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“Attention makes the genius; all learning, fancy, and science depend on it.
Newton traced back his discoveries to its unwearied employment. It builds
bridges, opens new worlds, and heals diseases; without it Taste is useless,
and the beauties of literature are unobserved; as the rarest flowers bloom in
vain, if the eye be not fixed upon the bed. ”
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1Introduction

Soft matter

A ll around us, we find soft, elastic materials. One can think
of eating pudding, yogurt or ice cream, squeezing tooth-
paste out of a tube and driving to work in a car with rubber
tires. While these materials have very different properties,

their microscopic structure share some common features: their building
blocks are larger than small molecules but tinier than grains of sand and do
not exhibit long-range order [1, 2]. Soft materials can be formed by a rich
variety of building blocks, such as polymers, surfactants and colloids [1].

Soft materials are widely used in day to day life. Yet, how the macro-
scopic behaviour of a material can be explained from the structure and
interaction of its individual building blocks remains a complex question in
soft matter physics. As follows, the physics of these systems is intensively
studied in many disciplines, ranging frommaterial science, food science and
nanotechnology to tissue engineering [3–11]. It is especially hard to study
the relationship between structure and function when a materials´ structure
is not in equilibrium and evolves in time. This is the case for the class of soft
materials studied in this thesis, so-called colloidal gels.

In this thesis, we use simulations and experiments to study the micro-
structural dynamics of colloidal gels, both in the presence and absence of
external fields. Simulations are suitable to study themicrostructural response
of colloidal gels in great detail. In addition, recent advances in the synthesis
of colloidal particles allow us to quantify large parts of the microstructure
of experimental colloidal gels using confocal microscopy. By combining
simulations and experiments we aim to get a better understanding of the
mechanical (in)stability and the network topology of colloidal gels. But be-
fore we dive into this research, several concepts which are key to understand
this thesis are explained. This Chapter starts with a description of physical
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gels and their applications. Next, concepts such as stress, strain and yield
stress are clarified. Subsequently, the use of colloids as a model system, the
formation of colloidal gels and their mechanical (in)stability is discussed.
The end of this Chapter concludes with a description of the simulation
methods used in this thesis.

1.1.1 Gels and their applications
In this thesis, colloidal gels are studied as a class of soft materials. According
to the Encyclopedia Britannica the basic definition of a gel is the following:

Gel, coherent mass consisting of a liquid in which particles too small to
be seen in an ordinary optical microscope are either dispersed or arranged in
a fine network throughout the mass. A gel may be notably elastic and jellylike
(as gelatin or fruit jelly), or quite solid and rigid (as silica gel, a material that
looks like coarse white sand and is used as a dehumidifier). [12]

We can distinguish between two types of gels, depending on their bonding
properties, namely chemical and physical gels. The strongest interactions are
obtained in chemical gels were covalent bonds create cross-links in a network,
for example in vulcanized rubber [13]. In this case, irreversible cross-linking
or polymerization is induced by heating the material. Physical gels involve
non-covalent bonds, which are often –but not always– reversible and can be
tuned in strength [14]. Here, association and dissociation of bonds can be

Figure 1.1 – Schematic representation of a hydrogel, block copolymer gel and colloidal gel (from left to right).
Hydrogels consist of cross-linked hydrophilic polymers which form a network which can contain large amounts
of fluid. Block copolymer gels consist of polymers with different functional groups. Here, we show a network
formed through charge-driven assembly. In colloidal gels the network is formed by attractive particles dispersed
in a fluid.
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Figure 1.2 – Rheometer with
a concentric cylinder geo-
metry.

induced by varying pH, temperature, concentration, ionic strength, charge
composition, the amount of light, magnetic and electric fields and shear [14–
17].

Let us now take a closer look at some possible applications of these
physical gels. The first class of gels we discuss are hydrogels, which consist
of a three-dimensional polymer network in water (see Fig. 1.1 left) and are
mechanically soft. These gels can be used for drug delivery and tissue en-
gineering [3, 18–20], as their structure is similar to the extracellular matrix.
Specifically, the structure of the gel can be used to control the distribution
of cells or medication. Applying stimuli to the gel network can trigger the
development of desired tissues [21–25]. However, it is also possible to use
the scaffold as a means to selectively transport biomolecules which are vital
for tissue growth [26–28]. Recent advances in 3D printing and the devel-
opment of thougher hydrogels now even open up the possibility to develop
materials that mimic cartilage [3, 29–31]. Besides its use in medical applica-
tions hydrogels are also suitable as soft actuators and sensors [32–35]. The
suitability of hydrogels for actuation is based on the ability of hydrogels to
swell and deswell upon applying external triggers [4, 36–38]. Using hydro-
gels as force sensors is advantageous because they are extremely stretchable
and can self heal if the polymer chains form new cross-links [33, 39].

Another class of physical gels are block copolymer gels. The polymer,
for instance, consists of two charged outer blocks and a neutral middle block.
Combined with oppositely charged block copolymers a transient network
will form (see Fig. 1.1 middle). Due to their high connectivity, block co-
polymer gels can be used in dye solar cells and lithium batteries [40–42]
and as thin-film transistors [43, 44]. Other applications range from tissue
engineering [45, 46], self healing gels [47], underwater adhesives [48, 49] to
flexible displays [50] and soft actuators [51].

The final class of gels we discuss here are colloidal gels – the type of
gel we study in this thesis. Colloidal gels consist of a space-spanning net-
work of particles, dispersed in a fluid [52] (see Fig. 1.1 right). Many food
products, such as yoghurt, cheese and egg products, are colloidal gels [5].
Particle gels are therefore widely studied in food technology, to improve
sensory perception and food texture [5]. However, colloidal gels are also fre-
quently used in other applications such as, dispersion based paints [53, 54],
cosmetics [55], moldable and 3D scaffolds for tissue engineering [56–59],
self healing gels [60] and to create ultralight and low conductive aerogels
used in the production of ceramics [61–63]. Particles in colloidal gels are
kinetically arrested, which prevents the system to evolve towards an equilib-
rium. As a consequence, thermodynamic theories used for polymer gels, like
the hydrogels and block copolymer gels described above, cannot be applied
directly.
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1.1.2 Stress & strain
One of the characteristics of gels is their elastic response to deformation.
Flow and deformation of gels can be systematically studied in a rheometer.
The word rheology is credited to Eugene C. Bingham (around 1928), who
together with his colleague Marcus Reiner came up with the term inspired
by the aphorism of Simplicius’ 𝜋𝛼𝜈𝜏𝛼 𝜌𝜖𝜄 “everything flows” [64]. The
studied gel is formed in a round cylinder which contains a rotatable inner cyl-
inder in the middle, the so-called concentric cylinder geometry (see Fig. 1.2).
The rotated distance is converted into a strain 𝛾. In this way one canmeasure
how much force it takes to deform a material up to a certain strain. Imagine
that you pull on an elastic rubber beam. The initial length of the beam 𝐿
will get elongatedwith a certain length 𝛿𝐿. In this case, the resulting amount
of strain 𝛾 can be defined as:

𝛾 = 𝛿𝐿
𝐿 (1.1)

Yet, in the concentric cylinder geometry the gel is sheared, i.e. one of thewalls
stays stationary whereas the other wall is linearly displaced with 𝛿𝐿. We can
represent this situation with the schematic picture in Fig. 1.3b. So in case of
shear, the amount of strain is calculated by:

𝛾 = 𝛿𝐿
ℎ (1.2)

Another important quantity in the deformation of a material is the amount
of applied stress 𝜎. Stress is defined as a force per unit area. The stress at
point P in amaterial can be described by the the stress tensor (see Figure 1.3a),

(a)

σxx σxy

σxz

σyyσyx

σyz

σzz

σzyσzx

(b)

δL

h

(c)

γ

σ B
A

Figure 1.3 – (a) Visual representation of the stress tensor in three dimensions. (b) Shear deformation on a
rectangle. The top plate will move whereas the bottom plate stays stationary. (c) Stress-strain curve of a brittle
(curve A) and a ductile (curve B) material.
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which has 9 different components:

𝜎𝑖𝑗 = ⎡⎢
⎣

𝜎𝑥𝑥 𝜎𝑥𝑦 𝜎𝑥𝑧
𝜎𝑦𝑥 𝜎𝑦𝑦 𝜎𝑦𝑧
𝜎𝑧𝑥 𝜎𝑧𝑦 𝜎𝑧𝑧

⎤⎥
⎦

(1.3)

In 𝜎𝑖𝑗 the first subscript indicates the direction of the surface normal upon
which the stress acts, whereas the second subscript refers to the direction
of the stress component. This stress matrix is symmetrical in equilibrium,
i.e. 𝜎𝑥𝑦 = 𝜎𝑦𝑥, which leaves us with 6 independent components instead
of 9. A positive value for these normal components indicates that the force
acts outwards and will create a tensile stress. A negative value for the normal
component, on the other hand, indicates that the force acts inwards to create
a compressive stress [65–67].

1.1.3 Yield stress
Previously we defined the concepts of stress and strain. The modulus of a
material can be interpreted as the ratio between this stress and strain. Upon
deforming a brittle, stiff material at small strains –such as different metals at
low temperature, ceramics or glass- the resulting stress versus strain curvewill
be linear. At larger deformation brittle fracture occurs or the material starts
deforming in a non-linear fashion (see Fig. 1.3c, curve A) [67]. For ductile
materials, below a threshold force the material can respond purely elastic,
whereas upon exceeding this value –at the so-called yield stress– the material
starts to flow [68]. Yield stress materials, such as toothpaste, mayonnaise,
foams and paints will return to their original shape when deformation takes
place in the elastic regime only. Yet, above the yield point a fraction of the
deformation will be permanent and non-reversible (Fig. 1.3c, curve B). We
call this plastic deformation.

States of matter can be divided in three major classes; solids, liquids and
gasses. A common example to illustrate these states is water, which can exist
as ice (solid), water (liquid) and water vapour (gas). Remarkably, gels show
characteristics of both liquids and solids. The definition of a gel has therefore
been a widely discussed topic amongst scientist. Andrew Keller –a polymer
scientist– said the following to its colleagues at the Faraday Discussions
Meeting in 1995:

“The fact is that there is no simple and unique definition. In every day usage we
may think of a simple jelly as familiar in culinary usage. It embodies the main
characteristics of what we associate with the gel state. Its main constituent is a
fluid (in this case water) yet it retains its shape, a feature characteristic of the
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Figure 1.4 – Reproduction
of a micrograph taken by J.
Perrin of the sedimentation-
diffusion equilibrium of resin
(gamboge) spheres suspen-
ded in water [70].

solid state of matter. Yet it is not an ordinary solid: it can support large strains
to a high elastic limit in response to small stresses a consequence of which is the
every day experience that a jelly wobbles. In widest generality, the retention of
shape implies some connectedness throughout the system which, in view of the
fact that the majority component is a fluid, means that there exist connective
pathways along the ‘non-fluid’ component from any chosen point of a mac-
roscopic sample to another, implying, in turn, the existence of a network” [69].

The interesting elastic properties of gels are due to the formation of a space-
spanning network of the solid particles within the fluid. Due to this network
gels exhibit solid-like properties such as a yield stress. Yet, the gel structure
does not show significant order (see schematic state diagram Fig. 1.5). The
disorderly and amorphous structure of colloidal gels will show a solid-to-
liquid transition upon extensive deformation. This deformation is highly
complex as the system is out of equilibrium and the gel undergoes irreversible
structural changes.

Colloidal gels

1.2.1 Colloids as big atoms
The description of a gel in the Encyclopedia Britannica indicates that the
particles in the liquid are to small to be seen with an optical microscope. Yet,
visualization of the solid particles in a gel is crucial to study the microstruc-
ture of these gels in experiments. Therefore, we use larger micrometer sized
particles: so-called colloids. Colloids can range from 10 nm up to several mi-
crons [52].

The proof that colloids provide amodel system to study phases displayed
by atoms, such as solids, liquids and gases, startedwith the experimentalwork
of Jean Perrin. In 1909, Perrin showed that the sedimentation equilibriumof
particles in a suspension follows an exponential distribution, according to:

𝑛(𝑧) = 𝑛(0) exp−𝑧/𝑧0 (1.4)

with 𝑛 the number density of the particle suspension and 𝑧 the height, were
𝑧0 is defined as:

𝑧0 = 𝑘𝐵𝑇 /Δ𝑚𝑔 (1.5)

here we consider the Earth’s gravitational field 𝑔, buoyant mass of the
particles Δ𝑚, temperature 𝑇 and the Boltzmann’s constant 𝑘𝐵 [71]. The
distribution of particles in a suspension is governed by a gravitational drift
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downwards, assuming that the particles have a higher density than the liquid,
and a thermal motion of the solvent molecules (see section Brownian Dy-
namics simulations) [72]. Jean Perrin showed that this barometric height
distribution also holds for gum resin particles which were 240 nm in dia-
meter (Fig. 1.4) [70]. As colloidal particles can also distribute themselves
spontaneously, due to Brownian motion, we can use these larger particles to
study the phase behaviour of atoms [71]. The concept that colloids to some
extent behave as ”big atoms” is widely utilized to study phenomena at the
atomic scale [71, 73–77].

