50 kHz, the direction of motion is reversed. This self-propelled active particle consumes no chemical fuels, produces no additional unfavorable products such as bubbles, and can be finely controlled by the applied E field, which all make it an ideal model for studies with a large population. When the dipole interaction dominates, this system demonstrates rich coherent configurations [START_REF] Yan | Reconfiguring active particles by electrostatic imbalance[END_REF].

The Janus particle we use is 3 µm melamine formaldehyde (MF) particles with a hemisphere coated with a thin layer of Au. The experimental setup used for a typical experiment is presented in Figure 2.5. A chamber is made by placing an adhesive sticker (100 µm per layer) or SecureSeal™ Imaging Spacers (Grace bio-labs) between 2 cover slides that have been coated with Indium tin oxide (ITO) layer as electrodes. The two electrodes are connected to a commercial wave function generator (Keysight) by silver lines and conductive glue (Figure 2.5). When applying 1000 V/cm, 1 kHz AC electric field we observed the motion of particles with an averaged speed of about 10 µm/s.

Experimental observation

Now it's time to introduce the active particle into a colloidal gel! As described before, the gel is formed at the water-oil interface and a fraction of Janus particles can induce self-assembly of the colloidal network. But before that, we need to test if ICEP active particles alone are able to move at the liquid interface. The speed of the particle is proportional to the square of the electric field amplitude (Eqn 2.2). If we want to obtain an amplitude of 100 V/cm, the largest voltage that can be provided by a usual wave function generator being 10 V, it means that the thickness of the cell is limited to under 1 mm. It is quite challenging to make a liquid interface at such a small scale. Although, we must try before giving up. In order to make a flat surface of the water, the cell is plasma activated to be rendered hydrophilic before adding water, then decane is added to the top layer. It turns out that with a thin layer of decane, it is hard to maintain the interface when trying to cover the cell, so we had to increase the thickness of the cell.

An experiment setting where we can have an interface is with a water layer of 200 µm and a decane layer of 400 µm. In this case, the voltage needed to maintain amplitude to be 100V/cm can be approximately calculated as follows: The capacitance at the interface D = ϵ oil E oil = ϵ water E water . ϵ water = 80, ϵ oil = 2. Let's assume

E water = 100V /cm, then E oil = 40E water = 4000V /cm. With thickness of water layer d water = 200µm, d oil = 400µm, the voltage of water layer is V water = E water d water = 200V /cm * 100µm = 2V , the voltage in oil phase is V oil = E oil d oil = 4000v/cm * 400µm = 160V , the total voltage needed is V water + V oil = 2 + 160 = 162V !
To maintain the amplitude requirement, we connect our generator to an amplifier that can amplify an output up to 100 times. We connect our sample with a liquid interface formed and with Janus particles at the interface to the amplifier, trying to propel the particle by increasing the voltage. But we found that, when voltage is increasing, the interface becomes very unstable. We observed that the sub-water phase has touched the up cover slide and enlarges until the interface disappears when the voltage keeps increasing (Figure 2.6). This phenomenon is related to the instability of fluid interface under the influence of electrical field problems which has been studied previously [START_REF] Taylor | The stability of a horizontal fluid interface in a vertical electric field[END_REF][START_REF] James | Electrohydrodynamic charge relaxation and interfacial perpendicular-field instability[END_REF][START_REF] Schaeffer | Electrically induced structure formation and pattern transfer[END_REF][START_REF] Shankar | Instability of the interface between thin fluid films subjected to electric fields[END_REF]. These studies demonstrated that electrical stresses on fluid interfaces, the associated electro-hydrodynamic instabilities, and the presence of gravity, etc. cause the fluctuation of the interface.

Several strategies have been implemented to solve this problem, like hydrophobic treatment of the upper wall to stabilize the oil phase, changing to heavier oil C30, adding surfactants, or increasing water viscosity to stabilize the interface. All these trials do not have a strong effect on optimization. Although we can take advantage of the propulsion that has no byproduct, the integration of activity and colloidal gel system is not easy to put into practice. 

The final system: Depletion colloidal gel and light activated particles

From previous sections, we learned the active particle is very sensitive to the environment, not only that it should empower the propulsion of the particle but should also allow for large population actuation. This places high demands on the experimental design. The system we are looking for is that the gelation environment shall not kill the activity either by high ion concentration or low energy supply(the E field), this indicates a gelation mechanism asking for low ions environment or, on the other hand, the active particle has a high tolerance to salt. As for the requirement for high density actuation, this could be solved by a proper setup design that allows for the evacuation of undesired products like oxygen bubbles. Here, we finally describe one system that works well for the coexistence of activity and colloidal gel which consists of depletion colloidal gel and hematite-TPM particle. In this section, I will describe the details of the final system we adopted. First I will introduce the active particle -hematite-TPM particle and its characterization, then I will switch to the introduction of the depletion colloidal gel, in the final part, I will summarize the parameters of our system.

Hematite-TPM active self-propelled particle Propulsion mechanism

The active agent we chose is a kind of self-propelled particle that consists of a hematite (α-F e 2 O 3 ) cube partially protruding outside a shell of 3-methacryloxypropyl trimethoxysilane (TPM) as can be seen in (Figure 2.7). This active particle has been used to study the active matter and has demonstrated rich behaviors of dynamics assembly and self-organization. For example, Palacci et al. described that these particles interact with their neighbors through phoretic flow and are assembled into 'living crystals' [START_REF] Palacci | Living crystals of light-activated colloidal surfers[END_REF]. More recently, the same group demonstrated target assembly of hematite-TPM dimers into microgears by responding to light gradients and the synchronization of these self-spinning microgears through chemical communication [START_REF] Aubret | Targeted assembly and synchronization of self-spinning microgears[END_REF]. Apart from the chemical activity of hematite, it is also a magnetic material that can be controlled through an external magnetic field [START_REF] Sacanna | Magnetic click colloidal assembly[END_REF], which adds a new degree of freedom for manipulation in the future. Plus, hematite is a cheap material and the hematite-TPM particle can be synthesized in bulk which gives massive production unlike traditional Janus particles made by deposition on a 2D surface with expensive metal like platinum or gold. F e 2 O 3 as a photocatalytic material, is a semiconductor with a bandgap of 2.2 eV, corresponding to a visible light wavelength 560 nm [START_REF] Xia | Tuning the band gap of hematite α-Fe2O3 by sulfur doping[END_REF]. When irradiated with high energy light, electrons in the material are excited to conduction bands, and holes and electrons are separated and migrate to the surface of the material. When in contact with hydrogen peroxide, a reactive oxygen species, the reduction, and oxidation of electrons and holes are therefore triggered, resulting in the decomposition of hydrogen peroxide into water and oxygen.

When there is no excitation light, these particles just perform Brownian mo- tion with the hematite core facing diagonally downwards. Upon exposure to the appropriate light, chemical decomposition of hydrogen peroxide is triggered, forming a chemical gradient cloud (O 2 or H 2 O 2 ) around the particle. On one hand, this gradient of chemical products induces an inward osmotic flow, which pushes these particles to reorient to 'stand up' with the hematite facing the substrate (Figure 2.7). These inward flows create an attractive force that has been shown to attract surrounding particles. On the other hand, these particles themselves start to self-propel on the surface. The movement of particles due to chemical gradients is known as diffusiophoresis [START_REF] Brady | Particle motion driven by solute gradients with application to autonomous motion: continuum and colloidal perspectives[END_REF] and is the result of the interaction between the particle surface and the solute.

The mechanism of the directive propulsion of the hematite-TPM particle is not so obvious, for this particle does not at first glance contains an asymmetrical structure in the propulsion axis like the Janus particle, which is usually the origin of the net force responsible for directive motion. The true mechanism of the broken symmetry is unclear. Some explanations include: the particle itself is not with perfect symmetric activity, therefore, inducing asymmetric gradient in the horizontal plane, or the phoretic flow caused by decomposition is symmetrical, but when the particle is near a substrate, the interaction with the substrate causes the symmetry of the osmotic flow being spontaneously broken due to a perturbation from the environment.

Characterisation of active particle

The speed and rotational diffusion time of hematite-TPM particles driven by different light intensities are measured from mean squared displacement (MSD). Here I define some quantities used in this manuscript:

SD i (t, τ ) = (r i (t + τ ) -r i (t)) 2 (2.3) SD(t, τ ) = 1 N i=N i=1 sd i (t, τ ) = ⟨sd i (t, τ )⟩ p (2.4) M SD i (τ ) = ⟨sd i ⟩ t = 1 M t=M t=1 sd i (t, t + τ ) (2.5) M SD(τ ) = 1 N i=N i=1 M SD i (τ ) = ⟨M SD i ⟩ p (2.6)
Recall that the MSD of active particles is given as [START_REF] George | On the theory of the Brownian motion[END_REF]:

M SD(τ ) = 4D t τ + U 2 0 τ 2 r 2 [ 2τ τ r + e -2τ /τ r -1] (2.7)
r i (t) is the position of particle i at time t, lag time τ is the time interval at which squared displacement is computed. ⟨• • • ⟩ p(t) denotes averaged in particle or in time.

From the mean squared displacement curve, we can extract the velocity V and persistent time τ r .

Experiments to characterize the motion of hematite-TPM particles are performed with the same buffer as the colloidal gel system. The MSD curves under different light intensities are shown in Figure 2.8a (see Section 2.3.4 for more details of buffer and light intensity). With no active light, MSD is diffusive, with activity induced by light, the ballistic region becomes more and more visible. It is difficult to identify the persistent time τ r directly from the MSD curves because sometimes the scale for the transition is out of the experimental range. Take a close look, the MSD consists in two parts: the short time diffusive part 4D 0 τ and

V 2 τ 2 r 2 [ 2τ τr + e -2τ
τr -1]. The equation can be reorganised as:

M SD(τ ) -4D 0 τ = A[τ /B + exp(-τ /B) -1], where A = V 2 τ 2 r 2 , B = τr 2 .
The right part of the equation is a standard function with a specific shape: it has a clear transition in τ = 2B, and its amplitude is decided by A, this gives us an idea of how to get the value of A and B, thereby V and τ . We can shift curve Using this method we have extracted the speed and persistent time τ r of Hematite-TPM particles with different light intensities. The speed of propulsion increases with light intensity (Figure 2.9a), it follows the Michaelis-Menten law (gray dash line) which characterizes the kinetics of catalytic reaction [START_REF] Michaelis | Die kinetik der invertinwirkung[END_REF]. The law relates the catalysis reaction rate ν r to the concentration of a substrate S, taking the form given by:

M SD a = M SD(τ ) -4D 0 τ to match with a model curve, the implementation of this shift in math is a process of changing coefficients A → A/a, B → B/b. M SD a = M SD(τ ) -4D 0 τ is
ν r = V max [S] K M + [S] (2.8)
where V max represents the maximum velocity achieved by the system and K M is a constant. In our active particle system, the particle velocity is assumed to be proportional to the catalyzed reaction rate. The activity of the catalyst can be analogized to the concentration of the substrate. Under the condition of fixed active particle number and fuel concentration, the activity of the catalyst is linearly related to the light intensity within a certain range. The persistent time seems not to depend on drive power (Figure 2.9b).

Depletion colloidal gel

Depletion force between two colloids is the attraction between the larger particles in the presence of smaller size depletants (polymers, small colloidal spheres, rods, and plates) which are preferentially excluded from the vicinity of larger particles. This (attractive) force originates from an uncompensated osmotic pressure due to the inaccessibility of depletants to the gap between the colloidal particles. For depletion induced by polymer molecules, a model using penetrable hard spheres (PHS) to mimic an (ideal) polymer molecule is introduced by Asakura and Oosawa [START_REF] Asakura | On interaction between two bodies immersed in a solution of macromolecules[END_REF] and considered in detail by Vrij [START_REF] Vrij | Polymers at interfaces and the interactions in colloidal dispersions[END_REF]. In this model (illustration in Figure 2.10), two colloids with diameter σ separated by a distance r, polymers with a radius of gyration of R g are penetrable between each other, i.e. they can overlap with one another, but they can not overlap with the colloids, which creates an excluded zone around the colloids with a thickness of R g where polymers can not access. When the distance between two colloids is smaller than σ + 2R g , i.e. when the excluded zones of two colloids overlap, a net force arises between the colloidal particles due to the osmotic pressure caused by polymers.

Interaction potential

Depletion interaction potential

The depletion potential originated from the osmotic pressure. The osmotic pressure in bulk is given by Van 't Hoff law:

p b = n b k B T (2.9)
where n b is the bulk number density of the polymer, which is defined as the number of polymers divide by the available volume for polymer, it is equal to the number density of ideal polymers in a reservoir with the same chemical pressure of polymer-colloids mixture. It is the number of polymers divided by the available volume for polymer.

Because in polymer -colloid mixture, the available volume for the polymer is the total volume minus the volume occupied by colloids. The fraction of available volume is:

α = (1 -ϕ c ) exp [-Aγ -Bγ 2 -Cγ 3 ] (2.10)
where γ = ϕc 1-ϕc , A = 3q + 3q 2 + q 3 , B = 9q 2 /2 + 3q 3 , C = 3q 3 , ϕ c is the colloid volume fraction, q is the size ratio between polymer and colloid: q = 2R g /σ. The osmotic pressure in the overlap zone is 0, thus K(r) = -n b k B T , and interaction is [START_REF] Vrij | Polymers at interfaces and the interactions in colloidal dispersions[END_REF]:

U (r) = ∞ 0 K(r)dr = -n b k B T V ov , taking the form of [101]
U (r) =                ∞, r < σ -n b k B T 4π 3 R g 3 ( 1 + q q ) 3 1 - 3r 2(1 + q)σ + r 3 2(1 + q) 3 σ 3 , σ ≤ r < σ + 2R g 0, r ≥ σ + 2R g (2.
11) It is important to note that this theory is valid when it concerns dilute non-adsorbing polymer solutions. When it comes to absorbing polymer, polymer bridging effect is the main mechanism [START_REF] Dickinson | Particle flocculation by adsorbing polymers[END_REF] [169] [START_REF] Feng | Re-entrant solidification in polymer-colloid mixtures as a consequence of competing entropic and enthalpic attractions[END_REF]. The depletion potential computed by Eqn 2.11 when varying polymer concentration c and polymer size R g are shown in Figure 2.11. The strength of the attraction can be easily tuned by the polymer added, which gives us more freedom to tailor the structures.

Van der Waals interactions

The van der Waals forces are known to be the attractions between atoms and molecules, they are weak and ubiquitous. These forces are the combination of different electrostatic effects: the Keesom force between permanent molecular dipoles, Debye forces between permanent dipoles and induced dipoles, and London dispersion forces due to instantaneously induced dipoles. For all these three types, London dispersion forces are presented in most cases and contribute mostly to Van der Waals. The physics of this interaction is quantum mechanical. Within atoms or molecules, electrons are continually performing quantum movement and generate instantaneous dipoles. These instantaneous dipoles create an electric field that will induce dipoles in surrounding atoms. The interaction between these dipoles causes attraction. The interaction between two molecules takes the form:

ν(r) ∼ - C r 6 (2.12)
where r is the distance between the molecules, and C is a constant. The total interaction between 2 spheres with volume V 1 and V 2 and molecule number density n 1 and n 2 is the sum of the interaction of all the molecules in these two spheres:

U V DW (r) ∼ V 1 V 2 - C r 6 dn 1 V 1 dn 2 V 2 (2.13)
In the case where the separation between colloid surfaces r -R 1 -R 2 is much smaller than the sphere radius R 1 and R 2 , the interaction is approximated by:

U V DW (r) = - R 1 R 2 R 1 + R 2 A H 6 1 (r -R 1 -R 2 ) (2.14) when R 1 = R 2 = R, U V DW (r) = - A H 12 R r -2R (2.15) 
with

A H = π 2 n 1 n 2 C
is the Hamaker constant.

Electrostatic force

Colloids with the same sign of surface charge will undergo repulsion from each other due to Coulomb force. If the repulsive force is larger than attraction then it is not favorable for particle aggregation. In aqueous solutions, particles become charged through many mechanisms. For polymer sphere, charged groups such as -COOH, -SO 4 , or -N H 2 are added during the synthesis. In an aqueous environment, these groups will dissociate into charged groups. The amount of surface charge will depend on the solution pH, which controls the dissociation. Other mechanisms such as metal ion substitution, and absorption of ions from solution also contribute to inducing surface charge. When placed in a solution, the charged surface will attract oppositely charged ions to form a layer of counterions which electrically screens the surface charge. This counterions layer is not closely packed but loosely diffuses into the bulk, thus is called the 'diffuse layer'. This structure made of a surface charge layer and counterions layer is known as the electric double layer (EDL) (A schematic of EDL is shown in Figure 2.12). The surface charges induce a surface potential Ψ 0 which is gradually screened by counterions. A characteristic length measuring the screen effect is called the Debye length λ D , and is defined as the length at which the magnitude of the potential decreases by 1/e. The Debye length depends on the ion Figure 2.12: Electric double layer of a sphere: the inner surface charge layer and diffuse layer with counterions. concentration in the solution and their valance:

λ D = ϵϵ 0 k B T 2e 2 n 0 z 2 1/2 (2.16)
with ϵ 0 is the permittivity of free space, ϵ is the dielectric constant of the solvent, k B is the Boltzmann constant, T is the absolute temperature in Kelvins, e is the charge of an electron, n 0 is the concentration of charged ions in the solution, z is the valance of charged ions. The interaction between two spheres with radius R separated by distance r takes the form:

U es = 2πRϵϵ 0 ψ 0 2 e -κ(r-2R) (2.17)
where κ = λ D -1 .

Put it all together

The combined effect of van der Waals attractive and electrostatic repulsive force is described by DLVO theory, named after Boris Derjaguin and Lev Landau, Evert Verwey, and Theodoor Overbeek. The DLVO potential energy of two spheres with radius R is described as the sum of the attractive and repulsive potentials:

U DLV O = U V DW + U es = - A H 12 a r -2R + 2πRϵϵ 0 ψ 0 2 e -κ(r-2R) (2.18)
Figure 2.13: Different interactions in the experiment system. σ = 2R is the diameter of particle.