Colloidal gels form an interesting platform to study particle dynamics
of arrested matter, even though there is no real equivalent for colloidal gels
at the atomic scale. Colloidal particles are small enough to let the particle
dynamics be controlled by the thermal energy, yet it is possible to visualize
each individual particle with confocal laser scanning microscopy and follow
its motion both in space and time.

1.2.2 Gelation

When the interactions between colloids in a suspension become attract-
ive, particles will meet each other and form fractal aggregates. In time,
these growing aggregates fill the entire space with a system-spanning net-

Figure 1.5 – (left) Schematic state diagram of particles with short-ranged interactions, showing a fluid, gel and
glass. Here, we plot the volume fraction 𝜙 on the x-axis versus the interaction energy 𝛽𝑈 on the y-axis. Figure
reproduced from [78]. (right) Visual representation of a small slab of simulated colloidal gels at different volume
fractions and interaction energies. From left to right the volume fractions equal 𝜙 = 0.09, 0.17 and 0.25, whereas
from top to bottom the interaction energies equal 40, 10 and 5 𝑘𝐵𝑇 .
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work [73, 78, 79]. We call this process gelation and the point when a
system-spanning network is reached the percolation point. The formation
of a space-spanning network can already happen at low volume fraction 𝜙.
When we look at the state diagram of particles with a short-ranged interac-
tion (see Fig. 1.5) we observe that at high volume fraction and low interaction
energy a different regime appears. Here, particles with short-ranged interac-
tions start to form colloidal glasses [78]. Below the percolation line (in gray),
we find a fluid. At low volume fraction above the percolation line, both the
interaction energy 𝑈/𝑘𝐵𝑇 between particles, the volume fraction 𝜙 and
the range of the attraction determine the obtained gel morphology (see Fig.
1.5) [52].

In the formation of fractal aggregates, two different types of aggrega-
tion are distinguished; diffusion-limited cluster aggregation (DLCA) and
reaction-limited cluster aggregation (RCLA), respectively. The first type
of aggregation is limited by the diffusion time it takes for the particles or
clusters to encounter one another. In the second type of cluster formation
there is a repulsive energy barrier between the particles, that prevents them
from sticking immediately. The rate limiting step in this case is the aggrega-
tion reaction itself. Due to the energy barrier that has to be overcome in the
latter type of aggregation, more compact clusters are formed. In practice, ag-
gregates form both through DLCA and RCLA rearrangements. However,
when particles are likely to stick immediately, it is less probable that they
detach again [52, 80–82]. Initially, particles show fast Brownian motion,
but this movement slows down due to to aggregation and cluster growth
and finally becomes constrained in the gel structure [5]. For short-ranged
attractions in the order of the thermal energy, particles can reversibly attach
and detach from the network tominimize the free energy of the system [79].

How gels are formed depends on the volume fraction and interaction
energy between particles. For low volume fractions and large attractions
between colloids gelation is a consequence of diffusion limited cluster ag-
gregation (DLCA) [52, 83–87]. Yet, for intermediate volume fractions and
reversible short-ranged attractions in the order of the thermal energy, gels
form through a different mechanism. In this regime, gels want to phase
separate into colloid-rich and colloid-poor regions through spinodal de-
composition. This is due to the fact that the system is thermodynamically
unstable and wants to minimize its energy [52, 81, 82]. When particle bonds
are formed in these systems, gelation occurs as a consequence of dynamic
arrest which hinders further phase separation [52, 88–94]. The transient
networks that form in this way thus result from dynamic arrest of bicontin-
ues spinodal decomposition.
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Figure 1.6 – Depletion inter-
action. The added polymers
are excluded from a shell
around the colloidal particles,
i.e. the depletion zone. Due
to the imbalance in osmotic
pressure the particles will be
pushed together.

1.2.3 Depletion interaction

Colloidal gels typically comprise of particles with attractive interactions.
This attraction can be induced in different ways, for instance through
charge-based interactions [60, 95], supramolecular interactions [96, 97]
or DLVO interactions – a combination of electrostatic and van der Waals
forces– [98, 99]. In this thesis we use the concept of depletion to induce
attraction between colloids. This method has the advantage that the interac-
tion between particles can be tuned in strength and range.

Depletion occurs when small particles or non-absorbing polymers are ad-
ded to a colloidal dispersion. The attractive interaction between the particles
will be in the range of a few 𝑘𝐵𝑇 , depending on the concentration and
molecular weight of the polymer. Increasing the strength of the depletion
interaction in a colloid-polymer mixture or a colloid-colloid mixture eventu-
ally leads to phase separation or aggregation [100, 101].

The polymer molecules are excluded from the depletion zone near the
large colloidal particles (as depicted in Fig. 1.6). When the colloidal particles
approach each other the depletion zones will overlap. Consequently, the
volume between the particles will have a lower concentration of polymermo-
lecules compared to the bulk solution. This difference in osmotic pressure
between the bulk solution and the depletion zone results in a net force push-
ing the particles together. From a thermodynamic point of view, overlap of
the depletion zones reduces the volume from which polymer molecules are
excluded, which effectively increases the entropy of the system [100, 102].

The first fundamental work on depletion was carried out by Asakura
and Oosawa [103, 104], further elaborated by Vrij [105] and Joanny, Lieber
and de Gennes [106]. The original expression for the interaction potential
proposed by Asakura&Oosawa neglects the effect of the degrees of freedom
of the polymer molecules. To validate a simpler approach, Gast et al. com-
bined thermodynamic perturbation theory and the work of Joanny, Liebler
and de Gennes to demonstrate that the free energy of interaction follows
from the osmotic pressure of the bulk solution [101, 107]. The approximate
interaction potential between particles in the gel is given by:

𝑈(𝑟)
𝑘𝐵𝑇 = Π(𝑐)𝑉𝑜𝑣𝑒𝑟𝑙𝑎𝑝(𝑟) (1.6)

withΠ(𝑐) the osmotic pressure of the depletant and𝑉𝑜𝑣𝑒𝑟𝑙𝑎𝑝(𝑟) the volume
of overlap between the two depletion layers. Here, the overlap volume can
be calculated based on geometric considerations, for instance for equal sized
colloids with diameter 𝜎 at a center to center separation 𝑟 [101, 108, 109]:

𝑉𝑜𝑣𝑒𝑟𝑙𝑎𝑝(𝑟) = 𝜋
6 𝜎3(1 + 𝜉)3(1 − 1.5𝑟

𝜎(1 + 𝜉) + 0.5𝑟3

𝜎3(1 + 𝜉)3 ) (1.7)
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were 𝜉 = 𝑅𝑔/𝑎 is the polymer-colloid size ratio.
To simulate short-ranged particle interactions for nearly hard spheres,

one can use a Asakura-Oosawa (AO) potential. Yet, recent research has
shown that the Morse potential –which approaches the one component
Asakura-Oosawa interaction– actually better describes the cluster distri-
bution of a full AO fluid than the one-component AO description [110].
Therefore, we use a Morse potential in this thesis to simulate colloidal gels.
The equation for the Morse potential reads:

𝛽𝑈(𝑟) = 𝛽𝑈 exp[𝜌0(𝜎 − 𝑟)](exp[𝜌0(𝜎 − 𝑟)] − 2) (1.8)

were 𝛽𝑈 determines the well depth of the potential and 𝜌0 can be used to
vary the range of the potential. The use of theMorse potential as a depletion
potential has become more widespread in recent years [111–116].

1.2.4 Aging and mechanical failure
While a colloidal gel is a so-called arrested state, this does not imply that
the gel structure does not evolve anymore. In time, a gel will evolve due to
particle rearrangements. This process is called aging. Aging is caused by
relaxation of internal stresses in the network [117–119], a process which not
only occurs in gels, but also in other types of soft matter such as colloidal
glasses and concentrated emulsions [117].

There are limits to the stability of colloidal gels. An instability that can
happen inweak particle gels is syneresis. In this process the fluid gets expelled
from the gel, while the gel gets denser. This phenomena for instance occurs
in mayonnaise [120] , cheese [121–124], yoghurt [125, 126] and agar [127].
Syneresis is attributed to rearrangements in the particle network as a response
to internal stresses. External stresses, such as gravity or shear, can accelerate
or change particle rearrangements in the network. However, it is not yet
fully understood how processes, such as syneresis, aging and gravitational
collapse are related.

Gravitational collapse is a case in which a gel fails drastically due to ex-
ternal stresses [114, 128–130]. Here, gravity provides a strain on the network
which will cause the gel to break. Gravitational collapse can be very rapid
–because gravity already prevents the network structure from forming– or
slow. In the latter case it is called a delayed collapse. Predictions are that the
initial collapse of a gel depends on the speed of fluid backflow through the
network, whereas the height of the collapse relates to the network’s elasti-
city [94, 130, 131]. Confocal microscopy data of emulsion gels shows how
the network restructures and weakens in time [130]. The reduction in the
connectivity of the network eventually triggers a macroscopic collapse.

The mechanical response of colloidal gels can remarkably alter upon
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Figure 1.7 – A reproduc-
tion from Jean Baptiste Per-
rin, ”Mouvement brownien et
réalité moléculaire,” Ann. de
Chimie et de Physique (VIII)
18, 5-114, 1909. Three tra-
jectories of the motion of
colloidal particles of radius
0.53 𝜇𝑚 are drawn. Success-
ive positions, obtained every
30 seconds, are joined by
straight lines (the mesh size
equals 3.2 𝜇𝑚).

applying shear or if there is fluid flow in a sample. At high shear rates a
network can break up into individual particles [132–135], whereas at lower
shear rates the network breaks up in clusters [116, 134, 135]. In both cases,
the gel loses its mechanical rigidity. Fluid flow through colloidal gels causes
hydrodynamic instabilities, which influence both the stability and morpho-
logy of the gel [136].

Particle simulations

1.3.1 Brownian Dynamics simulations
At the age of 54,Robert Brown (1773-1858) a Scottish botanist, was studying
pollen grains suspended in water [137]. Under his microscope, he observed
that particles inside these pollen grains were moving. At first he thought
that the particles had a given living force inside of them [138]. Yet, when
he repeated the experiment with powders of inorganic materials, such as
window-glass and pieces of rock, he still observed particles to move. It took
several decades before a satisfying explanation was found. In 1905, Ein-
stein published a paper which explains how particles submerged in a fluid
undergo a random walk due to thermal motion of the solvent molecules
around them [139]. At that time, the existence of atoms and molecules was
still highly debated. Jean Baptist Perrin (1870-1942) proved the theory of
Einstein by systematically studying the motion of micrometer sized particles
(Fig. 1.7) [140]. For this work he received theNobel prize for Physics in 1926.
Even though Robert Brown was not the first person to describe randommo-
tion of particles suspended in a fluid [141, 142], nowadays, this phenomena
is known as Brownian motion.

To describe the highly irregular motion of Brownian particles we use
the overdamped Langevin equation. This simplified version of the Langevin
equation can be used as we assume that the colloidal systems studied in this
thesis are inertia free, i.e. viscous effects play a larger role. The stochastic
differential equation is numerically integrated in time using the Euler-
Maruyama method [143]. In this way, the motion of a particle 𝑖 with
position 𝑟𝑟𝑟𝑖 is obtained by solving:

̇𝑟 ̇𝑟 ̇𝑟𝑖(𝑡) = 𝛽𝐷[−∇𝑖𝑈(𝑡)] + √2𝐷𝜉𝜉𝜉𝑖(𝑡) (1.9)

The first term on the right of this equation accounts for the particle interac-
tions. Here, 𝑈 is the interaction potential and 𝛽 equals the inverse temper-
ature (1/𝑘𝐵𝑇 ). The second term accounts for the solvent molecules kicking
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against the particles. Instead of describing the movement of the solvent mo-
lecules explicitly, we use a stochastic force 𝜉𝜉𝜉𝑖(𝑡) to model the thermal fluc-
tuations of the particles. This stochastic force is a random vector with zero
mean and unit variance. By treating the solvent molecules implicitly BD sim-
ulations become significantly less computationally expensive.

The diffusion 𝐷 of spherical particles in a liquid can be described by the
Stokes-Einstein equation [139, 144]:

𝐷 = 𝑘𝐵𝑇
6𝜋𝜂𝑟 (1.10)

with 𝑇 the absolute temperature of the system, 𝑘𝐵 Boltzmann’s constant,
𝜂 the viscosity of the fluid and 𝑟 the radius of the particles. Note, that this
diffusion constant only holds at lowReynolds number, i.e. when flow is pre-
dominantly laminar.

1.3.2 Monte Carlo simulations
The Monte Carlo method has been developed by mathematicians Stanislaw
Ulam and JohnVonNeumannwhoworked at theManhattan project during
World War II. They did research for the nuclear weapons project at the Los
AlamosNational Laboratory in the United States, were they tried to develop
newmethods to predict neutron chain reactions in fission devices. During a
game of solitaire Ulam asked himself the question whether or not he could
predict the outcome of the game [145]. Here, the idea was born to start
with a random configuration and repeat the same experiment hundreds of
times to determine the chances of success. JohnVonNeumann soon realized
the importance of this idea and programmed one of the first available com-
puters to carry out these calculations [146]. As the work of Ulam and Von
Neumann was classified they gave their work the code name Monte Carlo,
referring to the Monte Carlo casino in Monaco where Ulam’s uncle would
gamble [147].

Statistical sampling was a well-known technique already, yet the devel-
opment of the computer provided a way to actually use it for large scale
calculations after the war [147]. Nowadays, Monte Carlo simulations are
used in a wide variety of applications ranging from designing better catalysts,
modelling complex road networks to predicting stock price movement.

The Monte Carlo method used in particle simulations is called the Met-
ropolisMethod. The basic idea behind thismethod is to draw samples froma
probability distribution 𝑃(𝑥). If more and more samples are generated, the
values in the end will approximate the desired distribution. The algorithm
proceeds by randomlymoving a particle in space, through a so-calledMarkov
chain. That is, each particle move is independent from the next one. Based
on the old and new position of a particle a move will either be accepted or
rejected. Here, the change in energy of the system (Δ𝐸), caused by themove,
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determines the acceptance rate. A particle move to a more desired position
(Δ𝐸 < 0) will always be accepted. If Δ𝐸 > 0 the move will be accepted
with probability exp( −𝐸

𝑘𝐵𝑇 ) [148, 149]. This will continue till the energy of
the system does not change anymore.

The advantage of a Monte Carlo simulation is that it allows for discon-
tinued potentials, such as in hard sphere systems. Yet, if one wants to study
dynamics of a system Brownian Dynamics is the method of choice.

Outline of this thesis

The central aim of this thesis is to illuminate the structure-function relation-
ship of colloidal gels, both in absence and in presence of external fields. In
Chapter 2 we study fatigue in colloidal gels. We investigate the effect of ap-
plying small oscillatory deformations to colloidal gels in experiments and col-
loidal gel strands in computer simulations. In Chapter 3 we extend the simu-
lation study by examining fatigue in gel strands of different diameter, length,
interaction strength and interaction range. In Chapter 4, we develop an al-
gorithm to quantify colloidal gels based on the nodes and strands in the net-
work. The network topology is determined by considering particle coordin-
ates and the network’s connectivity. We demonstrate that particles undergo
different dynamics in nodes and strands close to the percolation point, when
no external stresses are applied. In Chapter 5 we perform a simulation study
of colloidal gels under shear. We determine the network topology at dif-
ferent interaction strengths and volume fractions to see how the gel struc-
ture evolves during shear deformation. We complement the simulation study
with shear experiments in which we resolve the three-dimensional structure
of colloidal gels using confocal microscopy. In Chapter 6 we experimentally
study the gravitational collapse of colloidal gels. By following the structure
of the gels in timewe can quantify the network response of the gel during fail-
ure. Here, the gel collapse is observed to be enhanced by large-scale, shear-like
motion in the direction perpendicular to gravity. Finally, Chapter 7 contains
a general discussion which connects the research described in the previous
chapters and places it in a broader scientific context.
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2Strand plasticity
governs fatigue in

colloidal gels

Repeated loading of a solid leads to microstructural damage that ultimately
results in catastrophic material failure. While posing a major threat to the
stability of virtually all materials, the microscopic origins of fatigue, especially
for soft solids, remain elusive. Here we explore fatigue in colloidal gels as pro-
totypical inhomogeneous soft solids by combining experiments and computer
simulations. Our results reveal how mechanical loading leads to irreversible
strand stretching, which builds slack into the network that softens the solid at
small strains and causes strain hardening at larger deformations. We thus find
that microscopic plasticity governs fatigue at much larger scales. This gives rise
to a new picture of fatigue in soft thermal solids and calls for new theoretical
descriptions of soft gel mechanics in which local plasticity is taken into account.
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Introduction

T he application of repeated load to a solid material can lead
to the erosion of its microstructure, in a process that is
known as fatigue. While the initial stages of this process
often go unnoticed, the gradual accumulation of damage

that results can ultimately lead to the sudden and catastrophic failure of
the material. Understanding the microscopic origins of fatigue is therefore
crucial for the reliable prediction of a material’s lifetime and for the develop-
ment of strategies to improve mechanical stability. In materials such as steel
and concrete, fatigue is characterized by the accumulation and growth of
small micro-cracks [1, 2]. However, the mechanisms of fatigue in disordered
soft materials are much less understood. A prototypical class of soft het-
erogeneous solids is comprised of colloidal gels. These are non-equilibrium
structures consisting of aggregated colloidal particles that form a sample-
spanning network [3].

The arrested dynamics of the aggregated particles lead to solid-like be-
haviour, with elastic properties that are determined by the structure and
connectivity of the network [4, 5]. When subjected to a large enough stress,
colloidal gels will eventually fluidize or fracture, often after a latent period of
apparent stability [6–12]. The microstructural changes responsible for this
delayed failure have been attributed to the brittle-like rupture of network
strands due to force-activated breaking of interparticle bonds [13–15]. Such
models assume that no restructuring of the network due to plastic particle
rearrangements takes place. Yet, it is known that such rearrangements do
occur [16, 17], even for colloidal gels in rest [18], where they lead to aging,
coarsening, and slow relaxationof internal stresses [19–21]. While it is known
that under large deformation aggregates break into smaller clusters [22], the
response of aggregated structures to repeated small deformations remains
unclear. To establish a link between the stability of colloidal gels and their
microstructure, it is therefore needed to understand the role of plasticity in
gel failure and fatigue.

In this Chapter, we report fatigue measurements on model colloidal
gels subjected to cyclic loading. By combining experiments and computer
simulations, we show that the gradual weakening that occurs in these gels is
due to plastic deformations within individual gel strands. Our results thus
shed new light on the mechanism of damage accumulation in colloidal gels,
and suggest that the current models for colloidal gel failure must be revised
to take this plastic softening into account.
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Results and discussion

We investigate colloidal gels consisting ofmonodisperse polystyrene particles
synthesized as described in Ref. [23], with a volume fraction 𝜙 = 0.18.
The particles have a diameter 𝑎 = 90 nm as determined by dynamic light
scattering. Attraction is induced by coating the particles with a thermo-
responsive surfactant layer of approximately 8 nm thickness, as synthesized
inRef. [24]. To screen electrostatic repulsion between the particles, 100mM
NaCl is added to all samples. Rheological measurements are performedwith
a stress-controlled rheometer (MCR-501, Anton Paar) with a concentric
cylinder geometry (CC10/Ti). The gels are formed in situ by heating the
samples to 45°C, above the critical aggregation temperature of the surfactant,
which results in gels with thick strands, each composed of many particles
in its cross-section, in which it is established that significant rearrangements
occur [24]. Tominimize initial transient effects, samples are equilibrated for
1h before initiating measurements. Fatigue in the gels is studied by cyclically
deforming the samples with a saw-tooth strain profile (Inset Fig. 2.1). After
14 cycles at the same strain amplitude 𝛾max, we allow the sample to rest
for 120 s, before starting a new set of deformation cycles at a higher strain
amplitude, with increment Δ𝛾max = 0.005.

For the smallest amplitude the stress-strain curve exhibits a linear elastic
response (Fig. 2.1). For larger strain amplitudes, however, the stress increases
non-linearly with increasing strain and shows a hysteresis loop, which indic-
ates dissipative losses during the deformation cycle [25] (see also Fig. A2.9).
The first cycle for every strain amplitude differs qualitatively from the sub-
sequent cycles: with increasing strain, the stress increases strongly, until a
threshold value of approximately 470 Pa is reached, after which it levels off,
indicating that the material undergoes plastic flow at this stress level. For
every subsequent cycle, the observed stress is lower than that in the first cycle,
signalling a progressive, irreversible weakening of the material. The stress-
strain curve then gradually approaches a limit cycle, with an enclosed area
that reflects the viscoelastic dissipation in the network due to solvent flow or
reversible particle rearrangements. Note that the viscous contribution to the
stress is negative in the unloading branch of the cycle, leading to a negative
overall stress as the strain returns to zero.

Because the timescale at which plastic rearrangements take place can be
relatively long for these strongly aggregated particles, we expect the amount
of plasticity to depend on the loading rate. Indeed, when we increase ̇𝛾 by
a factor of 10, to 10−1 s−1, we observe a much more elastic response, with
the onset of non-linear plastic behaviour shifted to much larger strains and
stresses (Fig. 2.2a).

To analyze the nature of the observed plasticity in colloidal gels in
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Figure 2.1 – Stress-strain
curves as a result of saw-
tooth strain cycles shown in
the inset (only first two sets
are shown) with 𝛾̇=10−2 s−1.
From blue to yellow: 𝛾max =
0.005, 0.02, 0.035, 0.05,
0.065, 0.08, 0.095 (note that
only a selection of the sets is
shown).

more detail, we first disentangle the elastic and viscous contributions to the
mechanical response, by averaging the loading and unloading curve for each
cycle [26]. This averages out the viscous contribution to the stress, so that
only the elastic stress 𝜎el remains (Fig. 2.2b). For the smallest strain amp-
litude, the stress-strain response is linear; however, at higher strains, when
the gels have undergone plastic deformation, the curves become strongly
non-linear. The shapes of the non-linear response of all cycles are very sim-
ilar.

After an initial linear response, characterized by a linear modulus 𝐺0,
the gels show pronounced strain hardening: at a characteristic strain amp-
litude 𝛾∗, there is a sharp upturn of the stress. The linear modulus that
characterizes the initial slope of the stress-strain curves decreases with in-
creasing strain amplitude (Fig. 2.2c), signaling the progressive weakening of
the gels resulting from the gradual erosion of the network structure during
the fatigue cycles. We obtain 𝛾∗ by superimposing the different stress-strain
curves for both strain rates by plotting the normalized stress, 𝜎el/𝜎∗, where
𝜎∗ = 𝐺0𝛾∗, as a function of the rescaled strain 𝛾/𝛾∗ (Fig. 2.2d, Fig. A2.9).
The excellent collapse indicates that the physical mechanism that underlies
the mechanical response of the gels remains the same during the fatigue
cycles. We find a linear increase of 𝛾∗ with increasing maximum strain
amplitude (inset Fig. 2.2c), indicating that the strain hardening response is
delayed by the fatigue process.
While our data demonstrate the importance of plasticity for fatigue in col-
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Figure 2.2 – a) Stress-strain
curves for 𝛾̇ = 10−1 s−1,
from blue to yellow: 𝛾max =
0.005, 0.02, 0.035, 0.05,
0.065, 0.08, 0.095. b)
Elastic midlines for curves in
Fig. 2.1. c) The initial mod-
ulus as function of 𝛾max for
𝛾̇=10−1 s−1 (squares) and
𝛾̇=10−2 s−1 (circles). The
inset shows the same data on
a double-logarithmic scale.
d) Collapse of every second
elastic midline for both strain
rates. The inset shows the
dependence of 𝛾∗ on 𝛾max for
𝛾̇=10−1 s−1 (squares) and
𝛾̇=10−2 s−1 (circles).

loidal gels, the microscopic nature of this plastic deformation remains to be
uncovered. Given that colloidal gels are networks of connected strands con-
sisting of aggregated particles, the observed weakening must be caused either
by the rupture of gel strands, leading to a decrease in network connectivity,
or by softening of the gel strands, leading to a lower effective spring constant
of the strands. To identify which of these scenarios is the dominant one, we
need detailed information at the single strand level. Since this is extremely
difficult to obtain experimentally for our system, we perform Brownian
Dynamics computer simulations on single gel strands (Fig. 2.3). The strands
are composed of 256 particles of diameter 𝑎 interacting through aMorse po-
tential [27], with an interaction strength 𝜖 = 10 𝑘𝐵𝑇 and interaction range
parameter 𝜌0 = 33, which corresponds to a well width of approximately
Δ = 0.09 𝑎, similar to the experimental system (Fig. A2.1). Following the ex-
perimental protocol, the gel strands are deformed cyclically with a saw-tooth
strain profile (see appendix for further details about the simulationmethod).
To connect our simulation results to the experimental findings, we calculate
the force needed to deform the strand as a function of the strain ¹. The

¹The force 𝑓 on the simulation walls is related to the stress measured in the experiment as
𝜎 ≈ 𝑓

𝜉2 , with 𝜉 the mesh size of the network.
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Figure 2.3 – (a) Visual representation of the non-cumulative average plastic deformation per particle in oscillation
cycles 1,2,4,6,10 and 14 of a single gel strand (𝛾max = 0.04, data Fig. A2.2). The color bar indicates the non-
cumulative plastic deformation 𝑚𝑖 per particle in each cycle from low (purple) to high (yellow). The cumulative
plastic deformation of this gel strand is shown in Fig. A2.8. (b) Plastic deformation in a gel strand after the first
cycle (F1), before fracture (F11) and after fracture (F12).