For system of Chapter 4, DLVO potential is calculated according to Eqn 2.18, where A H for polystyrene particle takes the value 1.4 × 10 -20 J, ϵϵ 0 for water is 7.080 × 10 -10 , the surface potential of PS particle is estimated to be 30 × 10 -3 V, the Debye length λ D is calculated to be 3.3 × 10 -9 m due to the species added, κ = λ -1 D . For the depletion potential, we get from Eqn 2.11, where the polymer number density is 9.030 × 10 21 /L, the radius of gyration of polymer R g is estimated to be 25 × 10 -9 m from Eqn 2.23 (see section 2.2.3 for details of calculation), therefore size ratio q is 0.024. Different kinds of potentials are plotted in Figure 2.13 and the sum of them is plotted as total energy potential.

Quasi-2D network

In the early days of the research, we chose to use 1 µm PS particle as the building block, for its small size allows it to be sensitive to environmental stimulation. The solvent is not density matched, so particles sediment to the bottom to form networks. When using 1 µm PS colloids, we found some networks are extending to the higher plane which is out of focus, therefore some chains are missing from the bottom layer where the image is captured. This causes some blind spots when characterizing the structure of the gel, as is shown in Figure 2.14a where chains are not well connected according to one plane image but are connected as can be seen from the superimposed image of different z stacks in Figure 2.14b. Although the z stack scanning technique will enable us to capture more details but will also add extra issues like aggravating photobleaching, heavier data handling, and adding complexity in particle tracking, etc. Considering the gel is quasi 2-D structure, there is not much to gain from 3- Although we would like to capture as much as information we can from this quasi 2-D structure, we start from the structure side, that is, we would like to have more 2-D structures. If we consider the simplest case with sedimentation at thermal equilibrium, the density distribution of particle with mass m at temperature T takes a Boltzmann distribution profile:

P = P 0 exp(-z/h 0 ) (2.19)
with h 0 is the sedimentation length due to the balance of gravity and thermal force:

h 0 = k B T mg (2.20)
Based on this, we tried several methods in order to get a more 2-D gel.

Centrifugation

The first strategy we tried is to reduce sedimentation length by increasing the 'gravity', i.e. increasing the magnitude of g through the centrifuge. The sample made by 1 µm PS particles in a 200 µm height cell is centrifuged at the beginning of gelation at a speed of 500 rotation per min(rpm) for 5 mins, which gives an acceleration of about 28 g. The structure comparison formed in normal sedimentation and with these centrifugal parameters is shown in Figure 2.15a and b. When comparing the chains dispersion in the z-direction, we see that sample with centrifugation is less extended in the z-direction.

So far so good, the structure is not completely different from 'normal ones'. Things get a little strange when centrifuging the gel prepared in tall cell (adapted to avoid bubble accumulation) with active hematite-TPM colloids embedded. As shown in Figure 2.16a, when gel composed of only PS particles, the distribution of particle in space is homogeneous after centrifugation and the final structure is with tenuous strings. While, with hematite-TPM particles and PS particles are centrifuged together, the distribution of particles right after centrifugation is highly heterogeneous with and the final structure are more heterogeneous with compact clusters (Figure 2.16)b. This might be because Hematite-TPM particles are heavier than PS particles thus sediment first and act as nucleation centers, leading to the accumulation of particle to form local higher density clusters during centrifugation.

It is not easy to find the appropriate centrifugal parameters that yield nice 2-D structures without producing uncontrollable heterogeneity. The centrifugation process creates some uncertainties in the structure, so we decide to keep trying other methods.

Higher density particles -silica particle

Now we consider using heavier colloids since they sediment more, we chose the silica sphere as a candidate. The density of silica is 2.65 g/cm 3 , 2.5 times of PS (1.05 g/cm 3 ), we expect the chains formed with silica to rest within a narrower height range according to Eqn 2.19 and 2.20. We use 0.9 µm SiO 2 particles as the passive building blocks, gelation buffer contains gelation species (polymer PEO, f127 surfactant) and the usual species for actuation (SDS, TMAH, H 2 O 2 , see section. 2.3.4 for more details). A strange phenomenon we observed is that when the buffer contains no hydrogen peroxide, the gel forms nice fractal structures as shown in Figure 2.17a, but the silica particles are not attracted to each other or hematite-TPM when H 2 O 2 is added (Figure 2.17b). Adding extra salt to the buffer allows depletion, but silica and hematite-TPM deplete separately as shown in Figure 2.17c. Another strategy is to add H 2 O 2 after the gel is formed: the obtained structure is shown in Figure 2.17d. It demonstrates thicker chains, with more local crystal structures. Such structure is a manifestation of weaker attraction. From the phenomena presented here, it seems that: (1) the presence of H 2 O 2 makes it harder to induce the aggregation of silica spheres; (2) a stronger attraction is required to induce aggregation among silica spheres than hematite-TPM particles; (3) phase separation occurs between silica and hematite-TPM particles during aggregation.

The aggregation of particles is controlled by the particle properties and the solvent environment, which sets up their interactions. Silica particles suspended in solution, the surface groups will first become (-Si-OH), then protons will further be dissociated to form negatively charged groups (-Si -O -) [START_REF] Sven | The charge of glass and silica surfaces[END_REF]. The dissociation reaction is given by:

[OH + d ][SiO -] [Si -OH] = 10 -Kp M/L (2.21)
[ ] denotes the concentration, K p is the dissociation constant, an inherent property of the silicate-water interface and is estimated to be 7.5. The surface potential ϕ is linked to the dissociation by: where [OH + b ] = 10 -pH is the bulk proton concentration. A previous study shows that when treated with H 2 O 2 , SiO 2 surface will form a layer of Si(OH) x [START_REF] Hung | Surface properties of SiO2 with and without H2O2 treatment as gate dielectrics for pentacene thin-film transistor applications[END_REF]. In this case, it leads to an increase of proton dissociation to form -Si -O x-, which means an increase in surface charge density, therefore, a stronger repulsion between particles. That could be an explanation for the presence of H 2 O 2 hindering silica particle aggregation. We also see from Eqn 2.22 that the surface potential increases with pH. In our system, the buffer is basic with a pH of 8.5, which gives a relatively large surface charge in the silica sphere. Besides that, the size of silica is smaller, which also undergoes weaker attraction according to Eqn 2.11. The reason behind the phase separation between silica and Hematite-TPM particles is not clear, one could imagine that the stronger attraction leads to aggregation among hematite-TPM particles instead of being attracted to silica particles. As indeed shown in a previous study, the demixing of particles to form bigels can be achieved by introducing different intraand interspecies interactions [START_REF] Varrato | Arrested demixing opens route to bigels[END_REF]. Due to the poor understanding of the depletion of silica particles in the presence of hydrogen peroxide, we decide to drop this method and move to yet another strategy.

[OH + d ] = [OH + b ] exp -eϕ k B T (2.22)

Larger particle

Since depletion is sensitive to the particle properties, we switch back to PS parti- cle, but to decrease the density distribution, we consider PS particle with a larger size.

Structures formed with PS particles with a diameter of 1, 2.1 and 3 µm are shown in Figure 2.18. All systems are with well-connected chains and display clear structures. We decide to use 2.1 µm, as it will have a more dynamic response compared with 3 µm while displaying a clear structure relative to 1 µm gel.

System parameters

System parameters for Chapter 3

In the early stage of this project, we have explored the phase diagram of colloidal gel whose results are presented in Chapter 3: Phase diagram. The passive building blocks we use for this part are 1 µm fluorescent PS particles bought from the commercial provider (ThermoFisher). The number ratio between active and passive is 16%. The buffer for depletion consist in 3g/L Polyethylene glycol (PEO, Sigma) as depletant with M w = 600,000 g/mol, R g is estimated to be 40 nm according to Eqn 2.23 [START_REF] Devanand | Asymptotic behavior and long-range interactions in aqueous solutions of poly (ethylene oxide)[END_REF]:

R g = 0.215 × 10 -10 M W 0.588 (2.23)
The swimming buffer [START_REF] Palacci | Light-activated self-propelled colloids[END_REF] consists of 0.5% F127 pluronic surfactant, 0.6% (V/V) H 2 O 2 (Sigma) as fuel for activity, 5 mM tetramethylammonium hydroxide(TMAH, Sigma) to tune the pH to be around 8.5, and 3.4 mM sodium dodecyl sulfate (SDS, Sigma). 0.1 mM Ethylenediaminetetraacetic acid (EDTA) (Sigma) is added to suppress bubble accumulation. The experiment cell is 200 µm capillary. The active light source is from a white light source (Nikon) passing through a single-band bandpass filter(494/41, Semrock), with its maximum light intensity measured to be 5.4 mW. The system parameters measured with light intensity P=1.65 mW, for peo concentration c = 1g/L are listed in 
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System parameters for Chapter 4

To obtain a more 2D structure, we use larger PS particles with diameter of 2.1 µm for the investigation of dynamics and structure in Chapter 4. Active particle is the same 1.5 µm diameter hematite-TPM colloid. The buffer for depletion consist in 3g/L PEO with M w = 200,000 g/mol. 0.5% of F127 pluronic surfactant(Sigma) is added to stabilize particle. The species for activity consist in 1.2% (V/V) H 2 O 2 , 5 mM TMAH to tune the pH to be around 8.5, 3.4 mM SDS and 0.1 mM EDTA. The volume fraction of passive PS particle ϕ p = 6.5 × 10 -4 , for active hematite-TPM particle ϕ a = 5.9 × 10 -5 , the number ratio of Active/Passive particle is 0.25. Note that particles are sedimented in a cell with a height of 2.6 mm to the bottom to form a quasi-2D gel.

R g is estimated to be 25 nm according to Eqn 2.23. Here we explored another way to determine R g by critical gelation point. Figure 2.19 shows the structural evolution around the gelation boundary. The images show the snapshots of the structure. For images a-c, the structures are composed of isolated particles with no clear cluster forming, these singlets are constantly colliding with each other. Until polymer concentration is increased to 0.00374 (Figure 2.19d), we see a slight denser region emerging, accompanied by the decrease of dynamics (can be seen from dynamical video). Increasing c/c * to 0.00394, a distinguishing structure is formed with local crystal packing (Figure 2.19e), which we think as a gel. So the critical point of gelation is set to be (0.00374+0.00394)/2=0.00384.

The reduced second virial coefficient of the system with short range potential is:

B * 2 = B 2 2/3σ 3 ef f (2.24)
where B 2 is the second virial coefficien:

B 2 = 2π ∞ 0 drr 2 [1 -exp(-βU (r))] (2.25)
and σ ef f is the effective hard sphere diameter:

σ ef f = ∞ 0 [1 -exp(-βU (r))]dr (2.26)
U (r) is the interaction potential (Eqn 2.11). The approximate value of the reduced second virial coefficient at criticality is: B * 2 ≈ -1.5 [START_REF] Massimo | Extended corresponding-states behavior for particles with variable range attractions[END_REF]. Using this relation and the critical point we found, we have estimated the radius of gyration of the polymer to be 37.1 nm as shown in Figure 2.20. The system parameters are summarized in 

Sample preparation

Experiment cell

As we know from previous section, the activity comes from the decomposition of H 2 O 2 into water and oxygen and there will be large amount of oxygen produced with the actuation of large population of active particles. Oxygen molecules accumulate into micro bubbles and keep growing until certain size, then float up to the top. If bubbles accumulate at the region of interest, it will disturb or even destroy the gel. It is one of the difficulties to use chemical powered particles as a model to study collective behaviour. So it is an important consideration to be taken into account when designing the experimental setup. One strategy we adopt is to use a tall cell, which allows bubbles to float up to the top that is far from the region of interest (which is at the bottom). The cell used for experiment is SecureSeal™ hybridization chambers (Figure 2.21) (Grace Bio-Labs) with a diameter × depth = 9 mm × 2.6 mm, equipped with two pots of diameter 1.5 mm on top, which is convenient for loading solution without creating extra bubble when sealing. Apart from that, these two pots can be easily adapted for other microfluidics designs if needed.

To avoid particles sticking to the substrate by depletion, the bottom substrate is pre-grafted with polymer chains which would serve as steric repulsion. The glass slide is first cleaned and activated by plasma for 30 min, then it is left in hexamethyldisilazane (Sigma) silane atmosphere to graft polymer chain overnight.

Synthesis of hematite -TPM particle

The Hematite-TPM particles are generously offered by Laura Rossi from the TU Delft, Netherlands. The synthesis protocol of particle can be referred to [START_REF] Sugimoto | Preparation of monodisperse peanut-type α-Fe2O3 particles from condensed ferric hydroxide gel[END_REF] [163] [START_REF] Palacci | Living crystals of light-activated colloidal surfers[END_REF]. The brief summary of the synthesis process is shown in Figure 2.22. The diameter of the particle is 1.5 µm, with the hematite cube being 600-700 nm. Our intention to dye the active particle failed, possible reasons might be that the organic fluorescent dye might be quenched by Nano hematite particles [START_REF] Eue | Fluorescent dye labeled iron oxide/silica core/shell nanoparticle as a multimodal imaging probe[END_REF] or due to the fact that TPM is highly cross-linked which prevent dye molecules from entering the structure. The structure of the particle can be seen from the Scanning Electron Microscope (SEM) images in Figure 2.23. 

Doping particle with fluorescent dye

The building block of the network is 2.1 µm polystyrene spheres (Thermo Scientific). To better adapt our illumination system, we chose to dye the particles ourselves because there are more options of the excitation wavelength to choose. The processes to dye the particle are as follows: In a 1.5 mL Eppendorf tube, 50 µL particle suspension is dissolved in 200 µL DI water and 200 µL Tetrahydrofuran (THF) mixture solution, then add 5 µL BODIPY™ 650/665 fluorescent dye (ThermoFisher) (dissolved in Tween) and mix the solution gently in a shaker. In this process, PS particles will dissolve slightly and swell, so the dye molecules can get into polystyrene chains. After shaking for 30 min, add DI water to reduce the amount of THF, therefore, decreasing the solubility of PS, to favor the de-swelling process, during which PS chains will shrink back into spheres. Open the cap of the Eppendorf tube in a wind hood to assist the evaporation of THF for about 1h, and shake gently every 15 min. Last, clean the particle with ultrasound -centrifuge cycle for 4 times. Particles are suspended in DI water for future usage.

Gelation process

With all the species for depletion and swimming mixed and loaded into the experiment cell, the two pots are sealed with silicon taps, the sample is then left still in the refrigerator to gel for 24 h. The solution is not density matched, so particles will sediment to the bottom during the gelation process, the sediment speed can be calculated by balancing gravity and fluid drag force based on Stokes equation: 4πa 2 3 ∆ρg = 6πν s aη, which yields the sedimentation velocity:

ν s = 2a 2 ∆ρg 9η (2.27)
where a is the radius of the sphere, ∆ρ is the difference in density between particle and solvent, g is the acceleration due to gravity and η is the solvent viscosity. If we consider the simple scenario where there are no particle interaction, from Eqn 2.27 we estimate the sedimentation velocity of one passive PS particle ν s = 1.79 × 10 -8 m/s and the time taken to complete sedimentation for one particle from the top of the cell is : 2.6mm/ν s = 4h. For active particle hematite-TPM sphere whose density is higher, the sedimentation rate is estimated to be ν s = 3.4 × 10 -8 m/s. Note that, the particle assembly in the bulk occurs simultaneously with sedimentation, it ends up with a quasi-2D colloidal gel just above the substrate. Figure 2.24 shows the structure and dynamic evolution during the first 2 h of gelation. The mean radius of gyration is that of the skeleton extracted from the gel (see Section 2.5.5 for details of the method used for extracting the skeleton). It increases rapidly at the beginning which corresponds to single particles assembling to small clusters. Simultaneously, the 

Confocal microscopy and Acquisition

Confocal microscopy configuration

We want to investigate the effects of actuation on the colloidal gel. Two light paths are configured to allow independent control of actuation and observation. The schematic of the microscopy configuration is shown in Figure 2.25. The observation is taken by confocal laser scanning microscopy (CLSM) equipped with a 40X oil objective. The observation light to excite fluorescent dye is a 647 nm red laser which passes through a 605 nm single-edge dichroic beamsplitter (shown in green in Figure 2.25). Emission light from the sample (665 nm) is captured by a CCD camera (Zyla 5.5), the sensor resolution is 6.5 µm/pixel, when combined with our 40 x objective, resulting in a resolution of 0.1625 µm/pixel in the image. The actuation light comes from a white light source (Lumencor) passing through a single-band bandpass filter (494/41, Semrock, shown in purple in Figure 2.25) and then reflected by the dichroic mirror to sample. The sample cell diameter is 9 mm, the actuation region is controlled by a mechanical aperture, and is set to open to the largest size with a diameter of 600 µm if not otherwise stated. The power of actuation blue light is measured with an Optical Power and Energy Meter (Thorlabs) to be ranged from 0 to 65.5 mW with the mechanical aperture opened to its maximum, resulting in power density up to 232 mW/mm 2 . To keep simplicity, we refer to our light level by the power instead of the power density as the area for measuring is fixed. The light power levels we use are : 5.4, 11.5, 23.5 33.5 and 43.5 mW respectively. The observation region is 248.95 × 173.22µm 2 . The typical lighting cycle for an experiment consists in 30 min without active light to capture the passive gel, followed by 1h actuation to capture the active response, then 30 min without actuation light to capture the gel after actuation. Videos are recorded as 16-bit images with an acquisition rate of 1 frame per second.