force-strain curves for non-fractured gel strands show features that are very
similar to the macroscopic curves measured experimentally (Fig. 2.4a). Like
in the experimental curves, we find that the first force-strain curve for each
strain amplitude differs qualitatively from the subsequent cycles, showing
a plateau above a critical force that indicates plastic deformation within the
gel strand.
We use a similar procedure to rescale the force-strain curves as in Fig. 2.2d.
Again, we average the force in the loading and unloading curve and plot the
rescaled elastic force 𝑓el/𝑓∗, with 𝑓∗ = 𝑘𝛾∗ the scaled stiffness of the strand
in the linear regime as a function of the rescaled strain 𝛾/𝛾∗. This yields a
curve that shows similar features to the experimental one (Fig. 2.4b), with
a linear response regime, followed by a strain-hardening response at higher
strains. The linear spring constant of the gel strands 𝑘 decreases in a similar
fashion with the strain amplitude 𝛾max as the elastic modulus in the experi-
ments (Fig. 2.4c). Furthermore, the onset of strain hardening shifts to higher
strains with increasing strain amplitude (Fig. 2.4d), also in agreement with
experiments (inset Fig. 2.2c). Since broken strands have been excluded from
the analysis, the observed weakening in the simulated force-strain curves can
be attributed completely to plastic rearrangements within the strands. This
suggests that also the weakening observed at the macroscopic scale in our
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Figure 2.4 – (a) Force-strain
curves for BD simulations
of 24 (8x3) oscillations of
a single gel strand at strain
amplitudes (purple to or-
ange) 𝛾𝑚𝑎𝑥 = 0.02, 0.04 and
0.06. (b) Collapse of the
average force-strain curves
(positive parts of the loading
and unloading curve) of the
4𝑡ℎ oscillation cycle scaled by
𝛾∗ on the x-axis and 𝑘 ⋅ 𝛾∗

on the y-axis. Data is ob-
tained from Fig. A2.2. (c)
Spring constant 𝑘 (in units
𝑘𝐵𝑇 𝑎−1) as a function of
𝛾𝑚𝑎𝑥. (d) 𝛾∗ as a function
of 𝛾𝑚𝑎𝑥.

fatigue experiments can be explained by plastic deformation and softening
in individual gel strands, without the need to invoke rupture of strands.
To verify that this finding is not specific to the geometry of the simulated
gel strands, we have carried out simulations for strands of different length
and width and for larger gel networks consisting of many interconnected
gel strands. In all cases, the force-strain loops show similar features to the
curves in Fig. 2.4a (see Fig. A2.7 and Chapter 3), which affirms that gel
strand plasticity is a mechanism for fatigue in a wide class of colloidal gels,
irrespective of the precise structure of the gel strands.
To unravel the microscopic mechanism that underlies the plastic deforma-
tion of the gel strands, we analyze the rearrangements of individual particles
and quantify the average plastic strain for each particle in an oscillation 𝑐𝑛 as

𝑚𝑖(𝑐𝑛) = 1
𝒩𝑖𝑎2

𝒩𝑖

∑
𝑗=1

⟨∣𝑟𝑟𝑟𝑖𝑗(0) − 𝑟𝑟𝑟𝑖𝑗(𝑡)∣
2⟩ (2.1)

where 𝑟𝑟𝑟𝑖𝑗(0) and 𝑟𝑟𝑟𝑖𝑗(𝑡) denote the separation vector between particle 𝑖 and
neighbouring particles 𝑗 at the start of the cycle and after a time 𝑡, respect-
ively, 𝒩𝑖 is the number of nearest neighbours of particle 𝑖. The average is
taken over the entire oscillation.
During the strain cycles, the amount of plastic strain gradually increases,
with most of the plastic rearrangements occurring during the first cycle. For
larger strain amplitudes, the amount of plastic strain is also larger (Fig. A2.4).
These irreversible particle rearrangements and the associated rupture of
inter-particle bonds are responsible for the large energy dissipation in the
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first strain cycles. As the gel strands are several particle diameters wide (Fig.
2.3), the breaking of a single bond does not immediately lead to rupture
of the whole strand [13]. The overall integrity of the strand is maintained
by adjacent bonds and due to thermal fluctuations, new bonds can form
[11, 21, 26]. This provides a mechanism for plastic deformation of the gel
strands.
Visual inspection of computer-rendered images of the simulated strands
suggest that the plastic rearrangements of particles result in irreversible
lengthening of the strands after deformation, leading to the build-up of
slack in the strands and buckling during unloading (Fig. 2.3a). The linear
increase of 𝛾∗ with increasing 𝛾max (inset Fig. 2.2a and 2.4d) furthermore
suggests that this slack is proportional to the applied extension. During
the next cycle the slack induced by previous cycles is pulled out first, which
results in little resistance and explains the initial soft linear elastic response of
the gels. When the strands are pulled taut, the resistance to further stretch-
ing increases strongly as the strand entropy vanishes and the physical bonds
between the particles become perturbed. This results in the observed strain
hardening in our colloidal gels. We note that these phenomena are reminis-
cent of observations made for networks of biopolymer bundles [26].
Interestingly, the plastic rearrangements do not occur homogeneously in the
gel strand, but are strongly localized to specific regions (Fig. 3). This leads to
the formation of thicker and thinner regions in the gel strand, reminiscent of
the Rayleigh-Plateau instability in liquid jets, which highlights the arrested
liquid state of colloidal gels [28]. This is further corroborated by looking at
the average number of bonds per particle, which gradually increases during
the oscillations (Fig. A2.4), suggesting that fatigue in colloidal gels is remin-
iscent of activated aging, in which the non-equilibrium gel structure tends
to coarsen by increasing the number of bonds [29].
At high strains, the localization of plastic deformation ultimately leads to
rupture of the gel strand at the weakest spot, i.e. at a local necking region
(Fig. 3b). The percentage of broken strands increases with increasing strain
amplitude and reaches about 65 % for a strain of 0.06 (Fig. A2.6). As the
strands become longer and thinner, rupture occurs more frequently, but in
all cases it is preceded by significant plastic deformation within the strands
(see Chapter 3). Since our analysis focuses on the microscopic plastic events
within strands, preceding their rupture, the role of strand rupturing for the
mechanical stability of the gel as a whole remains to be understood.
To investigate the effect of the deformation rate, we also deform the gel
strands at higher strain rates. Increasing the strain rate by a factor 100 leads
to a considerably higher number of ruptured strands (Fig. A2.6). From the
average plastic deformation per oscillation cycle (Fig. A2.5) as a function
of increasing strain rate we observe a clear decline in the plasticity of the
gel strands. This data suggest that colloidal gels with hardly any options
to deform plastically will rupture in a brittle fashion. Macroscopically, the
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extended linear regime in Figure 2.2a signals the onset of a transition to
brittle failure. This is supported by the fact that 𝐺0 decreases very rapidly
at high 𝛾∗ for ̇𝛾 = 10−1 s−1 , suggesting that a larger part of the damage is
caused by brittle fracture (inset Fig 2.2c).
Our results highlight how fatigue in colloidal gels results from plasticity
at much smaller scales. This feature results from the strongly hierarchical
and multiscale structure of networks of colloidal particles. To date, strand
plasticity has been overlooked in describing the mechanics of colloidal gels
but has also received little attention as a possible mechanism of fatigue in
a wider variety of heterogeneous solids, while our data clearly indicate its
pivotal role in deciding the material’s fate under repeated loading. Strand
stretching and the build-up of slack has also been identified as a mechanism
for strain softening in networks of biological fibers [26]. This raises the ques-
tion whether localized plasticity, which remains obscured in macroscopic
mechanical testing, may have amore universal role in the fatiguemechanisms
of a wider class of inhomogeneous soft solids with a hierarchical microstruc-
ture. If so, a universal description of these effects could have pronounced
implications for the predictability of the non-linear mechanical response
of soft materials, which remains an open challenge in the field. Finally,
while our work has focused on fatigue induced by external loading, other
failure mechanisms driven by internal stresses are known to exist for these
inhomogeneous thermal solids, such as ageing and syneresis [19–21]. The
plasticity we describe here results from the rearrangement of particles by
thermally-activated debonding [18], in which the mechanical stress imposes
a directional bias that leads to irreversible strand stretching. Based on our
observations here, we hypothesize that internal stress can give rise to similar
effects, where e.g. contractile internal stresses could bias rearrangements
that lead to isotropic condensation of the structure, ultimately resulting in
syneresis. While this remains unexplored to-date, it could open the way to a
universal description of the failure of these non-equilibrium solids.
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Appendix

I. Simulation details

Multiple strain amplitudes

Figure A2.1 – Morse poten-
tial with interaction range
parameter 𝜌0 = 33 and in-
teraction strength 𝛽𝜖 = 10.
The cutoff of the potential is
set to 1.5.
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BrownianDynamics (BD) simulations were performed to study the effect of
repeated deformation on themicroscopic scale only. We consider a gel strand
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with 256 particles which interact through the Morse potential [27]:

𝛽𝑈(𝑟) = 𝛽𝜖 exp(𝜌0[𝑎 − 𝑟]) (exp[𝜌0(𝑎 − 𝑟)] − 2) (2.2)

with 𝛽 = 1/𝑘𝐵𝑇 , 𝜌0 = 33, energy scale 𝛽𝜖 = 10 and particle diameter
𝑎 = 2𝑟𝑎 (see Fig. A2.1). The parameter 𝜌0 determines the width of the
potential, which becomes approximately Δ = 0.09 𝑎 for 𝜌0 = 33 ². In
this way it matches the experimental interaction range, which is known to
be around 8 nm for the thermo-responsive surfactant that coats the particles
(𝑟𝑝 = 45 nm) [24].

The motion of a particle 𝑖 with position 𝑟𝑟𝑟𝑖 is obtained by solving the
overdamped Langevin equation:

̇𝑟 ̇𝑟 ̇𝑟𝑖(𝑡) = 𝛽𝐷0[−∇𝑖𝑈(𝑡)] + √2𝐷0𝜉𝜉𝜉𝑖(𝑡) (2.3)

where 𝜉𝜉𝜉𝑖(𝑡) is random white noise, sampled with zero mean and unit vari-
ance, to model the thermal fluctuations of the particles. 𝐷0 = 𝑘𝐵𝑇 /𝜁𝑓
is the short-time diffusion coefficient with 𝜁𝑓 the friction coefficient,
set to unity. The time step 𝛿𝑡 for the numerical integration is set to
𝛿𝑡 = 1 × 10−6 𝜏𝐵. We express the unit of time in terms of the short-
time self-diffusion 𝜏𝐵 = 𝑎2/𝐷0.

Individual strands are formed between two attractive walls, with a
particle-wall interaction given also by Eq. 2.2 (with 𝜌0 = 33, 𝛽𝜖 = 10). We
use periodic boundary conditions in the y and z direction. We place particles
initially in a face centered cubic (fcc) lattice in a 4 x 4 (height x width) ar-
rangement (𝑁 = 256). The system is then equilibrated for 568 𝜏𝐵, which
leads to aggregation of the particles and the formation of a gel strand between
the two walls ³. During equilibration, the particle positions are randomized,
leading to a different internal strand structure for each simulation. (Note
that the distances between the particles in the initial configuration are larger
than the range of the potential.)

Similarly to the experiment, the single gel strand in the BD simulations
is cyclically deformed with a sawtooth strain profile (Inset Fig. 2.1). One
of the walls is moved outward, leading to an expansion at a fixed strain rate
̇𝛾 = 0.00284 𝜏−1

𝐵 . Note that this strain rate is comparable to a strain rate
of ̇𝛾 = 1.7 s−1 in the experiment. After 8 successive oscillations the strain
amplitude is increased from 𝛾 = 0.02 to 𝛾 = 0.04 and 𝛾 = 0.06 respectively.

²Here, Δ is determined by taking the end of the well at 10% of the original well-depth (1
𝑘𝐵𝑇 ). To determine the fraction of broken inter-particle bonds 𝜒𝑛, the number of bonds per
particle 𝑁𝑏 and the irreversible displacements of particles 𝑚, the cut-off between the particles’
center-to-center distance is set to 1.16 (1% of the originalwell-depth). The visual representations
in Fig. 2.3 and Fig. A2.8 are made with a cut-off of 1.5

³Varying the equilibration time doesn’t influence the obtained force-strain curves. However,
for too short equilibration times the average number of bonds is still substantially increasing in
the zero measurement; see Fig. A2.2 and A2.3 for the zero measurement (blue curve, 𝛾 = 0) of
these simulations.
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More than 65 % of the gel strands break after 24 oscillatory expansions at
successive strain amplitudes of 𝛾 = 0.02, 0.04 and 0.06.

We note that the fracture of individual strands is highly ductile and
occurs by strong necking. Moreover, fracture only occurs when a single
bond connects the two halves. In all simulations a percentage of the strands
is fractured (either by detaching from the wall or by breaking into clusters,
see Fig. A2.6). To focus on plastic mechanisms, data of broken strands is
excluded in further analysis. Each strain amplitude contains data of at least
30 statistically different gel strands.

Single strain amplitudes

For single strain amplitudes, simulations are performed exactly as described
above, however, in this case we do not impose a higher strain after a cer-
tain amount of cycles. Data is shown both for expansion (Fig. A2.2) and
compression (Fig. A2.3) of single gel strands. In the latter case the distance
between the walls is first decreased, leading to compression of the gel strand,
after which the walls are brought back to their original position. We impose
14 oscillations in total for strain amplitudes 𝛾 = 0.02, 0.04 and 0.06. The
fourth oscillation for these strain amplitudes (expansion) is used to re-scale
the force-strain curves as shown in Fig. 4b of this Chapter.

At higher strain amplitudes, compression favours the increase in number
of bonds compared to expansion. Both the amount of dissipated energy and
the fraction of inter-particle bonds that break per oscillation cycle is lower
for compression, i.e. compression enhances the reformation of inter-particle
bonds over expansion.

II. Analysis
Bond rearrangements

To quantify bond rearrangements, we calculate the average fraction of inter-
particle bonds that is broken per oscillation cycle:

𝜒𝑛(𝑐𝑛) = ⟨𝑛𝑖(𝑐𝑛) − 𝑛𝑖(𝑐𝑛 + 1)⟩𝑝
𝑁𝑏(𝑐𝑛) , (2.4)

where 𝑛𝑖(𝑐𝑛) is the number of nearest neighbours of particle 𝑖 at the start
of a certain oscillation, 𝑛𝑖(𝑐𝑛 + 1) is the number of these neighbours that
remain at the end of this oscillation and the average is taken over all particles
𝑝 in the strand. The number of broken inter-particle bonds is normalized
by the average number of bonds per particle𝑁𝑏. We find that the number of
broken bonds is highest in the first deformation cycle and decreases gradually
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Figure A2.2 – (a) Force-strain curve for BD simulations upon 14 oscillatory expansions of a single gel strand
at strain amplitude 𝛾𝑚𝑎𝑥 = 0.06. The strain profile is shown in the inset. The loading branch of each cycle
is indicated with a solid line. The dotted line indicates the unloading branch. The different oscillations (1-
14) are plotted from purple to yellow. To highlight the first oscillation cycle this one is plotted in gray. (b)
Dissipated energy in each oscillation number 𝑐𝑛 for strain amplitudes 𝛾𝑚𝑎𝑥 = 0.02, 0.04 and 0.06 obtained
through integration of the force-strain curves. (c) The fraction of bonds that break per oscillation. The dotted
line is drawn to guide the eye. (d) Average number of bonds in time. The shaded areas indicate the standard
deviation.
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Figure A2.3 – Data of BD simulations upon 14 oscillatory compressions. See Fig. A2.2 for the explanation of
each subplot.
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Figure A2.4 – (a) Dissipated energy per oscillation for strain amplitudes 𝛾𝑚𝑎𝑥 = 0.02, 0.04 and 0.06, obtained
by integration of the force-strain curves (Fig. 2.4). (b) Average plastic deformation per oscillation (Eq. 2.1).
(c) The fraction of broken bonds per oscillation. (d) Number of bonds in time. The shaded area indicates the
standard deviation.
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(Fig. A2.4c). As described in the main text, the average number of bonds per
particle in the gel strand𝑁𝑏 increases in time (Fig. A2.4d) [30]. Repeated os-
cillatory deformation hence is reminiscent to activated aging, in which the
non-equilibrium gel structure tends to coarsen to increase the number of
bonds in the network.

Figure A2.5 – Average
plastic deformation per oscil-
lation cycle as a function of
the strain rate 𝛾̇.
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Broken gel strands
Gel strands that break during the simulation are not included in further
analysis. Statistics of the broken strands (Fig. A2.6) shows the percentage
of strands that detach from the wall or break into clusters. The number of
gel strands that break upon expansion is higher compared to compression.
Yet, for expansion the majority of the strands break into clusters whereas for
compression the effect of breaking at the wall or into clusters is more evenly
distributed. Deformation of gel strands at different strain rates ̇𝛾 only shows
different breakage statistics at a strain rate of 170 𝑠−1. Here, the amount of
broken strands increases drastically and strands start to break profoundly at
the wall instead of breaking into clusters. This indicates that the amount of
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Figure A2.6 – Breakage percentage (𝐵 %) for (a) expansion and (b) compression of gel strands at strain
amplitudes 𝛾 = 0.01 - 0.06. (c) Breakage statistics of gel strands that are deformed with strain rates 𝛾̇ = 0.17,
1.7, 17 and 170 𝑠−1 respectively (expansion, 𝛾𝑚𝑎𝑥 = 0.04).
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Figure A2.7 – a) Small slab (N=1880) of a large 3D colloidal gel (N=13500) at volume fraction 𝜙 = 0.2. b)
Force-strain curves upon 14 oscillatory expansions of a large gel (𝛾𝑚𝑎𝑥 = 0.04).

broken gel strands is not affected by the strain rate used in the simulations
(1.7 𝑠−1).

III. Comparing a single gel strand with a network of
strands

Deformation of a large 3D gel (𝑁 = 13500, 𝜙 = 0.2) is performed in the
same way as described for the single gel strands. The gel is formed between
two attractive walls, starting from a random particle configuration, and equi-
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librated for 11 𝜏𝐵. Expansion is performed by moving both walls outward.
To make simulations feasible, the strain rate is increased to ̇𝛾 = 0.0284 𝜏−1

𝐵 .
This is comparable to an experimental strain rate of ̇𝛾 = 17 𝑠−1. The results
are averaged over ten independent runs.

The obtained network structure (Fig. A2.7a) is highly heterogeneous.
To get a clear picture we only show a small slab of the total gel. In Fig. A2.7b
the force-strain curve of the large gel is shown. Similar to the single gel
strands we see irreversible weakening of the network structure, by plastic
rearrangements during the first deformation cycle. This confirms that simu-
lations on single gel strands are representative for a large colloidal gel network.

VI. Additional data
Fig A2.8 contains the same data as shown in Fig 2.3 of this Chapter. Yet,
here the plasticity is plotted in a cumulative fashion. After each oscillation
the particle positions are always compared to the configuration at the start
of cycle 1. For the non-cumulative plasticity particle positions at the start of
cycle 1 are comparedwith the start of cycle 2, the start of cycle 2with the start
of cycle 3 etc.

Fig. A2.9 contains additional experimental data.

Figure A2.8 – Visual representation of the cumulative average plastic deformation in cycles 1,2,4,6,10 and 14
of a single gel strand (𝛾𝑚𝑎𝑥 = 0.04). The color bar indicates the cumulative irreversible displacements of the
particles from low (purple) to high (yellow).
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Figure A2.9 – (left) Characteristic stress 𝜎∗ (with 𝜎∗ = 𝐺0𝛾∗) used to rescale experimental data presented
in Fig. 2.2 as funtion of 𝛾max. Data points are color-coded to their respective 𝛾max value. (right) Dissipated
energy for every cycle (𝑐𝑛) shown in Fig. 2.1. The data points are color-coded to their respective 𝛾max value.
The dissipated energy is highest in the first cycle for a given strain amplitude and then gradually decreases to
a plateau value as the stress-strain curve approaches a limit cycle. This limiting dissipated energy reflects the
viscoelastic dissipation in the network due to solvent flow through the network or to reversible rearrangements,
while the additional dissipation in the firct cycle reflects the irreversible plastic deformation that occurs during
loading of the gels.





3Plasticity in colloidal
gel strands

Colloidal gels are space-spanning networks of aggregated particles. The mech-
anical response of colloidal gels is governed, to a large extent, by the properties
of the individual gel strands. To study how colloidal gels respond to repeated
deformations, we perform Brownian Dynamics simulations on single strands
of aggregated colloidal particles. While current models assume that gel fail-
ure is due to the brittle rupture of gel strands, our simulations show that gel
strands undergo large plastic deformations prior to breaking. Rearrangement
of particles within the strands leads to plastic lengthening and softening of the
strands, which may ultimately lead to strand necking and ductile failure. This
failure mechanism occurs irrespective of the thickness and length of the strands
and the range and strength of the interaction potential. Rupture of gel strands
is more likely for long and thin strands and when the well width of the inter-
action increases.

Joanne E. Verweij, Frans A.M. Leermakers, Joris Sprakel & Jasper van
der Gucht¹
‘‘Plasticity in colloidal gel strands’’
Soft Matter , 15 (32) , 6447-6454 (2019)
¹Physical Chemistry and Soft Matter, Wageningen University, Wageningen, 6708 WE,
The Netherlands.
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Introduction

U pon introducing an attractive interaction colloidal
particles can aggregate and forma space-spanning network
of dynamically arrested particles [1, 2]. Such a network,
called a colloidal gel, behaves as an elastic solid that is able

to withstand mechanical stress. Yet, when the applied stress exceeds the yield
stress, the gel fluidizes and/or fractures and flows like a liquid [3–9]. This
combination of properties makes colloidal gels interesting for a variety of
applications, including food products, cosmetics, and scaffolds for tissue
engineering [10–14].

The macroscopic properties of colloidal gels, such as their elasticity and
yielding behaviour, are intimately linked to the structure and connectivity
of the particle network at the microscale [15–17]. The main control para-
meters that determine the structure of a colloidal gel are the magnitude of
the attraction strength between the particles [18–22], the particle volume
fraction [18, 21, 22], and the shear history of the gel [23–25]. In the limit of
very strong attraction and very low volume fraction, irreversible aggregation
leads to the formation of dilute, diffusion-limited fractal gels [18]. In this
regime, themechanics and dynamics of the gel can be described using scaling
approaches or by simulation models based on percolating networks of gel
strands that ignore the internal structure of the strands [26–29]. However,
when the attraction strength is only a few times the thermal energy 𝑘𝐵𝑇 ,
particle rearrangements can occur within the gel, leading to a much coarser
gel structure formed by spinodal decomposition [19, 20]. The interplay
between phase separation through spinodal decomposition and kinetic ar-
rest then leads to very heterogeneous gels. As long as the volume fraction of
particles is not too high (i.e. significantly below the colloidal glass transition),
the microstructure of these gels consists of interconnected gel strands with a
length and thickness that depends strongly on the interaction potential and
the volume fraction [21, 22].

The linear elasticity of colloidal gels can be understood by considering
the colloidal gel as a random network of gel strands, with an effective spring
constant that depends on the thickness of the strands [30]. However, the
non-linear response of colloidal gels remains much less clear. Fracture and
yielding of colloidal gels have been attributed to the brittle-like rupture
of individual gel strands due to force-activated breaking of inter-particle
bonds [30, 31]. However, several authors have shown evidence that this
picture may not be very accurate, and that failure of colloidal gels is preceded
by significant plastic particle rearrangements [32–34]. In Chapter 2 we
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have shown, using a combination of rheological experiments and computer
simulations, that these plastic rearrangements within gel strands lead to
irreversible strand stretching and build-up of excess length, or slack, rather
than strand rupture. [35]

Our results also suggested that the rheological response of colloidal gel
networks can be understood by considering the mechanical and dynamic
properties of the individual gel strands, which form the basic structural
units of the gel (at least, at moderate volume fractions). To relate rheology
to the structure of the colloidal gel, it is therefore necessary to know how
the response of a gel strand depends on its thickness and length and on the
interaction potential between the particles. Here, we will study this relation
using computer simulations of gel strands under repeated deformation.

Method

Figure 3.1 – Visual repres-
entation of A) thick, B) inter-
mediate and C) thin strands
before deformation. 𝐴2, 𝐵2
and 𝐶2, show strands that
are 2x longer compared to
𝐴1, 𝐵1 and 𝐶1, whereas
𝐴3, 𝐵3 and 𝐴3 are 3x longer
compared to the shortest
strands. The average thick-
ness of the start configur-
ations ⟨𝐷0⟩ (expressed in
particle diameters) is indic-
ated next to the strands (see
Eq. 3.4.
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We perform Brownian Dynamics simulation to study the effect of repeated
deformation on individual gel strands. We consider colloidal particles that
interact through aMorse potential [36]:

𝛽𝑢(𝑟) = 𝛽𝜖 exp(𝜌0[𝑎 − 𝑟]) (exp[𝜌0(𝑎 − 𝑟)] − 2) (3.1)

with 𝛽 = 1/𝑘𝐵𝑇 , 𝜖 the depth of the energy minimum and 𝑎 the particle
diameter. The parameter 𝜌0 specifies the width of the interaction ³. The
different potentials used in this Chapter are shown in Fig. A3.1.

The motion of a particle 𝑖 with position 𝑟𝑟𝑟𝑖 is obtained by solving the
overdamped Langevin equation:

̇𝑟 ̇𝑟 ̇𝑟𝑖(𝑡) = 𝛽𝐷0[−∇𝑖𝑈(𝑡)] + √2𝐷0𝜉𝜉𝜉𝑖(𝑡) (3.2)

where 𝜉𝜉𝜉𝑖(𝑡) is random white noise, sampled with zero mean and unit vari-
ance, to model the thermal fluctuations of the particles. 𝐷0 = 𝑘𝐵𝑇 /𝜁𝑓
is the short-time diffusion coefficient with 𝜁𝑓 the friction coefficient, set to
unity. The time step 𝛿𝑡 for the numerical integration is set to 𝛿𝑡 = 1 ×
10−6 𝜏𝐵, where 𝜏𝐵 = 𝑎2/𝐷0 is the Brownian time scale, which defines the
unit of time in our simulations.