Data processing

Particle detection and tracking

We are interested in the dynamics of particles inside the network such as mean squared displacement, so we need to know the information on the position of particles. The diameter of a particle is 2.1 µm, which is about 13 pixels in the image. Particles in the network are attached to each other, it is more difficult to distinguish the individual particle in such a situation. The detection of particles is adapted from Matlab codes based on the local maximum gray level. A flow diagram of the processes is illustrated in Figure 2.26. Images are acquired in the form of 16 bits, each pixel at position (x,y) in the image has a gray value I x,y ranging from 0 to 2 16 . We first implement image processing to the original image I to homogenize global illumination and enhance contrast, as well as convert it to an 8-bit image I 2 . Then we find the local maximum pk x,y of I 2 above a threshold. The threshold is defined by the maximum value of the histogram of the image plus 20. This value is set by testing to give the best results. For each local maximum, we restrict the search area to a square area I p (x, y) with the local maximum at the center and the diameter of particles as the length of the side. We first check if this region is worth tracking by computing the correlation between the gray value within this region and the gaussian point spread function.

P SF = exp(-((x -(r + 1)). 2 + (y -(r + 1)). 2 )/r 2 ) (2.28)
where x,y is the coordinate, r is particle radius. The correlation is computed as: R =

x y (I x,y -I)(P SF x,y -P SF ) ( x y (I x,y -I) 2 )( x y (P SF x,y -P SF ) 2 )

(2.29)

If the correlation is higher than 0.2 then we consider it as worth tracking and proceed to the next steps. Then we search around the worth tracking local maximum to find the connected pixels with a gray level above a threshold, first set to be 10 percent of the local maximum value. If the total number of connected pixels is larger than 50 pixels, we halve the threshold until the connected pixel is less than 50 pixels. Then we define the center of these connected pixels as the center of mass of the particle. To get the trajectories, the usual way is to map the particles detected in two successive frames, via the optimization of a cost function. In our case, we adapted another way.

There are two steps in locating the particles, the first step is to get the local maximum gray value position, then search around this position to identify the final center. So we take the center of the particle in the previous frame as the pre-located position, then we search around this position to get the center in this frame. We can do this because the displacement of particles between 2 frames is very small since particles are trapped in the gel. The merit of this method is that it gives a better location of the center of mass, and it also gives the trajectory at the same time. So we implement the standard detection process (find local maximum then search around to find the center) for the first frame; then for the following frames, we search around the centers detected in the previous frame to get the centers in the current frame.

For a typical gel, we detect about 4000 particles at the beginning, we lose some particles during the process from time to time, while the number of particles that remains is still considerable 3000, see Figure 2.27. From Figure 2.28 we see that particles tracked spread homogeneously both at the beginning and at the end, it is not like only particles at the tips (which are typically more motile than particles inside the backbone) are lost. This loss of particles during tracking is due to the correlation with PSF checking step, it might be because the gel is not strictly a 2-D structure, some of the particles are extended to a higher plane than the focus, therefore their shapes of grayscale distributions deviate from Gaussian. With all the frames detected, we get a matrix with four columns with x, y, t, and p corresponding to particle coordinate x, y, time, and id assigned to the particle. We extract the length of the trajectory of each particle and marked these particles whose trajectories have lasted for the whole duration of the tracking. All further computations are done with these marked particles. 

Data handling with database

For one experiment we have 7200 frames of images, each frame containing 3000 particles, and each data file contains four columns corresponding to x, y (position), (t) time, and p (identity assigned to particle). To handle such data for further analysis, we store our data in a database. Compared with a file-based system, the database has many merits such as reduced data redundancy, greater data integrity, independence from applications programs, and improved data security. More important, a database allows systematic collection of data, where data is organized and therefore easy to manage. Not like file-based data, querying is done by searching all the rows one by one, which can be time-consuming. The database can be queried with two primary keys (t and p), which is quite efficient, especially when computing dynamical quantities. Relational Database Management System -MySQL is used to handle the data. SQL stands for Structured Query Language and is a language programmer used to create, modify and extract data from the relational database, as well as control user access to the database. Data extracted from the videos containing the particle information is transferred to the database and can be fast fetched from Matlab programming during data processing.

Post processing

Drift removal

One problem with microscopic experiments is drift, which adds uniform motion in a certain direction to the entire image. Drift can result from the thermal expansion or contraction of the sample itself, sample cell, and the microscope. In our experiment, another factor that can cause the drift is the oil added between the sample cell bottom and the objective. When lift of the objective to contact with the substrate, it takes some time for the oil in between to spread evenly, which causes drift in the z-direction, sometimes xy plane as well. A way to reduce these effects is to wait for a while before starting the experiment. Apart from that, the drift in the z direction can be corrected by the Perfect Focus System (PFS) integrated with the microscope, which is designed by the microscope manufacturer (Nikon) to compensate for axial focus fluctuations in real-time during long-term imaging investigations. An illustration of how PFS works is shown in Figure 2.29. The PFS detects the interface between the slide and the sample solution using the near-infrared (IR wavelength, 870 nm) that does not interfere with normal observation as a reference plane, and then maintains focus by automatically tracking the vertical shift of the reference interface. When the sample as a whole (Species and boundary interface) shifts in z, the amount of shift can be detected by IR reflected from the boundary interface, therefore compensation can be made to maintain focus. Drift in the z direction can be greatly reduced due to the Perfect Focus System, while drift in the xy plane remains, so it's necessary to eliminate it afterward. The drift in the xy plane in our experiment is found to be the relative movement between the sample cell and the optical system. We identify it by having observed the motion of a scratch in the glass slide. A straight simple way to compute drift in the xy plane within lag time τ is to detect the movement of the center of mass of all the particles, which is also the mean of the displacement:

CM (t, τ ) = x(t + τ ) -x(t)) = x(t + τ ) -x(t) = ∆x(t, τ )
This method is valid when there's no collective behavior, or the motion is isotropic, which displays a zero mean displacement in the case without drift. There is a chance this might not be valid during the actuation state where local reorganization of the gel network may happen. A small population of particles reorganized in one direction will shift the center of the mass due to the large magnitude of coherent motion. For this reason, we could not distinguish the displacement of the center of mass caused by drift from that due to chain rearrangement as illustrated in Figure 2.30. So we need to implement another method to calculate the drift.

In theory, the best way to define the drift in our case is to have something that has no relative motion to the sample cell like a scratch that we can track, so its trajectory reflects the drift. The colloidal gel is at an arrested state, with a large population of the particles embedded in the chain that do not have large movement, so we could use these particles that made up the largest part of the gel (also are the least motile ones), as the indicator of drift. During the actuation state, reorganization happens locally, which increases the displacement of a small population of particles, but most of the particle is not affected by local rearrangement. We define the drift as the motion of the largest part of the particles, that is the displacement value corresponding to the peak of the probability distribution function (see Figure 2.30).

Noise removal

For a microscopic experiment, an important factor that needs to be evaluated is the noise level. Noise may come from the error of position detection which is highly related to image quality. We find that in our experiments, the mean gray level of the image decreases with the experiment going on, especially when the actuation light is turned on (Figure 2.31c). By comparing the signal at the beginning of actuation (Figure 2.31a) and at the end (Figure 2.31b), we see that the signal profile becomes less sharp at the end, that is the signal-to-noise ratio decreases, which creates a larger error in position detection based on a local maximum. With a closer look, we found that the reduction in gray level is due to bleaching of the fluorescent dye during the actuation process. In this process, bleaching has been triggered by actuation light. Possible key factors could be light + hematite since we are not able to dye hematite -TPM particles as mentioned before. Or it could be light + H 2 O 2 , or it needs all of them (light + hematite + H 2 O 2 ) to promote bleaching. From controlled experiments (Figure 2.32) we see that in addition to the presence of actuation light, the gray value decreases most dramatically when there are both hematite and H 2 O 2 , which indicates the cause of bleaching is the chemical reaction. This is reasonable, one can imagine that highly active free radicals generated during the decomposition of hydrogen peroxide may oxidize the dye [START_REF] Wang | Photo-oxidation of Mordant Yellow 10 in aqueous dispersions of ferrihydrite and H2O2[END_REF]. To evaluate the noise in different gray levels, we have performed experiments to mimic the variation of gray levels by varying the laser power of excitation light (the observation light) which controls the intensity of emission light. We use the mean squared displacement of a 'stuck gel' as an indicator of the noise level. The processes are as follows:

1. Mixing dyed PS particle suspension and Isopropyl alcohol(IPA) by 1:1 then depositing a proper amount of the mixture in the substrate, let it dry at ambient temperature. Particles will stick in the substrate after drying.

2. Washing gently with DI water to make sure remaining particles are stuck on the substrate. Stick the experiment cell to the substrate and load the usual buffer for the experiment.

3. Varying the laser power of observation light and record short videos at each laser power (P). Videos recorded are short in order to maintain the gray level unchanged within this short time window.

4. Detect and track the particles in the usual way, then compute the mean squared displacement (M SD p ) and the mean gray level (B p ) at each laser power.

Computation of MSD:

M SD p = 1 M M t=1 1 N N i=1 (X i (t + τ ) -X i (t)) 2 + (Y i (t + τ ) -Y i (t)) 2 (2.30)
MSD is computed at lag time τ =1 s:

Computation of gray level: The gray level at each time (t) is not simply the mean of the gray value of the whole image, it is the mean of the gray values at the mass centers (x i , y i ) for these particles been detected and lasted for the whole duration, which are the same particles that contribute to the MSD calculation. The gray level for each laser power level B p takes the values averaged in time.

B p = 1 M M t=1 1 N N i=1 B(x i , y i , t) (2.31)
By varying the laser power, we have the relation between M SD p and gray level B p (Figure 2.33, each black circle corresponding to one laser power experiment), we can fit the curve to get the function MSD(B). The data is fitted (Figure 2.33 inset red line) in log-log scale: ln(MSD) as function of ln(B)) to a power function first:

ln(M SD) = a(lnB) b + c (2.32)
then restored to linear scale(Figure 2.33).

M SD = exp(a(ln(B)) b + c) (2.33)
where a=88.29, b=-1.815, c=-7.941. To test the validity of the method, an experiment with stuck gel bleached by actuation light is performed. In Figure 2.33, each blue x symbol represents a recording in the same area after 5 min of actuation. We can see that the data collapse into the fitting curve, which means the effect of decreasing gray level by tuning laser power and by photo-bleaching of the dye is the same.

For gray level evolution shown in Figure 2.31, the corresponding noise computed by Eqn 2.33 is shown in Figure 2.34.

Dynamical quantities

We now have the function of MSD(τ = 1) of the noise. But we are not able to extract the function of MSD (τ ) of the noise with any lag time τ , because it requires a longer video to compute larger τ , while the gray level may change during such large time interval. Fortunately, we found a way to correct the squared displacement based on the MSD(τ = 1) of the noise under a reasonable assumption. Let's take the squared displacement in 1 dimension as an example. The processes are as follows: X i is the position of particle in time i, displacement between time i and time i+q is :

∆x q i = X i+q -X i , ⟨• • • ⟩ p means averaged on particles. X 1 = X 1 X 2 = X 1 + (X 2 -X 1 ) = X 1 + ∆x 1 1 X 3 = X 2 + ∆x 1 2 = X 1 + ∆x 1 1 + ∆x 1 2
Particle position at time n and time n+q can be represented respectively as :

X n = X 1 + n-1 k=1 ∆x 1 k X n+q = X 1 + n+q-1 k=1 ∆x 1 k
So displacement between time n and time n+q is :

∆x q n = X n+q -X n = X 1 + n+q-1 k=1 ∆x 1 k -(X 1 + n-1 k=1 ∆x 1 k ) = n+q-1 k=n ∆x 1 k (2.34)
Squared displacement with lag time q at time n can be written as :

(∆x q n ) 2 = n+q-1 k=n n+q-1 k ′ =n ∆x 1 k ∆x 1 k ′ =               ∆x 1 n ∆x 1 n ∆x 1 n ∆x 1 n+1 • • • ∆x 1 n ∆x 1 n+q-2 ∆x 1 n ∆x 1 n+q-1 ∆x 1 n+1 ∆x 1 n ∆x 1 n+1 ∆x 1 n+1 • • • ∆x 1 n+1 ∆x 1 n+q-2 ∆x 1 n+1 ∆x 1 n+q-1 ∆x 1 n+2 ∆x 1 n ∆x 1 n+2 ∆x 1 n+1 • • • ∆x 1 n+2 ∆x 1 n+q-2 ∆x 1 n+2 ∆x 1 n+q-1 . . . . . . . . . . . . . . . ∆x 1 n+q-2 ∆x 1 n ∆x 1 n+q-2 ∆x 1 n+1 • • • ∆x 1 n+q-2 ∆x 1 n+q-2 ∆x 1 n+q-2 ∆x 1 n+q-1 ∆x 1 n+q-1 ∆x 1 n ∆x 1 n+q-1 ∆x 1 n+1 • • • ∆x 1 n+q-1 ∆x 1 n+q-2 ∆x 1 n+q-1 ∆x 1 n+q-1               = n+q-1 k=n (∆x 1 k ) 2 + 2 n+q-1 k=n+1 k-1 k ′ =n ∆x 1 k ∆x 1 k ′ = (∆x 1 n ) 2 + n+q-1 k=n+1 (∆x 1 k ) 2 + 2 n+q-1 k=n+1 k-1 k ′ =n ∆x 1 k ∆x 1 k ′ = (∆x 1 n ) 2 + n+q-1 k=n+1 (∆x 1 k ) 2 + 2 k-1 k ′ =n ∆x 1 k ∆x 1 k ′ (2.35)
We now average over particle:⟨•⟩ p and extract (∆x 1 k ) 2 in the second part, and obtain:

(∆x q n ) 2 = (∆x 1 n ) 2 + n+q-1 k=n+1 (∆x 1 k ) 2 + 2 k-1 k ′ =n ∆x 1 k ∆x 1 k ′ = (∆x 1 n ) 2 + n+q-1 k=n+1 (∆x 1 k ) 2 • (1 + 2 k-1 k ′ =n ⟨∆x 1 k ∆x 1 k ′ ⟩ ⟨(∆x 1 k ) 2 ⟩ (2.36)
As Eqn 2.36 shows, squared displacement with lag time q can be re-constructed with

⟨(∆x 1 k ) 2 ⟩ p and the correlation of displacement ⟨∆x 1 k ∆x 1 k ′ ⟩ p .
For the prefactor part of ⟨(∆x 1 k ) 2 ⟩ p , which only concerns squared displacement for τ = 1, noise can be removed based on the gray level: squared displacement of raw data at time k with τ = 1, sd 0

1 k = ⟨∆x 1 k ∆x 1 k ′ ⟩ p ; the new squared displacement is sd ′ 1 k = sd 0 1 k -sd noise 1 k .
We assume the relative correlation of displacement is not affected by noise, so

⟨∆x 1 k ∆x 1 k ′ ⟩p ⟨(∆x 1 k ) 2 ⟩p
is computed using the raw data. Altogether the squared 

sd ′ q n = sd ′ 1 n + n+q-1 k=n+1 sd ′ 1 k 1 + 2 k-1 k ′ =n ⟨∆x 1 k ∆x 1 k ′ ⟩ p ⟨(∆x 1 k ) 2 ⟩ p (2.37)
One example showing the data before and after removing noise is shown in Figure 2.35

Structure characterization

The information about the structure of the gels is obtained from optical microscope images. Figure2. 36(a) shows a image of one example gel taken by bright-field microscopy where we can see that all particles(active and passive) are attached to form network, basically with no isolated particles. The corresponding fluorescent image is in Figure2.36(b). Note that only passive particles are fluorescent thus can be observed in fluorescent image. Active particles are not fluorescent therefore appear as dark spots in the images. We visually identify the active particles and mark them with red dot in Figure2.36(c) as well as the passive particles that are marked with green cross. For this image, 58 active particles and 204 passive particles are identified respectively.

In order to measure the thickness of the network, we scanned the gel vertically (z) at an interval depth of 0.3 µm. The chains extend to higher planes up to a height of 4 particle sizes. We count the number of particle (P) at each height (z), the thickness (λ) of the gel is determined by:

λ = z i P i P i (2.38)
The particle number as a function of height averaged over 33 gels are shown in Figure2.37. The average thickness of the gel < λ > gel is calculated to be 1.23 particle diameter, which reflects the quasi-2D nature of the gel.

In the following parts, we focus on the characterization of the 2D structure of the colloidal network. 

Radial distribution function and coordination number

A way to measure the structure of the colloidal system is to consider the distance between particles. Radial distribution function g(r) gives the probability of finding a particle at a distance r from a reference particle normalized by the averaged density of the system. It describes how density varies as a function of distance from the reference particle ρ(r) = ρg(r), ρ is the averaged density of the system, g(r) is given by the form of:

g(r) = 1 N ρ N i̸ =j δ(r -r ij ) (2.39)
where δ is the Dirac delta function, r ij is the distance between particle i and j, < • • • > denotes average in particle. For our experimental system, we consider it as a 2D system and the density is computed by integrating over a finite thickness shell:

g(r) = 1 ρ4π((r + dr) 2 -r 2 ) N i δ r (r -r i ) (2.

40)

N i δ r (r -r i ) is the particle inside the shell between r and r+dr. The schematic and an example of radial distribution function for Lennard-Jones fluid obtained by Monte-Carlo simulation [START_REF] Sarnitskiy | Radial distribution function for Lennard-Jones fluid. Grigory Sarnitskiy, Public domain[END_REF] are illustrated in Figure 2.38. The coordination number of a particle is calculated by counting the number of particles within a cutoff range which is set to be the first minimum in the radial distribution function. An example of coordination number for each particle is shown in Figure 2.39a. [START_REF] Sarnitskiy | Radial distribution function for Lennard-Jones fluid. Grigory Sarnitskiy, Public domain[END_REF]. Insert: illustration of calculating g(r). red sphere is the reference particle, blue spheres are particles identified within the shell between r and r+dr.

Extract skeleton

To grasp the network nature of the gel, we manage to extract the skeleton from the colloidal gel image. The basic notion is to reduce branches consisting of particles into lines while keeping properties that reflect the nature of the network such as connectivity.