Gel strands are formed between two attractive flat walls. The parameters
for the particle-wall interaction are the same as those for the particle-particle
interactions, to make this interaction as inert as possible. The simulation
box is periodic in the y- and z direction. The initial configuration of the gel
strands is formed by placing a number of particles on a face centered cubic
(fcc) lattice in a certain 𝐻 × 𝑊 × 𝐿, with 𝐻 , 𝑊 , and 𝐿 the height, width,
and length, respectively, expressed in numbers of particles. We consider nine
types of gel strands that vary in thickness and length. For a thick gel strand,
𝐻 = 𝑊 = 5 particles (type A), for intermediate gel strands, 𝐻 = 𝑊 = 4
(type B), and for thin gel strands, 𝐻 = 𝑊 = 3 (type C). For each strand
thickness, we consider three different lengths (specified as 1, 2, and 3), which
gives the following number of particles for the different configurations: 𝐴1 =
200,𝐵1 = 128,𝐶1 = 77,𝐴2 = 400,𝐵2 = 256,𝐶2 = 144,𝐴3 = 600,𝐵3 = 384
and 𝐶3 = 216. The equilibration time before applying oscillatory deforma-
tion is set to 𝑡 = 568 𝜏𝐵. As distances between particles in the initial configur-
ation are larger than the range of the potential, particles aggregate randomly.
Thus, the initial fcc lattice affects the approximate thickness of the gel strand
but does not influence howparticles are structured after equilibration. In Fig.
3.1 examples of these equilibrated gel strands are shown. The average thick-
ness for each type of strand before deformation ⟨𝐷0⟩ expressed in particle
diameters equals 2.6, 2.0 and 1.4, respectively (see also Eq. 3.4).

³To determine the inter-particle bonds, we will consider all particles that are within a dis-
tance corresponding to 1% of the original well depth (𝑢(𝑟) < 0.01𝜖) as bonded. When
not mentioned otherwise, 𝜌0 equals 33. This corresponds to a well-width of approximately
Δ = 0.16 𝑎.
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Figure 3.2 – (a) Force-strain curves upon 14 oscillatory expansions of gel strands of different diameter (𝛾𝑚𝑎𝑥 =
0.04). The solid line indicates the loading- and the dotted line the unloading curve. (b) Dissipated energy
per oscillation 𝑐𝑛, obtained by integration of the force-strain curves. The shaded area indicates the standard
deviation. (a) and (b) contain data of the longest gel strands (𝐴3 − 𝐶3) (c) Average elastic force of the 3𝑡ℎ, 4𝑡ℎ

and 5𝑡ℎ oscillation cycle for gel strands of different diameter and length (𝛾𝑚𝑎𝑥 = 0.04). The color gradient
indicates the length of the strands from short (light) to long (dark). The inset shows the spring constant 𝑘 (units
𝑘𝐵𝑇 𝑎−1 𝛾−1) for the different strands at a deformation of 𝛾𝑚𝑎𝑥 = 0.04 (∘) and 𝛾𝑚𝑎𝑥 = 0.005 (⋄).

After equilibration, the gel strand is deformed through 14 oscillations in
which the distance between the twowalls is varied in a cyclic manner bymov-
ing the position of the left wall outwards. This leads to a sawtooth strain
profile with a maximum strain 𝛾𝑚𝑎𝑥 = 0.04 and a fixed strain rate ̇𝛾 =
0.00284𝜏−1

𝐵 . Data for different amplitudes and strain rates are shown in the
Appendix (Fig. A3.7 and A3.8). Tomake sure that observations are statistic-
ally relevant, each data point contains simulation data for at least 30 different
gel strands. Here, we only consider strands that stay intact during the entire
deformation.

Results and discussion

We cyclically deform the gel strands at constant strain rate and measure the
resulting force 𝑓 exerted on the walls. For strain cycles at small amplitude
(𝛾𝑚𝑎𝑥 = 0.005), the force increases linearly with deformation, with a
spring constant that increases with the strand thickness (Fig. A3.2). How-
ever, for larger amplitude (𝛾𝑚𝑎𝑥 = 0.04), the force-strain curves are highly
non-linear for all gel strands and show a pronounced hysteresis loop (Fig.
3.2a), which indicates significant energy dissipation during the deforma-
tion cycles. The dissipated energy is highest in the first deformation cycle
(Fig. 3.2b), which is found to differ qualitatively from the subsequent
cycles: the force first increases with increasing strain until a threshold value
is reached, after which it levels off. This plateau in the force indicates plastic
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flow inside the gel strand due to irreversible particle rearrangements. The
threshold force for plastic flow is proportional to the cross-section of the
strands (Fig. A3.3a), and increases with increasing strain rate (Fig. A3.8), in
agreement with models based on Kramers theory for force-activated disso-
ciation of particle-particle bonds [37]. As we have shown previously [35],
the plastic rearrangements are associated with the irreversible stretching of
the gel strand and the build-up of slack. Here, slack is defined as excess
length that is created due to lengthening of the strands. This softens the gel
strand, so that in subsequent cycles the observed force is lower than in the
first cycle. The force-strain curve then quickly reaches a limit cycle, with an
enclosed area that accounts for the viscoelastic dissipation due to reversible
particle rearrangements. The dissipated energy is highest for the thick gel
strands and lowest for the thin strands (Fig. 3.2b). As shown in Fig. A3.3b,
the dissipated energy is roughly proportional to the cross-section A of the
strands, with each particle contributing 3-4% of the interaction energy 𝜖 to
the energy dissipation. Increasing the strain amplitude from 𝛾𝑚𝑎𝑥 = 0.04
to 𝛾𝑚𝑎𝑥 = 0.06 (Fig. A3.7) results in a single particle contribution of 5-6%
of 𝜖 to the dissipated energy. The total energy dissipation thus scales with
the applied strain amplitude and with the interaction energy.

To analyze the softening of the gel strands in more detail, we disentangle
the elastic and viscous contributions to the measured response by averaging
the loading and unloading curve for each cycle [38]. This averages out the
viscous contribution, so that only the elastic contribution remains. The
resulting elastic force goes through zero at a finite strain (Fig. 3.2c), which re-
flects the increase in the rest length due to the expansion cycles. The relative
increase in rest length is highest for the thick strands (approximately 1.7%)
and smallest for the thin strands (∼ 0.3%), indicating that thicker strands
have more possibilities to deform plastically.

The plastic stretching of the gel strand leads to the build-up of slack.
In subsequent deformation cycles, the slack induced in previous cycles is
pulled out first, which results in little resistance and a strong decrease in the
effective spring constant. Indeed, the effective spring constants measured
after deforming the gel at a strain 𝛾𝑚𝑎𝑥 = 0.04 is significantly smaller than
those measured in the linear deformation regime (𝛾𝑚𝑎𝑥 = 0.005) (inset Fig.
3.2c). When the strain amplitude of the cycles becomes larger, the accu-
mulated slack increases so that the effective spring constant decreases even
further [35] (see Fig. A3.7). As expected, the spring constant increases with
strand thickness and is approximately proportional to the cross-section of
the the strands (Fig. A3.3c), indicating that each inter-particle bond contrib-
utes roughly equally to the spring constant.

As the rest length of the gel strands increases in the loading cycle, it must
be compressed in the return cycle. This could lead to bending or buckling of
the strand. To investigate this, we follow the contour of the gel strand during
the deformation cycles. We do this by dividing the strand into equally sized
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Figure 3.3 – (a) Projected 3D coordinates of a single gel strand (𝐵3, 𝛾𝑚𝑎𝑥 = 0.04) at the start of each oscillation
(cycle number increases from light blue to dark purple). The height (ℎ) and length (𝑙) of the strand are both
represented in dimensions of particle diameter 𝑎. (b) The deviation from a straight configuration 𝛼 as function
of oscillation cycle 𝑐𝑛 (𝐴3 - 𝐶3). Open markers represent an undeformed gel strand (zero measurement). (c)
Average number of bonds per particle in time (𝐴2 - 𝐶2).

bins (𝜎 = 0.9) and calculating the average coordinates in each bin [39]. Since
the ends of the strand are not fixed in our simulation, the strand fluctuates
significantly, both during the deformation cycles and in rest (Fig. 3.3a). To
analyze the shape of the strand and the amount of bending that occurs, we
draw a line through the two ends of the strand and for each bin calculate
the local distance of the gel strand contour to this straight line. The average
distance over all bins 𝛼 (Fig. 3.3b) is a measure for how much the shape
of the gel strand deviates from a straight line, and indicates bending of the
strand. For a gel strand that is not deformed,𝛼 does not change significantly,
indicating that the shape of the gel strand remains more or less the same.
However, when the gel strands are deformed𝛼 increases gradually with each
deformation cycle, indicating that the strands must bend more to accom-
modate the increase in rest length. The increase in 𝛼 is more pronounced
for the thicker gel strands, which is in agreement with our observation that
the thick strands show a larger increase in rest length upon deformation ⁴.
Thus, thick strands are more prone to plastically elongate and develop slack,
thereby contributing more strongly to this unusual non-linear response.

The internal rearrangements in the gel strands lead to the breaking
and reformation of inter-particle bonds. Surprisingly, the average number
of bonds per particle 𝑁𝑏 increases as the strands are deformed and become
longer (Fig. 3.3c). This suggests that the applied deformation leads to ac-
celerated aging and coarsening of the gel strand, driving it gradually into a
more favorable state by forming more inter-particle bonds [25, 40]. A sim-

⁴Although a gel strand is also allowed tomove up and down along the walls we do not see an
increase of the length of line 𝑙 in subsequent oscillations. Thus, parameter 𝛼 is a good measure
to describe strand lengthening as a consequence of buckling.
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Figure 3.4 – (a) Average mobility of the particles per oscillation (for strand types 𝐴2 - 𝐶2). (b) Visual repres-
entation of particle displacements, highlighting the heterogeneity of the strain.

ilar strain-induced increase of the number of inter-particle bonds has been
seen in computer simulations [41] and in experiments [24] on colloidal gel
networks. We note that the strain-induced increase in the number of bonds
is more pronounced and continues for a longer period as the gel strands
get thicker (see also Fig. A3.6b where data for even thicker gel strands are
shown). This is further confirmed by the dissipated energy per cycle, which
takes much longer to reach a plateau for thicker strands (Fig. A3.6a). Again,
this indicates that thick strands have more possibilities for local particle
rearrangements and plastic deformation than thinner strands. The overall
coarsening must imply that the deformation of the strands upon stretching
occurs heterogeneously, so that thicker regions can form that are connected
by thinner sections. This is reminiscent of the Rayleigh-Plateau instability
in liquid jets (see Fig. 3.4b), and highlights the arrested liquid state of the
colloidal gel. We further note that, even though the total number of bonds
gradually increases, the force sustained by the strand does not increase. Our
data suggests that this is because these newly formed bonds only stiffen the
parts of the gel strand that are already strong, while the overall stiffness is
determined mainly by the weak regions. A similar conclusion was obtained
in recent computer simulations on large gel networks [41].

We can further quantify the heterogeneity of the internal rearrangements
by considering the displacement for each particle during a deformation cycle
𝑐𝑛:

𝑚𝑖(𝑐𝑛) = 1
𝒩𝑖𝑎2

𝒩𝑖

∑
𝑗=1

⟨∣𝑟𝑟𝑟𝑖𝑗(0) − 𝑟𝑟𝑟𝑖𝑗(𝑡)∣
2⟩𝑛 (3.3)

where 𝑟𝑟𝑟𝑖𝑗(0) and 𝑟𝑟𝑟𝑖𝑗(𝑡) denote the separation vector between particle 𝑖 and
neighbouring particles 𝑗 at the start of the cycle and after a time 𝑡, respect-
ively, and 𝒩𝑖 is the number of nearest neighbours of particle 𝑖. Here, the
average is taken over the entire oscillation.
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Figure 3.5 – (a) Breakage statistics for gel strands of different sizes (𝛾 = 0.04), separated into strands that detach
from the wall or break into clusters. To specify the moment of failure, breakage is categorized into oscillation
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plotted in time (568-928 𝜏𝐵, colored from light to dark) (c) Thickness 𝐷 in time for different segments of the
strand in plot (b).

As shown in Fig. 3.4, particles in thin strands on average rearrange over
larger distances compared to particles in thick strands. Upon deformation,
many particles in a thin strand participate in movement, whereas only a few
particles in the thicker strands move. Note, that the displacements of the
particles contain both the elastic and plastic contributions. From the rest
length of the strands we know that thick strands lengthen more and have a
higher plastic deformation. Here, we see that these plastic deformations are
indeed very heterogeneous and strongly localized to certain regions in the gel
strand. The same heterogeneity is seen in thin strands, but these strands are
also largely elastically deformed. The strong strain localization leads to the
formation of thin necks, where the strand will eventually rupture.

We also monitor strand rupture in our simulations and find that the per-
centage of broken gel strands increases strongly with increasing strand length
and decreasing strand thickness (Fig. 3.5a). Long strands break more easily,
because the probability that a weak spot forms during the deformation in-
creases as strands get longer. Thin strands are held together by fewer inter-
particle bonds, making them more prone to breakage. For the longest gel
strands, themoment of rupture appears to shift to longer times as the strands
get thicker: most of the thin strands (𝐶3) rupture in the first cycles, while for
the thicker strands (𝐴3) rupture occurs more frequently in the later cycles,
probably because more plastic deformation is needed before a sufficiently
weak spot is formed. For the shorter strands, we do not observe such a trend,
but this could be due to poor statistics, as the number of broken strands is
much smaller for short chains. The fraction of broken gel strands also in-
creases strongly with increasing strain amplitude (Fig. A3.7), and with in-
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Figure 3.6 – (a) Breakage statistics for gel strands at different interaction energies. We distinguish breakage
at the wall (gray) and breakage into clusters at oscillation cycles interval 1-5, 6-10 and 11-14 (dark till light)
respectively. (b) Force-strain curves of 14 subsequent oscillatory deformations. (c) Average elastic force of the
3𝑡ℎ, 4𝑡ℎ and 5𝑡ℎ oscillation cycle.

creasing strain rate (Fig. A3.8), the latter indicating a transition to a more
brittle response at higher rates due to fewer possibilities for plastic rearrange-
ments [35]. In the breakage statistics we specifically show the amount of
breakage at the walls. This breakage does not dominate. Only for thin gel
strands we see that the connection with the wall becomes a weak spot. We
note that failure at the walls of the container is also observed experimentally
in the yielding of some colloidal gels [5, 6].

To follow the ductile deformation leading to strand rupture, we con-
sider the local thickness of the gel strand by dividing the strand into a num-
ber of segments and calculating the root-mean square thickness in each seg-
ment [42]:

𝐷(𝑥) = 1
𝑁𝑥𝑟𝑎

𝑁𝑥

∑
𝑘=1

√|𝑟𝑟𝑟𝑘(𝑥) − 𝑟𝑟𝑟𝑚𝑒𝑎𝑛(𝑥)|2 (3.4)

where 𝑟𝑟𝑟𝑚𝑒𝑎𝑛 is the average coordinate of the particles in a specific segment,
𝑟𝑟𝑟𝑘 is the position of particle 𝑘 in this segment (projected onto the xz-plane of
the average coordinate),𝑁𝑥 equals the total number of particles per segment
and 𝑟𝑎 is the radius of the particles. We plot the local thickness along the
gel strand for different times (Fig. 3.5b). Before the deformation cycles, the
thickness is quite uniform along the strand. However, as the deformation
cycles continue, a necking region arises locally. This necking region forms
rather abruptly, as shown in Fig. 3.5c, where the thickness for a few locations
along the gel strand (see arrows Fig. 3.5b) is plotted as a function of time.
This rapid decrease in local thickness finally results in breakage of the gel
strand.

The necking process leading to strand fracture raises the question
whether strand rupture occurs at pre-existing defects in the gel strands,
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formed during gel formation as suggested previously [30], or at random loc-
ations along the strand where plastic deformations happen to localize during
deformation of the gel. In other words, is there a correlation between the
thinnest region of the gel strand before deformation and the location where
the strand finally breaks? To test this, we deform the initial configurations
of 15 strands multiple times and monitor the initial thickness at the location
where the strand is found to break. We find that the strand is indeed more
likely to break at a thin region: the average initial thickness at the location
of rupture, normalized by the average strand thickness, ⟨𝐷𝑏𝑟𝑒𝑎𝑘⟩/⟨𝐷0⟩ is
0.74, 0.82 and 0.82 for the thick, intermediate, and thin strands, respect-
ively. Thus, strain localization and subsequent strand rupture tend to occur
predominantly in low density regions of gel strands.

In 46 % of the cases, thick strands break at the thinnest part 𝐷𝑚𝑖𝑛 of
the start configuration. For intermediate and thin strands, this is only 37 %
and 18 %, respectively. It can be concluded, therefore, that thick strands
are more likely to break at a weak spot or defect in the original strand, while
thin strands tend to break at more random locations. Previously, we noted
that in thick strands only a few particles have large rearrangements at the
weak spots. As a result, the initial structure of these strands is more likely to
determine where failure will occur, in line with previous work [30].

Now that we have shown how the thickness and length of colloidal gel
strands affect their mechanical and plastic response, we consider the effect of
the interaction potential between the particles (for potentials see Fig. A3.1).
Increasing the attraction strength between the particles makes the strands
more resistant to rupture, as indicated by a lower percentage of broken
strands (Fig. 3.6a). The force-strain relations for the different interaction
energies show a similar plastic flow regime in the first deformation cycle, with
a threshold force for plastic flow that increases approximately proportionally
to the attraction strength (Fig. 3.6b). These findings are in agreement with
theoretical models based on Kramers theory for force-activated bond rup-
ture, which predict a rupture probability that decreases exponentially with
the interaction strength and a threshold force that, for a given strain rate,
is proportional to the effective spring constant and thus to the attraction
strength 𝜀 [4, 37, 43]. From the elastic contribution to the force, we observe
that the change in rest length induced by the deformation cycles does not
depend on the attraction strength (Fig. 3.6c). This indicates that the mech-
anism by which colloidal gels weaken due to local plasticity does not depend
on the strength of the interaction, even when this attraction strength is as
large as 30𝑘𝐵𝑇 . This is further confirmedby the amount of particle displace-
ments, which is nearly independent of the attraction strength (Fig. A3.4a),
and the total dissipated energy in the cycles, which is proportional to the
attraction strength (Fig. A3.4b). The spring constant of the strands after the
deformation cycles increases with increasing attraction energy (Fig. 3.6c),
and after rescaling with 𝜖, we find that the elastic contribution to the force is
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Figure 3.7 – (a) Breakage statistics for gel strands with different well widths Δ = 0.53, 0.26 and 0.16 (𝛽𝜖 = 30).
(b) Force-strain curves of 14 subsequent oscillatory deformations. (c) Average elastic force of the 3𝑡ℎ, 4𝑡ℎ and
5𝑡ℎ oscillation cycle.

proportional to 𝜖 (Fig. A3.4c).
In addition to varying the strength of the interactions, we also change

the range of the attraction by changing the range parameter 𝜌0, giving
well widths of approximately Δ = 0.528 𝑎, 0.264 𝑎, and 0.160 𝑎 (for
𝜌0 = 10, 20, and 33 respectively) (see Fig. A3.1). This is an interesting
property to vary as the range over which interactions are sticky influences
the deformation of the strands. Note that for simulations of a full colloidal
gel a given pair potential and volume fraction 𝜙 gives an average length and
thickness distribution of the gel strands. Here, we try to uncouple these
two, by looking at strands of a single length and thickness with different pair
potentials. To a certain extent this gives some ’artificial’ effects, as in real gels
the potential width and network structure are coupled. Still, we can show
some interesting observations.

We find that increasing the range of the attraction makes the strands
more prone to rupture (Fig. 3.7a). However, note that due to a larger
potential width strands are aged substantially more (see Fig. A3.5) and thus
contain a higher number of weak spots.

The force-strain curves again look similar, showing a plastic flow regime
in the first cycle. The threshold force for plastic deformation appears to
be rather insensitive to the range of the attraction, while the amount of
dissipated energy increases significantly as the attraction range decreases
(Fig. A3.5), reflecting a higher number of broken bonds. When looking
at the elastic component of the force-strain curve for the deformed strands
(Fig. 3.7c), we find a much larger increase in rest length for the shorter-
ranged attraction. We thus conclude that plastic deformation, leading to
strand stretching and softening, is more pronounced in gels with a short-
ranged attraction, while a gel with a higher well width only shows a linear
deformation response at 𝛾𝑚𝑎𝑥 = 0.04.

Note also that the stiffness of the deformed gel strands, as indicated by
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the slope of the force-strain curves in Fig. 3.7c, becomes almost independent
of the attraction range. Thismight seem surprising, as the stiffness of a single
bond is given by the second derivative of the potential, 𝑘 ∼ 𝜖𝜌2

0 ∼ 𝜖/Δ2, so
that one would expect the highest stiffness for the smallest well width. Yet,
we know that for small Δ the strand is plastically deformed and softening
occurs, resulting in a decrease of the spring constant in the linear regime.
The effective resulting stiffness is set by the threshold force 𝑓∗ where the
plastic flow regime starts, 𝑘𝑒𝑓𝑓 ≈ 𝑓∗/𝛾𝑚𝑎𝑥.

Conclusions

Our results highlight how failure and yielding of colloidal gels result from
plasticity at the scale of individual gel strands. While previousmodels for col-
loidal gel rheology and failure were based on the brittle rupture of gel strands,
we show that this rupture is preceded by significant plastic deformations that
cause irreversible lengthening and softening of gel strands. We observe this
mechanism of failure for strands of different length and thickness and for in-
teraction potentials of different strength and range, suggesting that it should
be relevant for a wide range of experimental colloidal systems. Recently, we
showed experimental results that support this finding [35]. Our findings are
also in agreement with earlier experiments that showed a two-step yielding in
colloidal gels under shear [32]; here, the first yielding event was attributed to
restructuring and effective lengthening of gel elements in the shear direction,
while the second step was attributed to strand rupture. Our results under-
pin this hypothesis and provide a microscopic mechanism. Furthermore,
our results indicate that the amount of plastic deformation that a gel can
undergo before it ruptures is determined by the structure of the gel and
by the interaction potential. Coarser gels, consisting of short and thick gel
strands, will deform much more plastically than dilute gels with long and
thin strands. Plasticity is also promoted by a large attraction strength and a
short attraction range.
Our simulations have focused on single gel strands. While our recent results
have shown that the macroscopic rheological properties of a colloidal gel can
indeed be linked to the properties of the individual strands that constitute
the gel [35], it remains an open question how the network topology influ-
ences the non-linear response. Combining our results for single strands with
a full characterization of the network structure may be a first step towards a
fully predictive model for colloidal gel rheology.
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Figure A3.1 – (left) Morse potential with different depths of the potential, 𝛽𝜖 = 10, 20 and 30 respectively.
(right) Morse potential (𝛽𝜖 = 30) with different well widths corresponding to Δ = 0.16, 0.26 and 0.53 𝑎 (𝜌0 =
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Figure A3.2 – Average elastic force of the 3𝑡ℎ, 4𝑡ℎ and 5𝑡ℎ oscillation cycle for gel strands of different diameter
(𝐴3, 𝐵3, 𝐶3, 𝛾𝑚𝑎𝑥 = 0.005). The inset shows the spring constant 𝑘 (units 𝑘𝐵𝑇 𝑎−1 𝛾−1) for the different
strands at a deformation of 𝛾𝑚𝑎𝑥 = 0.005 (⋄).
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Figure A3.3 – All data is normalized by the cross-section 𝐴 = 𝜋 ⋅ ( 𝐷0
2 )2 of the strands. (a) Force-strain curves

upon 14 oscillatory expansions of gel strands of different diameter (𝛾𝑚𝑎𝑥 = 0.04). The solid line indicates the
loading- and the dotted line the unloading curve. (b) Dissipated energy per oscillation 𝑐𝑛, obtained by integration
of the force-strain curves. The shaded area indicates the standard deviation. (a) and (b) contain data of the
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4Simplifying structure:
elucidating the network
topology of colloidal

gels

The mechanics of soft solids is determined by the network topology of the un-
derlying rigid network. Yet, quantifying this heterogeneous structure is chal-
lenging. In this Chapter, we describe an algorithm that reduces a colloidal
gel to a network consisting of nodes and strands, which allows us to map the
complete topology of the gel – both in experiments and simulations. Colloidal
gels are quantified based on the number and coordination of nodes and the
number, length and thickness of the segments. This allows us to map the gel to-
pology of gels with different morphologies. Remarkable topological resemblance
is shown for experimental and simulated gels. The developed topological map-
ping algorithm opens up a wide range of possibilities to study colloidal network
physics in more detail.
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‘‘Simplifying structure: elucidating the network topology of colloidal gels’’
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Introduction

T he linear and non-linear mechanics of soft materials de-
pend on the structure of the underlying rigid network [1–
3]. To optimize the softness, texture and stability of food
products and tissue engineering scaffolds [4, 5] a more

thorough understanding of the structure-function relationship of these
materials is required. Here, the main challenge is to quantify the materials´
complex, heterogeneous structure and to find the mechanical backbone of
the network.

The prototype of heterogeneous elastic solids, with a complex network
architecture, are colloidal gels. The non-equilibrium structure of these gels
constitutes of aggregatedparticleswhich can form large percolatingnetworks.
Even at very low volume fraction 𝜙, networks form due to short-ranged in-
teractions between particles [6–8]. The obtained network topology varies
based on the volume fraction and particle-particle attraction.