The process of extracting the skeleton is described below. First, image processing is applied to the original image to homogenize the illumination, then an adaptive thresholding algorithm is used to separate the foreground from the background based on the local threshold mean or median gray value within a small window size. This algorithm gives a binary image. Because the gel is quasi-2D, some chains are above the focal plane and therefore are darker compared with chains on focus, which might create disconnection among chains that are actually connected. So a dilation process followed by erosion is implemented to connect the chain and remove noisy pixels. Then the skeleton is extracted from the binary image using function bwskel implemented in Matlab. The description of this function in Matlab is: 'reduces all objects in the 2-D binary image A to 1-pixel wide curved lines, without changing the essential structure of the image. This process called skeletonization, extracts the centerline while preserving the topology and Euler number (also known as the Euler characteristic) of the objects.' An example of extracted skeleton is shown in Figure 2.39b) From the skeleton we can get the information such as the number of node N node , from this we define node density as number of nodes devided by total length of the skeleton ρ node = N node L , link number N link , mean link length ⟨L⟩. The skeleton image can be further converted into a graph, 

Link width and void characterization

The width of the chain is characterised by chord length. The real space image of gels are first transferred into binary images. 10000 random oriented lines are laid cross the binary image, the segments with uninterrupted intersections with the phase are chord lengths, an illustration is shown in (Figure 2.39c). The algorithm used is adapted from ref [START_REF] Michael | Analysis of in situ microscopy images of flocculated sediment volumes[END_REF].

The void between chains is also a good representation of the property of the gel, but deciding what parameter to capture the essence is not easy. We tried to use the area size of the holes (the total number of pixels in a connected region in the binary image) as a parameter, but it is subject to the connectivity of the network which is sensitive to the chosen threshold. Apart from that, an elongated hole may have a large area but does not reflect a larger void between chains. To better capture the separation between chains, we chose to use an inscribed circle, a method named circle packing. In geometry, circle packing is the arrangement of a set of circles on a given surface so that there is no overlap and no circles can be enlarged without creating an overlap. It is used in many studies of the densest packing problems [START_REF] Claudia | A heuristic for the circle packing problem with a variety of containers[END_REF], and becomes an essential tool in origami design [START_REF] Erik D Demaine | Circle packing for origami design is hard[END_REF]. In mathematics, it involves the geometry and combinatorics of stacks of circles of arbitrary size and can be used to approximate conformal mappings between specified domains [START_REF] Monica | Cortical cartography using the discrete conformal approach of circle packings[END_REF]. We use the largest inscribe circles to pack the voids between networks. We first binarize the image, then find the largest circles that can be filled in the void part using the algorithm adapted from ref [START_REF] Seibold | Largest inscribed rectangle square or circle[END_REF], then in the remaining part of the void area, keep finding the largest inscribe circle until the size of the circle, which can be fit in, is smaller than a minimum size threshold, which we set to be 2.5 particle diameter. We take the mean of the radius we found to be the characterizing parameter. An example can be seen in (Figure 2.39d).

Chapter 3 Phase diagram

In the early stage of this project, we have explored the experimental parameters of polymer concentration c, particle volume fraction ϕ, and light intensity P to find the boundaries of interesting configurations. The structure of the gel can be tuned by particle interaction strength and volume fraction. By varying depletion strength and particle fraction, we have identified four phases and observed their different responses to actuation. In this chapter, I will introduce the effect of attraction strength (tuned by PEO concentration) and colloid volume fraction on the gel structure. Then I will describe how these different structures respond to different degrees of actuation tuned by light intensity.

Structural control

Here, the active particle is hematite-TPM particles. The passive building blocks are 1 µm fluorescent PS particles bought from the commercial provider (ThermoFisher). The number ratio between active and passive is 16%. The M w of PEO is 600 000 g/mol, Rg is estimated to be 40 nm. The buffer consists of 0.5% F127 pluronic surfactant, 0.6% (V/V) H 2 O 2 , 5 mM TMAH, 3.4 mM SDS and 0.1 mM EDTA. The experiment cell is 200 µm capillary pre-treated with HMDS as described in the previous chapter. The minimum colloid volume fraction used here is ϕ 0 = 0.6 × 10 -4 . The maximum active light intensity P max is 5.4 mW.

Phase diagram

The structure of the colloidal gel is controlled by tuning system parameters of inter particle attraction strength and colloid packing fraction. The interaction between particles is tuned by polymer concentration c, the parameter is scaled by the overlap concentration c * , a concentration at which polymer chains start to overlap with each other:

c * = 3M w 4πR 3 g N A (3.1)
where N A is the Avogadro number, we compute it to be 0.0037g/mL for this protocol. By varying the polymer concentration c/c * and particle packing fraction ϕ we have identified four phases according to the structure as displayed in Figure 3.1. Noted With higher particle packing fraction, isolated clusters are connected to form spacespanning network. At low to medium attraction strength, the gels are denoted as 2D connected network, and 3D connected network in strong attraction range. The critical volume fraction to form connected spanning gel decreases as the strength of attraction decreases. It is because when the attraction is weak, more particles are allowed to be organized to the bottom plane, which actually leads to a higher surface packing fraction. It is not like 3-D gels with density-matched solvent, where the critical volume fraction is higher for weak attraction gel since these gels demonstrate thicker chains.

Next, we will discuss in more detail how strength of attraction and particle packing fraction affect structures.

Effect of strength of interaction

First, we investigate the effect of the strength of the attraction on the local structure. For c/c * = 0.27, 0.81, 1.35, 1.89 and 2.7, the corresponding interaction depth is calculated according A-O model to be: 9, 15, 22, 29 and 40 K B T respectively. We will follow two paths of increasing attraction in low packing fraction and high packing fraction respectively.

a-A: Low packing fraction case

We first look at low packing fraction region with ϕ = ϕ 0 = 0.6 × 10 -4 , how structure change with polymer concentration. We observe with increasing polymer concentration, the sedimentation for particles slow down, leaving some clusters stay in the bulk without being captured by the bottom focal plane. Note that the images were taken with waiting for the same amount of time. We find in high polymer concentration case, more clusters stay in bulk, probably due to the higher viscosity. Figure 3.2a-e reports representative images of structure projected in Z direction as the magnitude of short-range interactions increases. In the low packing fraction case studied here, structures for all polymer concentrations are isolated clusters. With weak interaction, the clusters are made of thick chains composed of the local crystal packing of the particles. As the strength of attraction increases, chains are thinner and the local bond structure becomes more three-dimensional, and the cluster size decrease.

This difference in local structure can also be captured by coordination number (the numbers of nearest neighbors of the particles) and the size of the clusters represented by the radius of gyration of the skeletons as shown in Figure 3.2f and g. The peak in the probability distribution of the coordination number shifts to smaller values as attraction increases (Figure 3.2f). As attraction strength increases, the probability of particles with low coordination number increases, accompanied by a decrease in the high coordination number probability, indicating the transformation from local crystal packing to thinner chains. The date is consistent with the local bonding structure observed in real space images as shown in Figure 3.2a-e. In the meantime, the size of the clusters decreases (Figure 3.2g).

b-B: High packing fraction case

Now we introduce the case when packing fraction is high (ϕ = 4ϕ 0 ), where structures are connected network. The representative snapshots of structures obtained with different attraction strength are shown in Figure 3.3a-e. Like the former case, the local structures change from 2D crystal packing to a more 3D compact structure. The probability distribution (Figure 3.3f) of coordination number shares the same trend as in low packing fraction case. Apart from the local packing, in the length scale of chains, the structures are also more 3D-like as the polymer concentration increases: the tendency of chains extending toward the bulk becomes more pronounced, the parts left at the bottom become increasingly discontinuous. This can be seen from the fact that the size of clusters captured in the bottom 2D plane decrease as attraction increase (Figure 3.3g).

The difference in structure caused by attraction strength can be rationalized by the different paths to gelation. With strong attraction, particles tend to assemble by diffusion-limited cluster assembly (DLCA) where particles form irreversible bonds as soon as they encounter. Given the fact that particles are assembled into clusters during the sedimentation, therefore the resulted clusters share a 3D form. Then the resulted 3D clusters reach the bottom plane to percolate into a more 3D like networks. While with weak attraction, particles are not permanently bonded but can diffuse around to search for the minimum energy configuration, leading to a more crystal-like structure.

Effect of colloid volume fraction

c-C: Strong attraction case

We first discuss the effect of colloid packing fraction, in high polymer attraction case. Structures of gel formed with different colloid volume fraction at fixed polymer concentration c/c * = 2.7 are shown in Figure 3.4a-e. With a low volume fraction, the sample contains fluid of small clusters. With increasing ϕ, clusters grow and are eventually connected to form a network. The cluster sizes increase as volume fraction increases, as shown in Figure 3.4g. The saturation of this increase at a high volume fraction may be due to the fact that larger clusters are assembled at bulk with higher packing fraction. When these larger clusters sediment to bottom, they percolate before they reach the bottom focal plane. This results in a structure with more chains extended into bulk and discontinued parts in the bottom. Increasing volume fraction contributes to percolation and densification of the gels. In contrast, the local bonding structure of the cluster captured in bottom plane seems not to depend on volume fraction, as all the coordination numbers share similar distribution (Figure 3.4g).

d-D: Weak attraction case

In the case of weak attraction with polymer concentration fixed at c/c * = 0.27, the structures at different volume fraction are shown in Figure 3.5a-e. The chains are made of local crystal packing in all case as also can be seen from the distribution of coordination number Figure 3.5f where probability of particles with large coordination number is relatively high. With increasing packing fraction, clusters size increase until percolation at higher plane dominates, resulting in a first increase then decrease in the cluster size (Figure 3.5g).

To summarize, increasing packing fraction leads to cluster growth, 3D percolation Depletion colloidal gels forms via a process of arrested phase separation. Different kinetic paths depending on particle volume fraction have been identified. With a high volume fraction (ϕ >0.1), spinodal decomposition dominate. When the volume fraction is low, the gel is formed by the percolation of clusters. In this circumstance, particles are first assembled into isolated clusters, then through diffusion, these clusters may eventually percolate after a long time into a spanning network [START_REF] Pn Segre | Glasslike kinetic arrest at the colloidal-gelation transition[END_REF] [START_REF] Kroy | Cluster mode-coupling approach to weak gelation in attractive colloids[END_REF]. Our system belongs to the low volume fraction pathway. A peculiarity of our system is that cluster percolation is limited to a quasi-2D plane and is subject to the effects of diffusion and sedimentation in the z direction.

Larger particle as building block

As mentioned earlier, since the structure formed by 1 µm particles extends too much into the z dimension, we have turned to larger particles (2 µm) as building blocks (PEOM w = 200000 g/mol, cell height is 2 mm). The phase diagram remains unchanged as shown in Figure 3.6. The polymer concentration and particle packing fraction show similar effects on the structure (the snapshots of 4 preparation parameters are shown in Figure 3.6). By using larger particles, the extension of the network to the z direction is greatly reduced, especially when we look at the 3D connected network region. Note that using larger particles as building blocks results in slower dynamics as the translation diffusion scales with particle size a and rotational diffusion scales with a 3 . The depletion to the bottom substrate is also stronger for larger particles. 

Response to light

With four phases identified by their structure, we now look at their response to actuation light. Experiments were performed intermittently and progressively increasing light. Light intensity P is halved by ND filter from 1/16 to 1 ×P max with P max = 38mW/mm 2 . Each light-on state last for 5 min follows by a 10 min light-off state.

Cluster fracture

With weak strength of attraction and low colloid volume fraction, large thick clusters are formed as indicated in the phase diagram (Figure 3.1). In the absence of actuation light, chains fluctuate due to thermal vibration. When the driving light is turned on to a low level, the fractal cluster reorganizes due to the driving force exerted by the active particles. During this process, the elongated chains huddle up with tips shrink to the main backbone or connected to another tip, leading to the formation of new bonds as represented in Figure 3.7. As the light intensity increases to P max , the clusters can no longer withstand the force exerted by the active particles. The swimming force of the active particle overcomes the attractive force between particles and drives the cluster apart. Figure 3.8 shows the fracture of one cluster into two smaller clusters during the actuation.

With the light intensity increases, we also observe the dissociation of particles from the cluster as we can see from Figure 3.8c an increased amount of isolated particles. We thus find that the actuation light presents a melting effect in gels with weak attraction. It is tempting to think that the active free radicals generated during catalytic reactions may cause the degradation of the polymer. Controlled experiments are performed to understand the effect of melting by light. Experiments are performed with passive gel (only consists of PS particle, no active hematite-TPM particle if not otherwise stated) depleted with 5000000 g/mol PEO, in a buffer composed of 3 % H 2 O 2 , 3.4 mM SDS. We use 3 different light sources: blue light (465-495 nm, P=38 mW/mm 2 ), blue laser (488 nm, P=13 mW/mm 2 ) and violet laser (405 nm, P=13 mW/mm 2 ). The experimental phenomena are summarized in Table 3.1, showing the time required to start melting (t s ) visually defined by the fact that the particles at the frontier start to detach and the time required to completely melt the gel (t f ) under different conditions. Experiments show that light does cause the depleted gel to melt even without hematite particles. The melting is presented for low polymer gel and is exacerbated by higher light intensity and short wavelengths of light.

The fact that melting does not require active hematite-TPM particles means something else is responsible for the melting. Another active agent-hydrogen peroxide, a highly reactive oxygen species, is examed. Two samples are prepared with the same condition (c/c * = 0.55, without active particles), except that one sample is prepared with hydrogen peroxide and the other is not. Initial structures formed are shown in Figure 3.9a and d respectively. Both samples are irradiated with the violet light (λ = 405 nm, P=13 mW/mm 2 ). We observe that the sample with hydrogen peroxide is melted under the violet light (Figure 3.9e) while the other is not (Figure 3.9b and c). We also observe that when the active light is turned off, particles rejoin to assembly again (Figure 3.9f). The result indicates that it is the hydrogen peroxide in the presence of light that leads to the melting of depleted gel. We conclude that hydrogen peroxide is responsible for the melting, but the mechanism remains unclear. A possible explanation could be the degradation of polymer chains due to the active radicals generated during hydrogen peroxide decomposition. When the light is switched off, the degraded polymer diffuses in the bulk and the gel can reform. For future experiments, to reduce the effect of melting, we choose to use longer wavelengths of light (λ = 494nm), and the polymer concentration is maintained to be high enough that no melting phenomenon is observed.

Light assisted assembly

When the particle volume fraction is below the critical fraction to form connected clusters, higher attractive forces lead to the formation of more compact clusters as named small thin clusters in the phase diagram (Figure 3.1). In the presence of active light, we observe aggregations of these small thin clusters with the assistance of activity. Figure 3.10 depicts a typical observation of the activity-assisted assembly. Unlike gel with weak attraction, where chains are fractured by active swimming force, here the swimming force can not exceed attraction between particles, as a result, the whole cluster is driven along with the active motion until connected to another cluster. The assembly of units is achieved by active diffusion. The time taken to assemble is set by the diffusion coefficient, the distance between units, and the collisions needed to form irreversible bonding. When the packing fraction is low, the distance between clusters is large, therefore it takes a longer time for clusters to diffuse before connecting at room temperature, where the squared diffusion distance ∆L 2 = 4D 0 τ . With activity on, the diffusion of the cluster is enhanced by the directed motion of active particles, where ∆L 2 = (4D 0 + V 2 τ r )τ .

Previous studies showed that different gelation paths concerning the competition between arrested phase separation and percolation were found to affect stress generated during gelation, gelation by cluster percolation leads to a stress-free gel [START_REF] Tsurusawa | A unique route of colloidal phase separation yields stress-free gels[END_REF]. What if the activity is injected during the gelation process? Does the out-of-equilibrium assembly make a difference in the structure and mechanical properties of the gel? Although we have not investigated the assembling with activity, it is certainly an interesting topic for future research.

Local reorganisation

By increasing colloid volume fraction, the isolated clusters are connected to form spanning network. In the high strength of attraction phase, the structure is denoted as the 3D connected network in the phase diagram (Figure 3.1). In the presence of actuation light (P = P max ), there is no dramatic reorganization of the networks. Only some local rearrangement of the tips can be seen from the trajectories of particles shown in Figure 3.11. When attractive force and particle volume fraction increase, the structure becomes stiffer, the active force is not able to drive reorganization. When the swimming force is not large enough to enable particles to escape from the network, particles need to drag the surrounding chains with them if they are to move. If the structure is too stiff, the swimming force cannot be relaxed by deformation of the network (within the experimental window). Internal stress will build up in the network, how does it affect the dynamics of the gel? Does it have the effect of accelerating the aging of the gel? These remain open questions that could also be addressed in the future. 

Global reorganisation

Now we turn to connected networks with moderate strength of attraction referred to as the 2D connected network. Here we observed a global reorganization of the network under the effect of activity. Figure 3.12 shows the trajectories of particles within a network undergoing global rearrangement. On the left side of the network, we can see a coherent motion extending to a large length scale. The attraction between particles here is not too strong to prohibit the swimming force from deforming the network, nor is it too weak to allow chains to be driven apart by activity. Thus providing an environment in which active force can be transmitted through the network to induce coherent arrangement. We are interested in the collective reorganization caused by microscopic actuation, so our work shall mainly focuses on this phase. The detailed investigation will be the topic of the next chapter. Chapter 4

Reconfiguration of gels by active doping

We have performed systematic experiments to investigate the properties of colloidal gels and the effect of activation on these out-of-equilibrium matters. By triggering the activity of a small fraction of active particles, the colloidal networks reorganize due to the internal active force and exhibit a characteristic scale dependence dynamics during activation. After turning off the activity, the gel inherits its structure from its active state. The re-constructed structure give rise to new dynamics. The gel has changed into a new one both in terms of structure and dynamics. Active doping has shown to be an effective way of altering the properties of colloidal gels.

In this chapter, I will start by describing the general experimental observation concerning structure and dynamics. I will then describe the properties of passive gel. The comparison of the gel before and after activation as well as the effect of light intensity in mediating the gel reorganization are discussed in the third section. Then we will take a closer look at the process of activation, where the reconfiguration of the gels takes place. Finally we discuss the results and propose possible explanations.

General experimental observation

A set of colloidal gels (80 in total) are prepared in the same condition, with polymer concentration c = 3g/L, the total particle volume fraction ϕ = ϕ p + ϕ a = 5.67 × 10 -4 + 5.9 × 10 -5 = 6.26 × 10 -4 , the number ratio of Active/Passive particle is fixed at 0.25. The experiments are performed following the protocol described in Chapter 2 (section 2.2.3 paragraph 2, i.e. with 2.1 µm PS particles, and section 2.4) and are illustrated in Figure 4.1a. The experiment consists a light cycle stating with 30 min of recording of passive gel before turning active light on (gels are referred to as the passive gel before light), followed by 1h activation with active light on (referred to as the active gel) and closed with 30 min recording of the gel after activation with active light off (referred to as the passive gel after light). We have set 5 light intensity levels: 5.4, 11.5, 23.5, 33.5 and 43.5 mW to investigate the effect of activity, each light intensity contains more than 10 experiments.

We start by looking at the two time overlap function. This measures the overlap between the configurations at the two times, defined quantitatively as the fraction of 

Q(t w , τ ) = exp( -∆r(t w , τ ) 2 a 2 ) p (4.1)
where ∆r(t w , τ ) 2 is the squared displacement between t w and t w + τ , here we look at t w = 1, τ last from 1 till the total length of the experiment. The reference distance, a = 1 3 particle diameter is chosen in our case. Q(t w = 1, τ ) is plotted in Figure 4.1b for one reference passive gel and one experiment gel activated with light power P=33.5 mW. The passive reference gel shows no sign of change in particle configuration within the whole experimental duration. There is small aging of the experiment gel at the passive state before activation, but still, with 96% of the particle moving smaller than a. Once the activation is triggered, Q decreases rapidly at the beginning and then gradually slows down. This dramatic decrease (as compared with the passive gel) of the overlap function suggests particles undergo large reconfiguration beyond the range that thermal fluctuation can access. After turning off the active light, the gel inherits the configuration from the active state and remains in a steady state.

The structure images along with the skeletons for the gel before and after activation are shown in the inserts of Figure 4.1b. The already-formed passive gel before activation, as shown on the left, is a well-connected network with a fractal structure. There is no isolated cluster or singlet particle presented. After activation, the topology of the network remain unchanged. There are no fractured clusters or isolated particles. When looking carefully, we can see there are some modifications in the structure that are not so dramatic to completely change the gel. We see that in some regions the voids between the chains are enlarged. And in some regions, there are some local compactions, which is a result of the merging of the chains.

Along with the rearrangement of the structure, the dynamics of particles also show characteristic responses to activation. The squared displacements with τ =100s as a function of time are shown in Figure 4.1c. For passive gel without activation, the dynamics are steady and show no dramatic aging. During activation, the response of the gel is not steady. There is a large response shown as a peak in the dynamics curve at short time, which then gradually decreases and reaches a steady state. The peak in dynamics is corresponding to the rearrangement of the network as shown by the displacement field (Figure 4.1c insert). We can see that there is some coherent reorganization at the length scale of network chains. The rearrangement is not homogeneous, with some regions arranging more than the others, indicating heterogeneity in the response. After turning off the activation light, the dynamics quickly relax to a new steady state which is not exactly the same as the one of the passive gel.

In the following sections, I will first introduce the passive colloidal gels, then I will compare the gel before and after activation in terms of structure and dynamics in more detail.

Passive colloidal gels

Structure of passive colloidal gel

The naturally formed passive gels are well-connected networks spanning through the sample. Gel structural parameters (mean link length L, mean hole size < R >, mean link width < W >, node density ρ n and coordination number Z) are obtained as described in section 2.5.5. The structural data averaged over 80 passive gels are listed in Table 4 Z: coordination number, computed by counting particles within the range smaller than the first minimum in g(r).

Variation of structures is observed among gels prepared with the same parameters. We find all structural parameters are correlated and can be plotted versus node density as shown in Figure 4.2. The link length, hole size, chain width, and coordination number all decrease with node density. This correlation among different structural parameters may indicate a general rule for cluster growth. In the 2d system, the clusters grow in 2 dimensions simultaneously: when links are elongated, the chains also grow thicker. Long-range repulsion has been shown to favor the forming of anisotropic clusters in the system with short-range attraction [START_REF] Mossa | Groundstate clusters for short-range attractive and long-range repulsive potentials[END_REF] [START_REF] Andrew I Campbell | Dynamical arrest in attractive colloids: The effect of long-range repulsion[END_REF]. The screen of long-range repulsion by the salt buffer in our system might account for the isotropic growth in structure. Colloidal gels are disorder materials consisting of fractal networks. Their microscopic structures are the result of the complex interplay of the arrested phase separation and the kinetic aggregation. Besides, our system is not density matched, the sedimentation may add extra uncontrollable variance to the system. Another way to measure the structure of the colloidal system is to measure the density distribution as described in section 2.5.5. The result of radial distribution for a passive gel is shown in Figure 4.3. There is a peak at the distance of one particle diameter, indicating the first coordination spheres. With distance increase, the density drops fast to the first local minimum, then several local maxima are present. As distance further increases, the distribution no longer depends on distance and converges to 1, which is the bulk density.

Dynamics of passive gel

Colloidal gels are at a dynamical arrested state and are constantly driven towards equilibrium, that is the aging of the gels. In our system, the dynamics of passive gel do not evolve much within our experimental time windows. An example is shown in exponent smaller than 1, which is consistent with the properties of colloidal gels where particles are trapped within the network thereby not able to freely move. Now we look at the dynamical heterogeneity of the passive gel. The probability distributions of MSD for a gel before activation calculated with τ =1, 10, and 100 are shown in Figure 4.5. For all τ , besides the statistic, the pdf seemingly display a fade left tail. The Gaussian distribution seems to under-predict the distribution at both very small and very large displacement. The deviation from Gaussian distribution is consistent with the existence of dynamical heterogeneity in colloidal gels. The shapes of the distribution do not change with different probe time scale, with a shift to a higher value when probed at a larger time scale.

Comparison of gels before and after activation

In this section, I will present the modification that has been imposed on gels by activation by comparing the gel before and after activation. The changes will be evaluated in both structure and dynamics.

Particle reconfiguration

I will start by introducing particle reconfiguration. The change in particle configuration is captured by the variation of two-time overlap function Q(t w , τ ) (Eqn 4.1) between gels before and after activation. The overlap function is computed between the first frame of activation and the end of activation which is with a lag of 3600s. The reference length a=1/3d. The function Q(t w , τ )) for different light intensities are plotted in Figure 4.6. Particles are trapped inside gel strands, when there is no active light, thermal noise is not able to drive the particle away from the trap. Particles are strongly localized thus the change in particle configuration is very small. This is consistent with that the colloidal gel is at an arrested state and indicates there is not much aging. Once the activity is present, particles are able to explore a larger area. The value of Q for all light intensities shares the same shape. The overlap of particle configuration decreases rapidly at the beginning, then the decrease rate slows down. When increasing light intensity, both the drop amplitude and drop rate increase. is efficient in changing particle configuration. This may suggest the presence of microstructure rearrangement such as the stretching and bending of chains, deformation of networks etc..

Structural parameters

During activation, gels undergo reorganization: the active force deforms the network, leading to the merge of small chains and enlargement of voids. We measure the difference in structure between the gel before and after activation scaled by the parameter for the gel before activation, the percentage of structural variation is defined as:

∆X = (X af ter -X bef ore )/X bef ore (4.2)

X is different structural parameters R, W, Z, ρ n , and L. The variations in structure parameters are plotted as a function of light intensity in Figure 4.8a-e. First, we can see that for all parameters, the absolute values of all parameters increase with light intensity. Next we look at each parameter. For hole size, it tends to increase after activation. For chain width, the tendency is less sensitive to light, but we can still see the width tends to increase after activation from the high light intensity data. In the meantime, we can see the tendency of increase in coordination number and node density, as well as the decrease in link length, altogether indicating local compaction in the network. In summary, the picture of structural change is that: for gel after activation, the holes are enlarged and the chains are more compact than the original structure.

We use one parameter ∆S defined as the sum of all the changes in structural parameters to characterise the magnitude of variation in structure: Not surprisingly, the structural discrepancy increase as light intensity as shown in Figure 4.8f.

∆S = ∆X 2 i (4.3)
Apart from the mean quantities, we also look at the probability distribution. The probability distributions of chain width characterized by chord length for gels before and after activation with different light intensities are shown in Figure 4.9. The pdfs of width do not show dramatic changes in response to light in low light intensity regions. For the highest light intensity, the probability of thicker chains increases after activation. The distributions of link length are plotted in Figure 4.10. In all cases, short links have the highest probability, while longer chains have a progressively lower probability. The distributions for gels before and after activation basically show no distinct change across all light intensities, only a slight decrease in longer chains for gel activated with high light intensity.

The areas of holes in between the skeleton network are investigated as shown in Figure 4.11. The change in pdf of the hole area is weak, with a slight increase in the probability of large holes after activation. That is reasonable, the largest rearrangements often take place at the weakest part of the network, for example, the end tip, the longer chains, and the larger holes, where the motion is less hindered by the stiff junctions. The probability distributions of coordination numbers before and after activation for different light intensities are plotted in Figure 4.12. The shapes of the distribution do not change after activation, but with a tendency for the peak to shift to higher coordination. This effect of shift is enhanced by higher light intensity.

To sum up, the active force modulates the structure of the gel through reorganization of the network, with the gel after activation ending up with a structure that adopts larger holes and compact chains. The coarsening in structure is also a typical characteristic of aging. From the perspective of aging, the structural change in our system seems to indicate activity acts as accelerate aging. is it true? We will find out later. While the simple picture provides a good description, the physics at play remains to be confirmed by the change of the dynamics.

Dynamics reconfiguration

Mobility increase

The dynamics of colloids within colloidal gels have been found to be related to their structure [START_REF] Tsurusawa | A unique route of colloidal phase separation yields stress-free gels[END_REF][188] [START_REF] Dibble | Structure and dynamics of colloidal depletion gels: Coincidence of transitions and heterogeneity[END_REF]. The structure of gel has been modified during activation, here we show the dynamics of the gel after illumination is also regulated by activity. The mean squared displacement of the gel before and after activation for three different light intensities are shown in Figure 4.13. The passive dynamics behavior is sub-diffusive as described before and can be seen from the MSD of three examples shown in the Figure . After turning off the light, the dynamics are not the same as the original one. The activation has mediated the gel into a genuinely new one. On one hand, the MSD curves plateau. The time correlation exponent has decreased for gel after activation. Take the gel activated with 33.5 mW light for example (Figure 4.13c), MSD(τ ) increases as a power law with an exponent of 0.25 for gel before activation, after activation, the exponent decrease to be 1/5 of that of before. The flattening of the MSD curve means the long time correlated dynamics are suppressed for the gel after activation. This is consistent with the observation in the structure that the gel has rearranged into a more aged gel. Interestingly, after turning off the active light, the absolute value of the MSD remains higher than that of the gel before activation. The amplitude of increase in the dynamics becomes larger with higher light intensity. This non-trivial enhancement of dynamics after activation is a manifestation of a new gel. Intriguingly, the structure of the new gel obtained from activation shows a sign of aging, while its dynamics indicate a softer gel with higher small-scale mobility. This enhancement of mobility is counterintuitive. we have thus performed several experiments to check the validity of this conclusion: the increase in dynamics is due to the change in the nature of the gel.

• Doubt 1: The more motile dynamics is a result of the fact that the gel has not totally relaxed from the the activation yet.

Colloidal gel is at an out of equilibrium state, undergoing slow and long term relaxation. During activation, gel is driven from a kinetic arrested state to a higher energy state. After turning off the active light, the colloidal gel undergoes a relaxation from high energy state to a low temperature state. It is natural to wonder weather the gel after 30 mins has totally relaxed from the activation. To test this, we monitor the MSD of the gel every 2 hours after illumination during 30 hours. As shown in (4.14a), the dynamics after activation(red) do not change with waiting time and stay higher than that of the gel before illumination (blue), suggesting that the gel has already recovered from activation after 30 mins and came to a stable state.

• Doubt 2: Activation changes the properties of the substrate and thus affects the dynamics of gels.

Substrates are able to affect the dynamics of colloids through various factors such as steric hindrance, surface charge [START_REF] Wei | Catalytic micromotors moving near polyelectrolyte-modified substrates: the roles of surface charges, morphology, and released ions[END_REF] and hydrodynamic coupling [START_REF] Schaar | Detention times of microswimmers close to surfaces: Influence of hydrodynamic interactions and noise[END_REF] etc. We performed the following test to check if activation has modified the surface of the substrate thereby changing the dynamics. We pre-illuminate the substrate with the same process as in a typical experiment before sedimenting the particles to form a gel. The gel prepared in the pre-illuminated substrate (Figure 4.14b) shows the same behavior as in a normal experiment: the MSD of the gel after activation remains higher than that of the gel before activation. This experiment demonstrates that the substrate is not responsible for the increase in dynamics.

• Doubt 3: The activation light may degrade PEO molecules, thereby weakening the bond strength between particles.

The synergistic effect of light and hydrogen peroxide leads to the melting of the gel for the low PEO concentration condition as described before . This might be due to the degradation of the polymer chains. It is tempting to think that the weakening of particle bonds due to the degradation of polymer chains is the main reason for the enhancement of dynamics. We performed an experiment to test this assumption. An experiment is performed following the typical protocol. We choose two spots in the sample (noted as A and B in Figure 4.15a), during activation, spot A has been illuminated, spot B has not. After tuning off the active light, the solution above the gel is gently stirred to make sure PEO is evenly distributed. The dynamics of the two spots are monitored during 11 days to ensure enough time for polymer diffusion. The MSD is shown in Figure 4.15b. the measured dynamics after activation in the region been illuminated (red circle) remain stable and higher than that of the gel before activation (blue circle) and higher than that in the region without being illuminated (red triangle), which suggests that the effect of degradation of the polymer in dynamics is trivial if present. In our system, the illuminated region is a circle with 600 µm in diameter, which is quite small compared with the cell that is 9 mm in diameter and 2.6 mm in height. The cell is full of solvent with high concentration polymer, so the illuminated region is connected to a huge reservoir with un-illuminated polymer. The un-damaged polymer will eventually diffuse to the illuminated region, and the overall concentration of un-damaged polymer does not drop a lot to be able to affect the bonding strength. Therefore the melting effect presented in low PEO concentration does not account for the increasing of dynamics in our typical experiments. Altogether, none of the possible experimental factors explain our observation, we conclude that the increased mobility of the gel is a result of activation itself.

We quantify the increase of mobility as:

δ = ⟨M SD af tter ⟩ τ -⟨M SD bef ore ⟩ τ ⟨M SD bef ore ⟩ τ (4.4)
The dynamics before and after activation is represented by averaging MSD over all τ within 300 s as the curves shown in Figure 4.13, and is denoted as ⟨. . . ⟩ τ .The amplitudes of the increase of mobility δ increase from 0.7 up to 6.5 with light intensity increasing from 5.4 to 43.5 mW as shown in Figure 4.16.

Dynamical heterogeneity

To gain more insight on the enhanced dynamics of gel, we investigate the dynamics distribution among particles. In order to better know what particles contribute to the enhancement of the dynamics, the probability distribution of the dynamics of the data acquired from the same gel activated at 33.5 mW light intensity are plotted in Figure 4.17a. The distribution of dynamics among particles displays a non-Gaussian behavior: there is a tail at the low mobility region that is under-predicted by Gaussian distribution. After activation, the distribution has shifted to higher value shares a similar shape. We notice that it is the less mobile particles before activation has become more motile and shift more in the pdf, which in the meantime has narrowed down the variance. The amplitudes of δ are homogeneously distributed among the network as plotted in Figure 4.17b. It is therefore not the case that the increase of dynamics is due to a small fraction of motile particles generated during activation, for example, fractured cluster due to active force. On the contrary, it is a joint effect of many particles that are embedded homogeneously inside the network. Figure 4.18 shows the MSD (τ = 10) of the particles before and after activation colored by the amplitude. Before activation (left), a small portion of particles located in the softer part of the network such as the end chains has larger MSD. After activation (right), a large population of particles homogeneously distributed in the network becomes more motile which simultaneously reduces the variance among particles as also indicated by the pdf. This may suggest activation has changed the non-local, cooperative displacements of particles within the network. The above results suggest that activation has modified the nature of the gel to be a genuinely different one that is more homogeneous with higher mobility.

By comparing the gel before and after activation, we identify the change induced by the active process on the structure and dynamics of the gel. After activation, the configuration of the particles embedded within the network changes, the holes in the network are enlarged and the chains are collapsed. The gel somehow adopts a structure of an older gel. For dynamics, the mean squared displacement plateaus but with its absolute value stays larger than that of the gel before activation. The gel has turned into a new gel that with a structure one would think of as an older gel but with its dynamics is actually that of a softer one.

Structural dependence of dynamics

Global estimation

The relation between the dynamics and structure has raised extensive interest in the study of the colloidal system. However, the coupling between dynamics and structure in a disordered system remains unsettled. In our system, attempts are made to link the increase in dynamics with the change in structure. The effect of particle reconfiguration is investigated in Figure 4.19a. The increase of dynamics increases with the degree of particle reconfiguration. δ increases by a factor of 6 as the degree of particle reconfiguration increases by 4 times. The dependence is not linear, at the small particle reconfiguration region, dynamics are less sensitive to the change, with particle reconfiguration building up, the enhancement in dynamics becomes more obvious. There is a threshold for particle reconfiguration to induce dynamical enhancement. As particle reconfiguration keep rising, the dynamical enhancement slows down.

The same function is plotted for the variation of structural parameter ∆S in Figure 4.19b. The increase of dynamics increases with rearrangement in structure. The relation is not linear, similar to particle configuration, in a media structure variation region, the effect of dynamics increase is steeper. Here we see that the enhancement in dynamics increases with structural rearrangement, while intriguingly: as the structure becomes coarsening, the corresponding dynamics are actually enhanced, contrary to what aging would predict. Therefore, the activation-induced structural rearrangement is not the same as aging which is induced by thermal fluctuation or relaxation of internal stress. Here we evaluate the dependence of dynamics on global structural quantities, next we will turn to more local elements by zooming in on the local rearrangement events.

Local reorganization

During activation, gels undergo reorganization which leads to the merge of small chains and enlargement of voids. The largest motion often takes place at the weakest part of the network, for example, the end tip, the longer chains, and the larger holes, where the motion is less hindered by the stiff junctions. The swimming force exerted by active particle is:F s = 6πηaU 0 . The swimming force is smaller than the attraction between particles F a for the light intensities studied in our system. For active particle activated with 33.5 mW light, F s /F a = 2.1×10 -2 ≪ 1, therefore particles can't escape the network. While the swimming energy is larger than the attraction E s /E a = 3.6 > 1, for the reason that E s = L p F s , E a = 2R g F a , where L p = U 0 τ R is the persistent length of directive motion of active particle, which is far larger than the interaction range of particle attraction 2R g . Although the active particles can not break the inter-particle bonds to escape from their trap, the swimming energy injected by a single particle is larger than the attraction between particles, which is owing to the large persistence of the active force. Active particles serve as small engines spreading throughout the network, modulating the structure of the gel through shear, stretch and compression. The effect of reorganization can be seen by comparing the skeletons of the gel before and after activation (Figure 4.21a). During activation, the dangling end tips curdle up, as can be seen from the reduction of end nodes in the skeleton (marked by black circles). The end chains before activation either attach to back bonds and create small holes in the skeleton or are linked with another end link to make new connections. From the skeleton, we see the forming and breaking of bonds, as well as the deformation of chains that have reshaped the mesh of the network. The broken bonds either create new dangling end tips or are connected to another bond. The curling up of end tips and breaking of bonds leads to enlargement of voids size. In the meantime, the network undergoes local compaction, manifested as an increase of nodes and generating short links. The reorganization also changes the coordination number of particles as described before. We can see it directly from the field colored by the coordination number (Figure 4.21b). The change of coordination number not only reflects attachment and detachment of chains but also reports the reconfiguration in particle level, for example, due to the stretching and bending of the chains.

During the gelation process, dynamics is arrested via cluster growth and association. Internal stress is generated along with the dynamical arrest. Colloidal gel as a amorphous material holds a heterogeneous nature where soft part and rigid domain coexist. The reconstruction in such system is not a trivial process and can induce non-local effects that may eventually affect the dynamical and mechanical properties [START_REF] Colombo | Microscopic picture of cooperative processes in restructuring gel networks[END_REF].

Activation process

Now we turn to the activation period. The squared displacement averaged over the particles is shown in Figure 4.22a as a function of time for different lag times τ . Before and after activation when there is no active light, the dynamics are steady in time. During activation, the response of the gel is not steady and depends on the scale at which it is probed. At a short time scale (τ =1), there is a 'rejuvenation' of the gel in the presence of light, which keeps increasing the dynamics with time going on. At a longer time scale (τ =100), there is a big response at short time and the rejuvenation disappeared. The sequential MSD within a small time window (300 s) (Figure 4.22b) during activation (dark to light circles) shows a cross-over from smallscale rejuvenation to a large-scale response which is dominated by the big response at short time and gradually reaches a steady state. The big response at short time is characterized by the dynamics at τ =100 s averaged over the first 1000 s of the active period. The result is plotted as a function of light intensity shown in Figure 4.22c. The response of the gel increases with light intensity. The enhanced response is driven by the energy injected through the active particle. The swimming velocity of active particles for each light intensity is measured in section 2.2.1. The response scales as a power law of energy as shown in Figure 4.22d.

The rearrangement and the enhancement of small-scale dynamics take place simultaneously. The displacement field accumulated over the first 1000 s of the activation is shown in Figure 4.23a. There is a coherent reorganization of the network. The displacement field is a result of the persistent coherent movement at the beginning. In the meantime, the persistent movement mediates the structure which in return modifies the small-scale vibration. As the rearrangement goes on, the vibrational dynamics increase as shown in Figure 4.23b. The direction of the small-scale vibration is isotropic, and shows no sign of alignment, as time goes on, the amplitude increases. The small-scale vibration accumulates into large scale arrangement via the persistent motion of active particles, such large scale arrangement modifies the structure of the gel into a state which in turn facilitates the small-scale vibration as illustrated in the schematic (Figure 4.23c).

Discussion

Active doping is efficient in modifying gel properties. Our experiment provides a picture of how the activity has changed the structural and dynamical properties of the colloidal gels. Switching the activity of active particles embedded in an already-formed gel in a controllable way allows the comparison of the gel before and after activation. In response to the activity, the gel reorganises with the merging of small strands and enlargement of holes, resulting in a gel with a structure one would think of an older gel. The MSD curve of the gel turns out to be a flattened one, while, intriguingly, the magnitude is higher than that of the original gel. Activation turned the gel into a new gel that adopted the structure of an older gel while showing enhanced small-scale dynamics.

We have shown that structural change can be driven internally through our system. The breaking and reforming of bonds observed in our system and the resulting coarsened structure share some similarities to the change induced by external fields. Both protocols involve injecting energy into the system thus altering the energy landscape and enabling the system to overcome kinetic barriers that can't be achieved through thermal fluctuation alone. In contrast to modification induced by the external fields, driving from the internal doesn't add extra anisotropy which is a typical characteristic associated with global deformation protocols [START_REF] Kasper Masschaele | Direct visualization of yielding in model two-dimensional colloidal gels subjected to shear flow[END_REF] [START_REF] Kasper Masschaele | Flow-induced structure in colloidal gels: Direct visualization of model 2D suspensions[END_REF]. In addition to the difference in symmetry of the final structure between internal and global deformations, the stress redistribution associated with collective stress transfer induced locally is also different from that induced by energy injected from the boundary, which would further affect the dynamics and mechanical properties of the colloidal gels [188][191][192]. For example, one would not assume the global contraction of biopolymer gel induced by molecular motors [START_REF] Alvarado | Molecular motors robustly drive active gels to a critically connected state[END_REF] can be induced just by shearing.

The colloidal gels display great enhancement on dynamics once the activity has been switched on, in contrast with previous research by Szakasits et al. [START_REF] Szakasits | Dynamics of fractal cluster gels with embedded active colloids[END_REF]. Similar to their results, the dynamics probed at small scale ( 10 s) shows an enhancement when activity is switched on. The difference is that in our system, the dynamics are not steady in time and depends on the scale at which they are probed. We follow our activation period for a longer time scale (3600 s) which allows us to track the large scale dynamics. Dynamics probed at large scale show big response at the beginning before gradually slowing down at later time. The primary reason for this difference is that the activity introduced in our system is stronger so that structural rearrangements are induced. The big response in dynamics corresponds to the initial structural arrangement.

We also use different protocols to produce active colloidal gels. The colloidal assembly in our system is induced by depletion attraction with its strength and at-traction range controlled by the concentration and the size of the depletent polymer respectively. The colloidal gels in ref [START_REF] Szakasits | Dynamics of fractal cluster gels with embedded active colloids[END_REF] are DLCA fractal clusters assembled by strong short-ranged attraction-van der Waals force. Another major difference is the active particle we use. In ref [START_REF] Szakasits | Dynamics of fractal cluster gels with embedded active colloids[END_REF], activity is induced by Pt-PS Janus particle which is activated by adding hydrogen peroxide. The highest swimming energy injected is limited to 9k B T due to the issues of oxygen bubbles generated during activation. The active particles we use are hematite-TPM particles which also need hydrogen peroxide to be active, but with an additional control parameter-blue light. This allows us to trigger and control the level of activity after the formation of gels without changing the solvent composition like hydrogen peroxide which is found to stiffen the network according to ref [START_REF] Szakasits | Dynamics of fractal cluster gels with embedded active colloids[END_REF]. More importantly, the active energy measured for a single particle in our system ranges from 20 k B T up to 128 k B T over the parameters studied. The active to passive particle ratio is 1:4 in our case (from 1:20 to 1:8 in the previous study), altogether giving total energy injected far larger than that in ref [START_REF] Szakasits | Dynamics of fractal cluster gels with embedded active colloids[END_REF], which enables the structural rearrangement to occur in our system.

Omar et al. have predicted the phase diagram of active doping using simulations [START_REF] Ahmad K Omar | Swimming to stability: structural and dynamical control via active doping[END_REF]. They find various micro-structures can be obtained by varying swimming force P e s = ζU 0 a/k B T and persistence: P e R = a/L p of the active particles. Swimming force is compared with attraction strength: P e * s = F a /k B T . For our system, within the light intensities explored, the swimming force to attraction force ratio ranges from 9 * 10 -3 to 2.3 * 10 -2 , thus the particle cannot escape the network, as we have observed in our experiments. P e R ranges from 1.9 * 10 -1 to 7.7 * 10 -2 in our system. The mapping of our system parameters into their phase diagram is shown in Figure 4.24a. Our systems fall into the thermal coarsening phase where activity acts as accelerating coarsening while approaching microscopic straining as increasing light intensity. The snapshots of different phases can be found in Figure 1.12.

Although the simulation predicts that no dramatic altering in the structure would occur for our system, we do observe weak but significant structure rearrangement during our experiments. In mapping our system to the prediction, some points should be kept in mind. The predicted phase diagram does not take into account the number fraction of active particles and the joint effects of multiple particles. The active particle ratio in our system is 25% which is larger than that set in the simulation (10%). A more important difference is that activity is already switched on during the gelation process in simulation, while it is switched on in the already-formed gels in our case. Gelation with active doping involves the competition between kinetic arrest and activity-assisted coarsening. As a result of activity present during gelation to accelerate coarsening, the structure will be arrested with thicker strands, which will make further modifications of the structure more difficult. On the contrary, the structure will end up with thinner strands if it is arrested without activity-assisted coarsening, which will make it easier for further altering the structure. This could be the case in our system.

The swimming force is smaller than the attraction force in our system, but the swimming energy E s = F s L p is larger than the attraction as shown in Figure 4.24b. The swimming energy increases with light intensity and exceeds attraction energy once the light intensity exceeds 11.5 mW. It is up to five times greater than the attraction interaction at the highest light intensity. Although the active particles can not escape the strands for the reason P e s < P e * s , the swimming energy can overcome energy barriers, allowing the altering of the strand through deformation like shearing, bending and stretching, etc.. It is also possible to break the chains by the joint effects of active particle clusters as illustrated before.

Thanks to the facility of controlling activity by external light, we could monitor the gel after activation by switching off the light. The gel adopts the structure of the activation period and ends up with a gel with larger voids and thicker chains, akin to that of coarsened aged gels. In contrast to the 'aged-like' structure, the gels exhibit more motile dynamics. This raises a question about the aging dynamics in colloidal gels. Our colloidal gels are formed by kinetic arrest via cluster percolation. Kinetically arrested, the gels constantly evolve towards equilibrium driven by stress relaxation through thermal fluctuation and elastic recovery, while these two ways of stress relaxation have complex interplay as suggested by Bouzid et al. [START_REF] Bouzid | Elastically driven intermittent microscopic dynamics in soft solids[END_REF]. When the material is deeply quenched, it mostly relaxes through elastic recovery, leading to persistent intermittent microscopic dynamics. Conversely, strong thermal fluctuations disrupt the local stress distribution and screen the strain transmission over the structure, leading to a less correlated dynamics. It is clear from this scenario that stress distribution plays a crucial role in gel dynamics. Activity modifies the structure into a more phase-separated state by restructuring the network. While the structure is driven into a seemingly aged state, it is not necessary the same as aging triggered by stress relaxation. Active force is more persistent than thermal fluctuation and may drive the system into a state which is not accessible by thermal force. Also, the distribution of the active force is not necessary where internal stress is accumulated, thus active rearrangement, unlike the internal stress driven aging process, serves no purpose of releasing internal stress. Therefore, rearrangement of the gel by activation does not need to go into slower dynamics as an aged gel but could open paths to a new local minimums in a rugged energy landscape that yields faster dynamics.

The rearrangement during activation leads to new structure whose mean squared displacement adopts a smaller time correlation exponent but with a higher absolute value, which indicates a scenario where the length scale for long time correlation is reduced but the length scale for short time vibration is enlarged. The breaking and reforming of bonds during activation may play a non-trivial role in modifying the properties of the gels. A recent study has shown that some key connections between clusters play a crucial role in determining the elasticity of colloidal gels [START_REF] Whitaker | Colloidal gel elasticity arises from the packing of locally glassy clusters[END_REF]. It is discussed in the study that gels with higher attraction strength show higher rigidity, while the stiffness of inter-particle bonds alone can not explain the development of elasticity in the network. Different attraction strengths also lead to different structures. To find the structural origin, they decompose the gels into minimally interconnected clusters that act as rigid, load-bearing clusters. In this way, they find that the number density of cluster-cluster connection can explain the emergence of rigidity in colloidal networks. Here, we propose a mechanism to explain the observation in our system. The scenario is illustrated with an intuitive schematic as shown in Figure 4.25. The structure of the gel is composed of many rigid clusters. Within the rigid clusters, particles are highly connected with the rigidity of the clusters setting the cage size of small scale particle vibration. The rigid clusters act as unit for collective response where the cluster-cluster connectivity set the length scale of long time correlated motion. The passive gel is illustrated in the left panel of Figure 4.25. The structure is composed of very rigid clusters represented by closely packed hexagon, with the connectivity between cluster allowing for certain degree of large scale rearrangement. During activation, breaking and reforming of key bonds constantly happen. The gel ends up with a new structure as shown in the right panel of Figure 4.25. By breaking certain bonds within previous rigid clusters, the rigid units become less rigid, leading to enhanced vibration dynamics of particles on a short timescale. In the meantime, new bonds are formed between clusters, increasing the cluster-cluster connectivity, resulting in a suppression of large-scale rearrangements.

Chapter 5 Conclusion and perspective

Conclusion

The goal of this work was to design a model experimental system that incorporates activity into colloidal networks and study the response of the colloidal gel to activity, and investigate the modification of gel properties induced by activation. To this end, we have first built up an active colloidal gel system that successfully encodes active force into colloidal gels with the activity switchable and tunable. We then explored the phase diagram of colloidal gel structure and their response to activity. Depending on which phase the preparation parameters lie in, active colloidal gels exhibit distinct behaviors in response to activation. We then focus on the response of well-connected colloidal gels to different levels of activity. We have demonstrated the realization of long-term reorganization of colloidal networks due to local actuations. The characterizations of the properties of gel before and after activation are achieved owing to the system design where the state of activity can be switched at will. Therefore we can elucidate the role played by activation in modifying gel properties. Altogether, we have demonstrated the reconfiguration of the colloidal gel using activity. In the following, I summarize the major findings of this thesis.

Active colloidal gels as a model experimental system

Integrating the activity into colloidal gels is critical for realizing active colloidal gels, where both activity and colloidal assembly can coexist. For active particles, among the various propulsion mechanism (see Introduction Chapter1.1.1), chemically powered particles are the easiest ones to implement, unlike field-driven (electrical, magnetic, or ultrasound) particles that have limitations in the experiment cell or rely on complex instrument settings. Most chemically powered active particles rely on the surface flow which is typically induced by sorts of gradients to achieve self-propulsion, thus they are very sensitive to the solvent suspension where high ions concentration and wrong pH environment will change their chemical profile or surface charge thereby suppressing their motion. Conversely, particle assembly usually requires the screening of long-range electrostatic repulsion, which is usually achieved by increasing ions concentration or tuning pH. So we enter a dilemma when coupling these two systems.

To realize the active colloidal gel system, we carefully choose the active particles and gelation system. The active particle we use is the Hematite-TPM particle, which has a higher tolerance to ions. For the gelation system, particle assembly is induced by depletion attraction whose attraction strength and range are set by the concentration and size of the depletant polymer, unlike assembly through short-range van der Waals force which requires more ions to screen the repulsion. By doing so, we have successfully embedded active particles into colloidal networks without killing activity or losing particle attraction strength. Another notorious problem frequently encountered when activating a large population of chemically powered active particles is the bubbles generated during chemical reactions, which will often restrict the activity that can be injected without disturbing the system. To address this problem, we carefully designed our experimental system to be a 2D system in a tall cell where bubbles can easily escape from the region of interest without disturbance. In this way, we have established a robust active colloidal gels model experimental system where high activity levels can be achieved.

Besides fulfilling the basic properties of active colloidal gel systems, our system also allows for convenient control of activity. As the Hematite particle's activity is controlled by external blue light, the activity level can be easily tuned by light intensity. More noteworthy is that we are able to turn on the activity after the particles have already been assembled into the network without altering their nature by activity during assembly. In the same way, we can turn off the activity after activation to study the properties of the gels after activation.

Phase diagram of colloidal gels and response to activity

We have illustrated the phase diagram of colloidal gels with different properties by tuning the preparation parameters of interparticle attraction strength (controlled by polymer concentration c) and particle packing fraction ϕ and identified the rich phenomenology of the system when activated. Four phases are observed and each exhibit distinct response to activation. Weak attraction and low packing fraction lead to isolated clusters with local 2D crystal packing. In the presence of activity, these clusters fracture since interparticle bonding is weaker than the force induced by active particle propulsion. With increasing attraction, the path to gelation is towards DLCA. As a result, the final structures are isolated clusters with more compact 3D local packing in the sense that particles stick to each other as long as they encounter and are not easy to rearrange to the local minimum energy configuration. In this phase, when activated, contrary to the previous case where clusters fracture, the separated clusters are now driven by active particles to encounter each other and assembled into larger clusters. Activity act as assisting clusters assembly. With increasing particle packing fraction, clusters are percolated to form space-spanning networks. In a strong attraction region, there is only some local reorganization involving the end tips when the gels are activated. While with moderate attraction, the same level of activity can induce global cooperative rearrangement in the network. In this case with softer interparticle bonds, active forces can deform the network, and the stress and strains are allowed to transfer through the connected network.

Reconfiguration of colloidal gel through active doping

To investigate the response of colloidal gel to activity and the modification induced by activation in the properties of colloidal gels, we focus on the phase of the well-connected network and activate them with different levels of activity. We monitored the gels before, during and after activation. We have demonstrated a long-term reorganization of the gel using active light. The gels rearrange due to the active force, with the end tips collapsing into back bonds, bonds breaking and forming, and the network stretching and compressing. The dynamics of the gels exhibit a scale-dependent response to activation, with small-scale vibration keeps increasing and large-scale displacement exhibiting a characteristic peak at short time. After turning off the active light, the gels end up with coarsened structures: the voids have been enlarged, and the chains have become more compacted, resembling aged gels. The MSD of gels after activation becomes flattened, while its value remains higher than that of the gel before, contrary to what aging would predict. This means the activity-driven rearrangement is not the same as aging driven by thermal fluctuations and relaxation of internal stress. Across the range of activities investigated here, both structural rearrangements and mobility enhancements increase with activity. We have demonstrated here efficient reconfiguration of colloidal gels through active doping.

Perspective

Improvement of the present system

In the current system, the fluorescence of the passive particles is subject to photobleaching in the presence of hydrogen peroxide. Possible improvements could be using fluorescent dyes that are more resistant to bleaching or encapsulating the particles to prevent dye molecules from contacting hydrogen peroxide. Another improvement for the system is to dye the active particles. The current method to dye the Hematite-TPM particles by swelling the particle in the solvent containing dye is not working probably due to: 1. the photo-bleaching associated with the hematite cube core, possible solutions are the same as mentioned above; 2. Due to the cross-linked structure of TPM, it is difficult to swell and therefore inhibits dye molecules from entering it. A possible solution could be grafting dye molecules into the material during the process of particle synthesis.

Cycling activation

We have shown that the gels rearrange during activation and inherit the structure from the long-term active period after switching off the light. It would be interesting to see what will happen if the activity is switched on again after a relaxation. Where would cycles of activation lead the gels? Does the reactivation keep the same direction as the previous one? Or it is possible to drive the system back through reactivation? Does the activation bear an intrinsic direction for shaping the gels, so the gels can be trained into ones that have specific properties?

Exploring more system parameters

In the present study, we only change the light intensity. Activity could also be tuned by varying active/passive particle fraction. This is not necessary the same as changing activity by light intensity. The fraction of active particle not only change the total activity, but also determine the cooperation distance between active particles for instance. Image a network with several site occupied by active particles with strong activity, activation tends to rupture the network into smaller pieces due to strong swimming forces. While in another case, many sites of the network are occupied by weak active particles, activation can not break but more likely to deform or exert stress in the network collectively.

In the phase of well-connected networks with moderate attraction, system parameters like the polymer concentration or particle packing fraction can be introduced to have gels with different attraction strengths and connectivity. Their response to activation could also be interesting. Besides, more systematic studies of other phases presented in Chapter 3 could also be relevant. For instance, the activity assisted self-assembly. Here the particles are already assembled into clusters through phase separation. A naive picture is that activity serves as increasing the diffusion of these clusters and introduces percolation. According to a previous simulation study, the gels formed with percolation after phase separation bear less internal stress [START_REF] Tsurusawa | A unique route of colloidal phase separation yields stress-free gels[END_REF]. While the case could be more complicated, activity not only serves to increase the diffusion of clusters but also induce rearrangement before and after cluster encounters. In other words, activity could modify the assembly units-the clusters and the percolated network.

Self-assembly in the presence of active doping

As reported in previous simulation study [START_REF] Ahmad K Omar | Swimming to stability: structural and dynamical control via active doping[END_REF], different final structures can be obtained by active doping during the process of self-assembly depending on the relative magnitudes of the swimming force and attraction force and the persistence of active particles. It is possible to realize this in experiments through our system. The swimming force can be controlled by light intensity, and the persistence of active particles is also possible to be controlled by tuning the particle size. It is even possible to switch on the activity at different stages during gelation, which modifies the assembly units as described above. That might open even more paths to gelation.

Finally, current studies on the structural origin of gel properties rely on varying polymer concentrations to obtain different structures. However changing polymer concentration also changes interparticle bond rigidity, which also greatly affects the properties of colloidal gels. With activity driving the gels into different structures without changing interparticle bond strength, it provides a way to elucidate the correlation between gel properties (like dynamics [START_REF] Dibble | Structural origins of dynamical heterogeneity in colloidal gels[END_REF], and elasticity [START_REF] Whitaker | Colloidal gel elasticity arises from the packing of locally glassy clusters[END_REF]) and the structures.

  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.12 Phase diagram of system configurations obtained by active doping through simulation. Swimming force P e s = ζU 0 a/k B T , attraction force P e * s = F a /k B T , active persistence P e R = a/L p , active particles are shown in red. Adapted from ref [148] . . . . . . . . . . . . . . . . . . . 2.1 Illustration of Pt-PS active particle with its Pt half catalysing the decomposition of hydrogen peroxide, moving its PS cape forward. . . . . 2.2 Self-assembly of 2D colloidal gels at liquid interface: (a) Long range order structure of PS particle. (b) Colloidal gel formed after 50 min of adding 0.5 M NaCl and 0.5 mM SDS to a. (c) Mixture of PS and Janus particle right after placing the particle at the interface, inset: Scanning electron microscope picture of Pt-PS Janus particle. (d) Final structure of spontaneous assembled fractal gel of c. . . . . . . . . . . . . . . . . . 2.3 Bubble generated at the interface induced by Pt-PS catalysing the decomposition of hydrogen peroxide. . . . . . . . . . . . . . . . . . . . . . 2.4 Schematic of induced charge electrophoresis (ICEP) mechanism: A Janus particle with two caps made of different materials gives rise to different polarization in the two half caps in response to an electric field.
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 26 The instability of the interface is caused by the electrical field. (a) An experimental observation of the disturbed interface, the circle keeps expanding. (b) A schematic of the side view of this phenomenon: the unstable interface fluctuates due to the electrical field, and the subwater phase at some point touches the ceiling of the cell. . . . . . . . . 2.7 Schematic of hematite-TPM propulsion mechanism: hematite cube catalysing the decomposition of hydrogen peroxide in the presence of blue light, inducing a chemical gradient. Particle moves due to a spontaneous symmetry breaking of the gradient field. . . . . . . . . . . . . . 2.8 (a) MSD of hematite-TPM particle under different light intensity, gray: no active light, from light blue to dark blue, light power increases. (b) Extract speed and persistent time by matching M SD a = M SD(τ ) -4D 0 τ . Blue: original data M SD a , black: target data M SD * a , red: shifted match data M SD ′ a . . . . . . . . . . . . . . . . . . . . . . . . . . 2.9 Directive motion of the hematite-TPM particles. (a) Speed of particle increases with light power density and follows Michaelis-Menten law (dash line: fitted Michaelis-Menten function). (b) Persistent time of particle doesn't change with light power density, (dash line: mean value of τ R ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.10 Schematic of the depletion induced by polymer. σ: colloids(red) diameter, r: distance between colloids, R g : polymer size (radius of gyration), green: an excluded zone non-accessible to polymer around colloids with a thickness of R g , yellow: overlap volume of two excluded zones. . . . . 2.11 (a) Depletion potential with varying polymer concentration c from 0.1 to 5 g/L. (b) Depletion potential with varying polymer size R g from 10.5 to 42 nm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.12 Electric double layer of a sphere: the inner surface charge layer and diffuse layer with counterions. . . . . . . . . . . . . . . . . . . . . . . . 2.13 Different interactions in the experiment system. σ = 2R is the diameter of particle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.14 Gel made of 1 µm PS particle, (a) one plane at the bottom layer, (b) superimposed 21 planes in different z position, separated each by 1 µm. 2.15 Stacks in different z position of gel prepared in cell with a height of 200 µm, from left to right, each plane is 2.1 µm higher. (a) Normal gelation process and (b) centrifuged with speed of 500 rpm ( 28 g) for 5 mins. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.16 Gels prepared in 1.42 mm height cell centrifuged with speed of 500 rpm ( 28 g) for 5 mins. Left: just after centrifugation, right panel: one day after. (a) Gels consisting only of PS particles; (b) Gel made of Hematite-TPM particles and PS particles. . . . . . . . . . . .
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 14 Figure 1.4: Collective behaviour with alignment: (a) Collective motion in bacterial colonies, colored by direction, adapted from ref [62]; (b) Polar flock of Quincke roller, arrows indicate propulsion direction, adapted from ref[START_REF] Bricard | Emergence of macroscopic directed motion in populations of motile colloids[END_REF]; (c) Swirls formed in system with external feedback, adapted from ref[START_REF] Bäuerle | Formation of stable and responsive collective states in suspensions of active colloids[END_REF] 
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 18 Figure 1.8: (a) The time evolution of the linear viscoelastic moduli of a colloidal gel after cessation of shear rejuvenation at high and low shear rates, storage moduli G ′ (solid symbols) and loss moduli G ′′ (open symbols); (b) The corresponding experimental snapshots of the structures under different shear rates; (c) Long time behavior of a similar colloidal gel after shear cessation with different shear rate. Adapted from ref [136].
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 19 Figure 1.9: (a) The average void volume (top) and the average number of bonds per particle (bottom) as a function of preshear strain amplitude obtained by BD simulation; (b) Structures produced by BD simulations after flow cessation; (c) The G ′ versus the preshear strain amplitude at different times after flow cessation indicated by both experiments and BD simulations. Adapted from [128].
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 110 Figure 1.10: Colloidal gel under external shear: (a) Break-up events after a strain of, respectively, 0, 0.3, 0.7, 1.5, and 1.8, black dots show pairs of particles that lost connectivity, adapted from ref [137] (b) Anisotropic structure induced by shear for different surface coverage and shear rate. Blue arrows along the figure denote the flow direction. The extensional (E) and compressional (C) directions of the resulting flow field are given in red. Adapted from ref[START_REF] Kasper Masschaele | Flow-induced structure in colloidal gels: Direct visualization of model 2D suspensions[END_REF]. (c) Aggregate structure with different shear rate of 0, 0.015, 0.026, 0.16, 0.54 and 2.03 s -1 respectively. Adapted from ref[START_REF] Kasper Masschaele | Flow-induced structure in colloidal gels: Direct visualization of model 2D suspensions[END_REF] 
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 111 Figure 1.11: Properties of colloidal gel embedded with Pt-PS active particles: (a)Enhancement in dynamics of active gels, top: MSD for passive and active gels, bottom: dynamical enhancement δ proportional to the total active energy. Adapted from ref[START_REF] Szakasits | Dynamics of fractal cluster gels with embedded active colloids[END_REF]. (b) Linear viscoelastic moduli of active gels decrease as total energy in the system increases. Adapted from ref[START_REF] Szakasits | Rheological implications of embedded active matter in colloidal gels[END_REF]. (c) Relative linear viscoelastic moduli, yield stress and yield strain of active gels as a function of active energy. Adapted from ref[START_REF] Keara T Saud | Yield stress behavior of colloidal gels with embedded active particles[END_REF].

Figure 1 . 12 :

 112 Figure 1.12: Phase diagram of system configurations obtained by active doping through simulation. Swimming force P e s = ζU 0 a/k B T , attraction force P e * s = F a /k B T , active persistence P e R = a/L p , active particles are shown in red. Adapted from ref[START_REF] Ahmad K Omar | Swimming to stability: structural and dynamical control via active doping[END_REF] 
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 22 Figure 2.2: Self-assembly of 2D colloidal gels at liquid interface: (a) Long range order structure of PS particle. (b) Colloidal gel formed after 50 min of adding 0.5 M NaCl and 0.5 mM SDS to a. (c) Mixture of PS and Janus particle right after placing the particle at the interface, inset: Scanning electron microscope picture of Pt-PS Janus particle. (d) Final structure of spontaneous assembled fractal gel of c.
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 23 Figure 2.3: Bubble generated at the interface induced by Pt-PS catalysing the decomposition of hydrogen peroxide.
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 25 Figure 2.5: Setup of normal experiment is made of a imaging chamber placed between two glass slides coated with conductive ITO layer that are connected to external voltage.
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 26 Figure 2.6: The instability of the interface is caused by the electrical field. (a) An experimental observation of the disturbed interface, the circle keeps expanding. (b) A schematic of the side view of this phenomenon: the unstable interface fluctuates due to the electrical field, and the sub-water phase at some point touches the ceiling of the cell.
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 27 Figure 2.7: Schematic of hematite-TPM propulsion mechanism: hematite cube catalysing the decomposition of hydrogen peroxide in the presence of blue light, inducing a chemical gradient. Particle moves due to a spontaneous symmetry breaking of the gradient field.
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 28 Figure 2.8: (a) MSD of hematite-TPM particle under different light intensity, gray: no active light, from light blue to dark blue, light power increases. (b) Extract speed and persistent time by matching M SD a = M SD(τ ) -4D 0 τ . Blue: original data M SD a , black: target data M SD * a , red: shifted match data M SD ′ a .

  acquired using MSD minus MSD without active light acquired from experiment: M SD a = M SD -M SD passive , where M SD passive represents the diffusive part 4D 0 τ . The target model curve M SD * a (τ ) = A * [τ /B * +exp(-τ /B * )-1], is set with A * = 1, B * = 50, which gives a transition at τ = 100 in the curve, as black curve shown in Figure 2.8b. Then we shift the curve M SD a (blue in Figure 2.8b) to a new curve M SD ′ a = A/a[τ /(B/b) + exp(-τ /(B/b)) -1] (red in Figure 2.8b), where coefficients a and b is found such that the difference between new curve and target curve |M SD ′ a -M SD target | is minimum. In this case, M SD ′ a and M SD target are closely
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 29 Figure 2.9: Directive motion of the hematite-TPM particles. (a) Speed of particle increases with light power density and follows Michaelis-Menten law (dash line: fitted Michaelis-Menten function). (b) Persistent time of particle doesn't change with light power density, (dash line: mean value of τ R )
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 210 Figure 2.10: Schematic of the depletion induced by polymer. σ: colloids(red) diameter, r: distance between colloids, R g : polymer size (radius of gyration), green: an excluded zone non-accessible to polymer around colloids with a thickness of R g , yellow: overlap volume of two excluded zones.
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 2 Figure 2.11: (a) Depletion potential with varying polymer concentration c from 0.1 to 5 g/L. (b) Depletion potential with varying polymer size R g from 10.5 to 42 nm.
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 214 Figure 2.14: Gel made of 1 µm PS particle, (a) one plane at the bottom layer, (b) superimposed 21 planes in different z position, separated each by 1 µm.
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 215 Figure 2.15: Stacks in different z position of gel prepared in cell with a height of 200 µm, from left to right, each plane is 2.1 µm higher. (a) Normal gelation process and (b) centrifuged with speed of 500 rpm ( 28 g) for 5 mins.
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 216 Figure 2.16: Gels prepared in 1.42 mm height cell centrifuged with speed of 500 rpm ( 28 g) for 5 mins. Left: just after centrifugation, right panel: one day after. (a) Gels consisting only of PS particles; (b) Gel made of Hematite-TPM particles and PS particles.
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 217 Figure 2.17: SiO 2 (light) and Hematite-TPM (dark) particle depletion gels with different conditions: (a) without H 2 O 2 ; (b) with H 2 O 2 ; (c) with H 2 O 2 and extra salt and (d) adding H 2 O 2 later.
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 218 Figure 2.18: Depletion with PS particle with different sizes: (a) 1 µm, (b) 2.1 µm and (b) 3 µm.

Figure 2 . 19 :

 219 Figure 2.19: Structures formed with varying polymer concentration, from (a) to (e), c/c * = 0.00295, 0.00335, 0.00355, 0.00374, 0.00394 respectively.
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 2 Figure 2.20: B * 2 computed at critical point c/c * =0.195 as a function of radius of gyration (Rg), at critical point B * 2 -1.5.
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 221 Figure 2.21: Experiment cell, cylinder chamber made of silicone, with two pots on top for loading, equipped with sticky taps for sealing.
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 222 Figure 2.22: Schematic of synthesis processes of Hematite-TPM particle summarized according to [163][49].
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 2 Figure 2.23: SEM pictures of hematite-TPM particle, brighter part is hematite
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 224 Figure 2.24: Mean radius of gyration and squared displacement (τ = 100s) evolution during the early stage of gelation.
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 225 Figure 2.25: Schematic of microscopy configuration and lighting cycle.
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 226 Figure 2.26: Particle detection and tracking: Particle tracking is integrated with the process of particle detection: using the center of mass detected for the previous frame as the pre-located coordinate to detect particles in the current frame. Red +: local maximum, green X: final center of mass detected.
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 227 Figure 2.27: Tracked particle number evolves with time.

Figure 2 . 28 :

 228 Figure 2.28: Particles tracked at the beginning (a) and at the end (b)
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 229 Figure 2.29: Schematic of perfect focus system developed by microscope manufacturer (Nikon): automatically correction of focus is achieved by tracking substrate-solvent boundary interface.
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 230 Figure 2.30: Computation of drift in xy plane: drift is defined as the displacement corresponding to the peak value in pdf of displacement. The diagram illustrates how local reorganization shifts the mean displacement to a higher value. Inset: illustration of isotropic displacement pdf, where drift can be computed by the mean displacement(displacement of the center of mass).
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 231 Figure 2.31: Mean gray level evolution with time during one typical experiment with one light off-light on -light off circle. (a) High gray level image of the particle at the beginning of lighting: initial image, image after processing, connected pixels to define the center of mass; (b) Low gray level image of particles at the end of lighting; (c) Gray level evolution at different light state.
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 232 Figure 2.32: Gray level variation in the presence of actuation light for gels prepared in different condition: red: normal gel made of PS and hematite without H 2 O 2 ; blue: gel made of only PS with H 2 O 2 added; black: normal gel made of PS and hematite with H 2 O 2 added (typical experiment) .
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 2 Figure 2.33: MSD as a function of gray level for stuck gels by varying the laser power of observation light(black circles). Red line, fitting of the data. Blue x: Data obtained by photo-bleaching. Insert: same figure plotted in log-log scale.

Figure 2 . 34 :

 234 Figure 2.34: Noise level computed by gray level evolves with time for a typical experiment.

Figure 2 . 35 :

 235 Figure 2.35: Squared displacement before (black) and after (red) removing noise, for lag time 1s (top) and lag time 100s (bottom )

Figure 2 . 36 :

 236 Figure 2.36: Microscopic images of colloidal gel: (a) Bright-field image; (b) fluorescence microscope image and (c) Distribution of non-fluorescent active particle (visually identified and marked by red dot, counted to be 58 particles) and passive fluorescent PS particles (marked by green cross, 204 particles).

Figure 2 . 37 :

 237 Figure 2.37: Particle number as a function of height (scaled with particle diameter d).

Figure 2 . 38 :

 238 Figure 2.38: Radial distribution function for Lennard-Jones fluid obtained by Monte-Carlo simulation, arrow indicates cutoff for defining coordination number adapted from[START_REF] Sarnitskiy | Radial distribution function for Lennard-Jones fluid. Grigory Sarnitskiy, Public domain[END_REF]. Insert: illustration of calculating g(r). red sphere is the reference particle, blue spheres are particles identified within the shell between r and r+dr.

Figure 2 . 39 :

 239 Figure 2.39: Gel structure analysis. (a) Particle colored by their coordination number; (b) Skeleton extracted from gel(red) and the nodes (green); (c) Illustration of chord length, blue lines are the random oriented lines, red line indicating the chords; (d) The largest inscribed circles to represent the void size.
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 31 Figure 3.1: Qualitative phase diagram and corresponding representative snapshots of structures formed by tuning polymer concentration c/c * and colloid volume fraction ϕ/ϕ 0 : Yellow star: Large Thick Cluster; Blue triangle: Small Thin Cluster; Green circle: 3D Connected Network; red diamond: 2D Connected Network. For lines: a-A: increasing attraction strength in low packing fraction case. b-B: increasing attraction strength in high packing fraction case. c-C: increasing packing fraction in weak attraction case. d-D: increasing packing fraction in strong attraction case

Figure 3 . 2 :

 32 Figure 3.2: Structures formed at ϕ = ϕ 0 with increasing polymer concentration, corresponding to path a-A in phase diagram Figure 3.1, projected in z direction. From (a) -(e), c/c * = 0.27, 0.81, 1.35, 1.89, 2.7 respectively; (f) Coordination number; (g) Radius of gyration of skeleton extracted from structures with varying strength of attraction. Insert: an example of Rg of skeleton of cluster.

Figure 3 . 3 :

 33 Figure 3.3: Snapshots of structures obtained with particle packing fraction ϕ = 4ϕ 0 , with different attraction strength corresponding to path b-B in phase diagram Figure 3.1, from (a) -(e), c/c * = 0.27, 0.8, 1.34, 1.88, 2.69 respectively; (f) Coordination number; (g) Radius of gyration.

Figure 3 . 4 :

 34 Figure 3.4: Structures formed at c/c * = 2.7 with varying colloid volume fraction, from a -e, ϕ = ϕ 0 , 2ϕ 0 , 3ϕ 0 , 4ϕ 0 , 5ϕ 0 respectively. (f) Coordination number in structures with different volume fractions. (g) The radius of gyration of skeleton extracted from structures with varying colloid volume fractions.
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 35 Figure 3.5: Structures formed at c/c * = 0.27 with varying colloid volume fraction, from a -e, ϕ = ϕ 0 , 2ϕ 0 , 3ϕ 0 , 4ϕ 0 , 5ϕ 0 respectively. (f) Coordination number in structures with different volume fractions. (g) The radius of gyration of skeleton extracted from structures with varying colloid volume fractions.
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 36 Figure 3.6: Structures of 2 µm PS gels corresponding to the four phases: Isolated compact cluster, Large Thick Cluster, 3D connected network and 2D connected network. ϕ 0 = 3.7 * 10 ( -4), cell height is 2 mm.

Figure 3 . 7 :

 37 Figure 3.7: Reorganisation under low actuation light intensity to form new bonds. c/c * = 0.27 × 10 -4 , ϕ = ϕ 0 , P = 1/16P max : (a) Structure before light, arrows indicating the rearrangement direction; (b) Trajectories of particles during reorganisation; (c) Final structure with new bonds formed, indicated by red circles.
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 38 Figure 3.8: Fracture of clusters under high actuation light intensity. c/c * = 0.27 × 10 -4 , ϕ = ϕ 0 , P = P max : (a) In one large cluster before light, particle positions are denoted with yellow circles; (b) Trajectories of particles during reorganization; (c) Final structure with one cluster being driven apart into two parts, particles are indicated by red circles and green circles respectively.
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 39 Figure 3.9: Time series of two samples irradiated with violet light. (a) -(c) Sample without H 2 O 2 under irradiation. (d) -(e) Sample with H 2 O 2 , (d) Initial structure, (e) structure melted after 170 s of irradiation, (f) Re-depleted structure in 240 s after turning off violet light.

Figure 3 .

 3 Figure 3.10: Activity-assisted assembly of clusters. c/c * = 1.89 × 10 -4 , ϕ = ϕ 0 , P = P max . (a) Structure of isolated small clusters before light, arrows indicating the reorganization direction of clusters; (b) Trajectories of particles during reorganization; (c) Final structure with assembled large clusters.

Figure 3 . 11 :

 311 Figure 3.11: Trajectories of particles in 3D connected network with local reorganisation under actuation. c/c * = 2.7 × 10 -4 , ϕ = 5ϕ 0 , P = P max .

Figure 3 . 12 :

 312 Figure 3.12: Trajectories of particles in 2D connected network with global reorganization under actuation. c/c * = 0.81 × 10 -4 , ϕ = 4ϕ 0 , P = P max .
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 41 Figure 4.1: Experimental observation: (a) Light cycle configuration: 30 min without active light to capture the passive gel, followed by 60 min of activation with blue light, with light intensity as a parameter can be turned to 5 levels, and the last 30 min recording of the gel after activation. (b) Two-time overlap function Q(t w , τ ) at wait time t w = 1s, τ ranged from 1 s to the length of the total experiment time, for passive gel with active light off(blue) and active gel with typical illumination cycle (light intensity 33.5 mW. black: light off and red: light on). Insert: structure and skeleton of gel before (left) and after (right) activation. Gel after activation is with larger holes and thicker chains, which is a manifestation of coarsened gel. (c) Squared displacements with τ = 100 s as a function of time for passive gel (blue) and gel during illumination cycle(black: light off; red: light on). Large dynamics at the beginning of the activation state correspond to structure rearrangement, insert: displacement field accumulated for 100 s at the peak of the dynamics curve as indicated.

Figure 4 . 2 :

 42 Figure 4.2: Structural parameters for gels prepared in the same condition scaled with node density: Green: coordination number; blue: radius of inscribed circle inside voids; black: link length of skeleton; orange: chain width characterised by chord length.
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 43 Figure 4.3: Radial distribution function of a passive gel.

Figure 4 .

 4 4a. The squared displacements probed at different time scales are steady in time. The mean squared displacement computed at the time window 1500-1800s in (a) is shown in Figure 4.4b. It exhibits sub-diffusive dynamics with the power law

Figure 4 . 4 :

 44 Figure 4.4: Dynamics of passive gel before activation: (a) Squared displacement as a function of time for τ = 1, 10 and 100 s. (b) Mean squared displacement computed at the time window between 1500 and 1800s. The slope of the triangle indicates diffusion.
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 45 Figure 4.5: Probability distribution of MSD for gel before activation as probed with τ =1, 10 and 100 s. Red curves indicate Gaussian distribution.

  The variation of particle configuration ∆Q is computed as 1-Q end , with Q e nd = (sum 3600s tau=3300s Q(tw = 1, tau))/300s, and is plotted in Figure 4.7 as a function of light intensity. The variation in the two-time overlap function ∆Q is enhanced with increasing light intensity. With thermal fluctuation, only 1% of particles within the network have moved more than 1/3 diameter. With 5.4 mW active light on, this fraction has increased to 10% and achieves 40% when light power lifts up to 43.5 mW. Activity

Figure 4 . 6 :

 46 Figure 4.6: Two-time overlap function Q(t w , τ ) for different light intensities, black: 0 mW, from light to dark blue: 5.4, 11.5, 23.5, 33.5, and 43.5 mW, data are acquired by averaging in gels activated with the same light intensity.

Figure 4 . 7 :

 47 Figure 4.7: Total variation of the two-time overlap function for different light intensities. Q is computed at t w =1, and is averaged on the last 300 s of the activation process; reference length scale a=0.7 µm.

Figure 4 . 8 :

 48 Figure 4.8: structure variation between gel before and after activation: (a)-(e): hole size R, chain width W, coordination number Z, node density ρ n and mean link length L. (f) Structure change parameter combines all the variation, defined as ∆S = ∆X 2 i , where X i represents different structural parameters R, W, Z, ρ n , and L.
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 49 Figure 4.9: Probability distributions of chain width (chord length) before (blue) and after (after) activation for different light intensities.
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 410 Figure 4.10: Probability distributions of mean link length of skeleton before (blue) and after (after) activation for different light intensities.
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 411 Figure 4.11: Probability distribution of radius of largest inscribed circle for gels before (blue) and after activation (red) with different light intensity.
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 412 Figure 4.12: Probability distributions of coordination number before (blue) and after (after) activation for different light intensities.

Figure 4 .

 4 Figure 4.13: M SD(τ ) before (blue triangle) and after (red triangle) activation for three light intensity level: 5.4, 23.5 and 33.5 mW. 0.05 and 0.25 are indicative power law exponent for gel before and after activated with 33.5 mW light respectively.
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 4 Figure 4.14: (a) MSD computed every 2 hours after illumination during 30 hours, blue: gel before activation; red: dynamics after activation. (b) MSD of gel prepared in the pre-illuminated substrate. blue triangle: before activation; dark to light circles: during activation; red triangle: after activation

Figure 4 . 15 :

 415 Figure 4.15: Schematic (a) and MSD (b) of contrast experiments: 2 spots A and B are chosen to be monitored. Before activation, dynamics of spot A is monitored and shown as blue circle marker in data presented in (b). During activation, only spot A has been illuminated, spot B is kept in dark thus is not activated. After activation, supernatant of the sample is stirred gently to mix the solvent, MSD of spot A and spot B are monitored during 11 days after tuning light off, the data are shown as red circle and red triangle respectively in (b).

Figure 4 . 16 :

 416 Figure 4.16: Increase of dynamics after activation as a function of light intensity. Zero light point is obtained with passive gel without being illuminated at the same t w where typical experiment measurement is taken.
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 4 Figure 4.17: (a) Probability distribution of dynamics among particles log(M SD i ) before (red) and after (blue) activation. solid curve: Gaussion fitting. (b) Increase of dynamics δ among particles distribution in gel network, color by amplitude of δ.

Figure 4 .

 4 Figure 4.18: The MSD of particle colored by the amplitude, left:before activation; right: after activation.

Figure 4 . 19 :

 419 Figure 4.19: Increase of dynamics δ dependence on the change in structure: (a) δ as a function of the change of the structural parameter ∆S. (b) δ as a function of degree of particle reconfiguration 1-Q. Each data points is obtained by averaging in experiments performed in the same light intensity.

Figure 4 . 20 :

 420 Figure 4.20: Reorganization of gel induced by activation: (a) Illustration of local events: Bond forming, bond breaking and chain deforming. Top: real space images of the gel. Bottom: schematics to illustrate the process. (b) Displacement field accumulated for 100 frames during activation.

Figure 4 . 21 :

 421 Figure 4.21: Comparing the structure before (left) and after (right) activation: (a) Skeleton of gel, black circle: end node. (b) Gel colored by particle coordination number.

Figure 4 . 22 :

 422 Figure 4.22: Dynamics during activation: (a) The squared displacement sd(t, τ ) averaged over the particle as a function of time for lag time τ =1, 10 and 100 s. Gray: active light off; blue: active light on. (P=33.5 mW) (b) M SD(τ ) within small time window of 300 s at different waiting time (t w ), from dark to light circles: increasing t w during activation. blue triangle: before activation; red triangle: after activation. Time windows are indicated in (a) with corresponding colors; (c) Response characterized by MSD averaged in the first 1000 frames of active period (frame in fuchsia in (a)) with different light intensity, τ = 100 s. (d) Response in (c) plotted as a function of swimming energy, black dash line: power law fit.

Figure 4 . 23 :

 423 Figure 4.23: Displacement field at different scales: (a)Displacement field showing the long time scale response accumulated over 1000 s at the beginning of activation; (b) Short time scale particle vibration (τ = 1s) at t w =1, t w =300 and t w =900 s. (c) Schematic to illustrate the feedback from large scale arrangement on the small scale vibration.
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 4 Figure 4.24: (a) Mapping system parameters into phase diagram predicted by simulation on active doping. Adapted from ref [148]. Our system parameters are marked by red + and indicated by red circle. (b) The ratio between swimming energy and attraction energy as a function of light intensity.

Figure 4 . 25 :

 425 Figure 4.25: Schematic of structure before and after activation. Rigid clusters are indicated by dashed circles. Before activation, structure are composed of closely packed hexagon rigid clusters with low cluster-cluster connectivity. After activation, the rigidity of cluster has been reduced while the connectivity between clusters has been increased. The red bonds indicate restructured bonds.
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 2 1: Depletant Parameters for Chapter 3

	Depletant	
	PEO	unit

Table 2

 2 .3 and Table 2.4.

	Table 2.3: Depletant Parameters for Chapter 4
		Depletant	
		PEO	unit
	M w	200000	g/mol
	R g	2.5 × 10 -8	m
	Polymer concentration c	3	g/L
	Viscosity η	6.68 × 10 -3	N • s/m 2

Table 2 .

 2 4: Particle and interaction Parameters for Chapter 4

		Particles		
		Passive	Active	unit
	Materials	PS	hematite-TPM	
	Radius a	1.05 × 10 -6	0.75 × 10 -6	m
	Density ρ	1045	2810	kg/m 3
	Drag T ξ T = 6πηa	1.32 × 10 -7	9.44 -8	N • m/s
	Drag R ξ R = 8πηa 3	1.94 × 10 -19	7.08 × 10 -20	N • m • s
	D T = k B T /ξ T	3.11 × 10 -14	4.35 × 10 -14	m 2 /s
	D R = k B T /ξ R	2.11 × 10 -2	5.80 × 10 -2	/s
	τ R = 1/D R	47.3	17.2	s
	τ B = a 2 /D T	35.5	12.9	s
	Speed U 0 (at P max )		5.69 × 10 -7	m/s
	L p = U 0 τ R		9.8 × 10 -6	m
	F s = U 0 ξ T		5.37 × 10 -14	N
	D s = L 2 p /τ R		5.57 × 10 -12	m 2 /s
	P e = U 0 a/D T		9.8	
	P e R = L p /a		13.1	
	Potential well depth E a	28	20	k B T
	F a = E a /(2R g )	2.3 × 10 -12	1.6 × 10 -12	N
	F s /F a		3.3 × 10 -2	
	E s /E a		4.6	

Table 3 .

 3 1: Time takes to observe melting of gel by different light

	PEO c/c *	λ = 488 nm, P=13 mW/mm 2	λ =465-495 nm,	P=38	λ = 405 nm, P=13 mW/mm 2
			mW/mm 2		
	0.55	ts = 7 min	ts = 2 min, t		

f = 4 min ts= 20 s, t f = 60 s 1.12 not melt within 10 min ts = 4 min, t f > 10 min ts = 40 s, t f = 80 s 1.67 not melt within 10 min not melt within 10 min ts = 130 s, t f = 240 s

  .1. Note that only fluorescent labeled passive PS particles can be viewed, active colloids are not observable in our experiment and thus are not captured in the data.

	X i		unit
	L	3.67±0.21	d
	R	1.49±0.04	d
	W	3.78±0.15	d
	ρ n 0.094±0.019 #
	Z	2.12±0.19	#
	Table 4.1: Structural parameters extracted from skeleton averaged for 80 passive gel:
	L: link length; R: radius of inscribed circles; W: chain thickness, computed by mean
	chord length. The units for above parameters are particle diameter. ρ

n : node density;
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ABSTRACT

On their way towards equilibrium, but kinetically arrested, colloidal gels is a peculiar state of matter halfway between liquids and solids. Systems of active particles that convert external energy into mechanical work have been the focus of intense research in the past 25 years, as they exhibit a number of phases of matter, which are out of reach for equilibrium systems. In the present work, we first develop a system that combines colloidal gelation and activity. To do so we embed active particles whose activities are controlled by external blue light into a colloidal gel. We then investigate the response of the already-formed passive colloidal gel to activity and the effects of activation on the properties of the gels. We monitor the structure and dynamics of the gel, both before, during, and after the activation period. During activation, the mobility of the passive particles composing the gel increases and exhibits a characteristic scale-dependent response to the activation: at short time the gel reorganizes at large scale, leaving the possibility for a slow reorganization at small scale on longer time scales. The gel reorganizes, with smaller strands coalescing with larger ones and leaving larger holes in the structure. Interestingly, once activation is switched off, the gel keeps the memory of the activation period.

After activation, the gel adopts the structure inherited from the reorganization, which took place during the active phase, although the thermodynamic conditions are the same as the one preceding the activation. This structure is typically that of a gel that would have aged longer, as if the activation had accelerated the kinetics. This tempting interpretation is however too simple. As expected in the absence of activity, the dynamics of the so newly formed gel is again frozen as evidenced by the mean square displacement which plateaus at all times. However the value of the mean square displacement after activation is larger than that before activation. That is the gel is softer, a result that contradicts the above simplest interpretation of accelerated aging. We conclude that the system has turned into a genuine different gel, the structure of which looks like that of an older gel, but the dynamics of which is that of a softer gel. In the range of activity explored here, the structural rearrangement and the mobility enhancement both increase with activity.
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