Experimentally, the structure of colloidal gels can be obtained from
three-dimensional confocal microscopy images [6, 9–11]. Dinsmore et.
al. quantitatively described the chains in the gel based on the number of
bonds per particle, bond fractal dimension and number of flexible pivot
points [1, 12]. Even though gels have been described based on properties of
individual strands [1, 12–14], studies that take into account the full mechan-
ical backbone of the network are still lacking.

In simulations, patchymodelswithparticles havingfixed sticky spots [15]
and the DelGado-Kob model [16, 17] have allowed the investigation of the
network topology of soft solids. Here, mainly dilute networks with 2-
or 3-fold particle coordination have been investigated, based on the low-
coordination number restrictions of these models. However, colloidal gels
obtained in experiments or simulations often consist of a network with
bulky strands [1, 18–24] and should be quantified as such. To this end, a
method is needed to determine the mechanical backbone of the network.

For networks of biopolymers, it is well known that the coordination
number of the network nodes plays a crucial role in the mechanical be-
haviour of the material [25, 26]. So far, a number of methods have been
presented to study dense 3D biopolymer networks [27–29]. As these meth-
ods are based on filament recognition in microscopy images, they cannot be
directly applied to particle gels. Attempts have been made to quantify the
topology of colloidal gels directly from binarizedmicroscopy images [30, 31].
However, this is not ideal when particle coordinates can be obtained from
simulations and experiments. To obtain a full topological description of the
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mechanical backbone of even the most complex colloidal gel architectures,
we propose a method to determine the network topology of colloidal gels
based on particle coordinates and their connectivity.

In this Chapter, we map the topology of colloidal gels with different
morphologies, both in experiments and simulations. Colloidal gels are quan-
tified based on the number and coordination of nodes, number of segments
and segment lengths. In addition, overlaying the reduced network structure
on top of the original data provides spatial information concerning the
thickness of the individual segments. Notably, the topology of experimental
and simulated gels show close resemblance. The topological mapping of
colloidal gels opens up the possibility to study colloidal network physics in
more detail. As an example we show the difference in particle dynamics
between nodes and strands close to percolation.

Methods

Simulations - Colloidal Gels

The topology of colloidal gels is quantified from gel structures formed
through Brownian Dynamics simulations (𝑁 = 32.000). The motion of a
particle 𝑖 with position 𝑟𝑟𝑟𝑖 is obtained by solving the overdamped Langevin
equation:

̇𝑟 ̇𝑟 ̇𝑟𝑖(𝑡) = 𝛽𝐷0[−∇𝑖𝑈(𝑡)] + √2𝐷0𝜉𝜉𝜉𝑖(𝑡) (4.1)

where 𝜉𝜉𝜉𝑖(𝑡) is random white noise, sampled with zero mean and unit vari-
ance, to model the thermal fluctuations of the particles. 𝐷0 = 𝑘𝐵𝑇 /𝜁𝑓
is the short-time diffusion coefficient with the friction coefficient 𝜁𝑓 ,
set to unity. The time step 𝛿𝑡 for the numerical integration is set to
𝛿𝑡 = 1 × 10−6 𝜏𝐵. The unit of time is expressed in terms of the short-
time self-diffusion 𝜏𝐵 = 𝑎2/𝐷0 with 𝑎 the particle diameter.

Particle interactions are parametrized using the Morse potential [32]:

𝛽𝑢(𝑟) = 𝛽𝜖 exp(𝜌0[𝑎 − 𝑟]) (exp[𝜌0(𝑎 − 𝑟)] − 2) (4.2)

with 𝛽 = 1/𝑘𝐵𝑇 and energy scale 𝛽𝜖. Parameter 𝜌0 determines the width
of the potential, which equals approximately Δ = 0.16 𝑎 for 𝜌0 = 33 ¹.

The interaction strength between the particles is varied between 𝛽𝜖 = 5
and 𝛽𝜖 = 40, which is within the range of experimental attraction strengths
for weak gels. The volume fraction 𝜙 is varied from 𝜙 = 0.05 to 𝜙 = 0.25.
The equilibration time of the gel structures is set to 10 𝜏𝐵. For every set of

¹Here, Δ is determined by taking the end of the well at 1% of the original well-depth.
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parameters, 10 independent simulations are performed to make sure that ob-
servations are statistically relevant.

To gain information about thermal fluctuations at nodes and strands, the
mean square displacement of particles in the gel is determined at 𝑡 = 0.06 𝜏𝐵.
Particles within a cutoff of 1.4 𝑎 from the node position are considered to be-
long to a node.

Simulations - Test Data

Gels are highly complex and heterogeneous structures. To test the the topo-
logicalmapping algorithmon a simple structure, a raster is constructed using
Monte Carlo (MC) simulations in the canonical ensemble (𝑁𝑉 𝑇 ). In this
raster particles are attracted to specific lines on a regular grid. In this way, a
structure is obtainedwhich canbe easily quantified. The interactionbetween
line 𝑙 of this raster and particle 𝑖 is described by a square-well potential:

𝑢sw(𝑟𝑙) = {𝜖 0 ≤ 𝑟𝑙 ≤ Δ
0 𝑟𝑙 > Δ (4.3)

where 𝑟𝑙 is the distance between the line and the center of the particle, 𝜖 de-
notes the interaction energy (set to−40 𝑘𝐵𝑇 ) andΔ is the interaction range
(set to 1.5 particle diameter 𝑎). A small hard-sphere square-well interaction
is present between the spheres (𝜖 = −2 𝑘𝐵𝑇 , Δ = 1.1 𝑎).

Simulations were performed for 1.69 × 105 simulation cycles, whereby
each cycle contained 32.000 particle moves. During the first 1 × 104 MC
cycles the values for the displacement are adjusted to obtain an acceptance
rate of 50% for the proposed moves.

Experiments - Colloidal gels

Fluorescent core-shell particles are synthesized using the method reported in
Ref. [33]. Cross-linked cores of 600 nm in diameter are obtained by a precip-
itation polymerization. The cross-linked core particles contain a fluorescent
dye (DiI, Sigma-Aldrich) which is covalently attached to the polymer chains.
Subsequently, a non-fluorescent shell is formed around the core particles us-
ing seed-dispersionpolymerization. The total diameter of the particles equals
1.6 𝜇𝑚. Confocal images of these particles yield distinct fluorescent centers,
even when particles are in direct contact.

The core-shell tFEMA-tBMA particles are washed in a solvent of 70:30
2,2 thiodiethanol:Milli-Q. Density matching of the particles is achieved by
adding a small amount of 2,2 thiodiethanol to the solvent till particles do not
sediment anymore (1h, 2000g). To induce depletion attraction 6.5 mg/mL
polyethylene oxide (PEO, 𝑀𝑤 2.31 × 105, 𝑀𝑛 2.03 × 105, 𝑅𝑔 = 23.1 nm)
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is added to the samples. The overlap concentration 𝑐∗ of this polymer equals
approximately [34]:

𝑐∗ ≈ 𝑀𝑤
(4𝜋/3)𝑅3𝑔𝑁𝐴

≈ 7.5 mg/mL (4.4)

with 𝑅𝑔 the radius of gyration, 𝑀𝑤 the molecular weight of the polymer
and 𝑁𝐴 Avogadro’s constant. To screen electrostatic interactions, samples
contain 10 mM of salt (NaCl). Samples are made with volume fractions
between 𝜙 = 0.08 and 𝜙 = 0.20.

Sample chambers are constructed from glass slides and spacers, which
are adhered and sealed using Norland Optical Adhesive 61 UV curable glue.
First, two small pieces of Precision Brand plastic color coded shim (10 mm
× 26 mm, thickness 0.318 mm) are attached to a microscopy slide (26 mm
× 76 mm); leaving a space between them of approximately 1.0 cm. Next, a
round cover slip (radius of 5 cm) is glued on top of the small pieces of plastic.
Hereby, a hollow chamber is created with dimensions of approximately 10
× 26 × 0.318 mm. The sample chamber is loaded using capillary forces and
both ends are sealed with Norland Optical Adhesive 61, without exposing
the particles to UV light. Samples are measured after 12 hours of equilibra-
tion.

3D Z-stacks (50 × 50 × 50 𝜇𝑚) of the gel structure are obtained using
an inverted Nikon 𝐶2 confocal with a Nikon APO 60× oil objective (NA
= 1.4). For each sample 15 Z-stacks are made to get statistics throughout
the sample. Locating the particle positions in each of these Z-stacks is done
using the python based particle-tracking package Trackpy [35].

Results and discussion

Reduction Algorithm

To determine the network topology of a colloidal gel, a reduction algorithm
is applied to all particles located in the gel (Fig. 4.1). Gels consist of many
interconnected branches which are often multiple particles wide. First, the
coordination number of each particle in the gel is determined. The out-
side of the strands contain particles with the lowest coordination number
whereas particles inside the strands have more bonds. To make sure that the
strands of the gel are reduced from the outside to the inside, particleswith the
lowest coordination number are checked first. When a particle of a specific
coordination is randomly selected, all its neighbours -up to 5 generations- are
identified. Subsequently, a check is performed to see whether deleting the
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Figure 4.1 – (Top) The number of nodes 𝑁𝑛 for each coordination number 𝑛 upon increasing volume fraction 𝜙.
Averaging the number of nodes for all coordination numbers results in the average coordination number ⟨𝑛⟩ of
the gel. (Bottom) Visual representation of simulated colloidal gels at different volume fractions before and after
reduction (𝛽𝜖 = 10, 𝜙𝑝 = 0.092, 𝐶 = 1.16, Δ𝑅 = 2.0).
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selected particle breaks the identified neighbours into two clusters. When
this is not the case, a particle is not essential for the basic network structure
and will be deleted.

At points where a gel strand branches off, the network structure contains
a node. In principle this node has a coordination number which is higher
than 2. Yet, nodes can connect up to 12 different branches. The reduced
network can be simplified further at the node positions, i.e. some particles
around the nodes balance each other forming quadruplets or triplets ². The
final reduced network contains 2-coordinated particles for the branches and
higher coordinated particles at the nodes.

The reduction algorithm is tested on artificially produced test data. Here,
a gel network is formed on a specified raster lattice. In this way, it is exactly
known what the reduced network should look like. Using this test data (see
Fig. A4.1& Fig. A4.2) the effects of a number of parameters in the reduction
algorithm are illustrated.

Based on cut-off 𝐶 , it is determined whether particles are nearest neigh-
bours or not. In simulations, this cut-off is simply the set interaction range
between particles. For experiments, however, the interaction potential is
often not known. Taking the location of the first minimum in the radial
distribution function is a good estimate for this cut-off [36]. The parameter
Δ𝑅 sets the distance over which two nodes are considered to be too close
together. A value of Δ𝑅 = 2.0, would mean that two nodes that are closer
than 2 particle diameters from each other will be considered as one node.

Reduction of the network takes place from low to high coordination
number. Yet, between particles of the same coordination number, reduction
takes place at random. Therefore, the length of the branches (Fig. A4.4a)
is a good estimate but not necessarily the shortest distance between nodes.
Reducing the same raster data, multiple times, shows a maximum overestim-
ation of the segment length of 15%.

Dangling ends in a gel structure do not contribute to the mechanical
stability of the network. Therefore, all dangling ends are removed. When
a part of the gel is missing (see Fig. A4.3) this will effect the final reduced
structure. Even though a branch is interrupted at a range of only a few
particles, this entire segment will be removed.

To determine whether a particle is essential for the network structure
a cluster analysis of the selected neighbours is performed. The neighbours
of each particle are identified up to 𝐺𝑛 = 5 generations. A gel composed of
interconnected chains will contain loops [1]. The parameter𝐺𝑛 determines
the size of the loops that stay part of the final structure. Upon considering
fewer neighbours, smaller loops will remain.

After applying the reduction algorithm to a heterogeneous network a
reduced network structure results. Besides gaining information about the

²See Appendix for further details about the simplification step at the nodes
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number and coordination of the nodes, number of segments and segment
lengths, the reduced network structure can now also be placed on top of
the original network to determine the thickness of the different branches.
At distance Δ𝑅 away from the node, a cylinder is positioned. The ori-
entation of this cylinder is determined by the direction vector between
the 2-coordinated particles. In this way, the branches of the network are
covered with a tube-like structure of cylinders. The original particles inside
these branches are assigned to this tube. The thickness distribution of all
the branches (Fig. A4.4b) indicates the heterogeneity and the approximate
thickness of the branches in the network structure. Note that the thickness
𝑇 of the branches is determined in terms of the average number of particles
in the branch per unit length of the strand.

At higher volume fractions, the mesh size of the network becomes smal-
ler. Hence, the cylinder that covers the original configuration could overlap
two different branches. To prevent this, the neighbours of particles belong-
ing to the considered branch are determined. Particles in the cylinder that
do not belong to this specific cluster are removed. Moreover, particles are
not assigned to any branch in a range of Δ𝑅 around the nodes.

The size of the cylinder is set by 𝑟𝑐. Above a certain threshold the
branch becomes independent of the set radius, as we correct for the radius
overlapping multiple branches and ’mask’ out particles around the nodes
(Fig. A4.5).

Structure of colloidal gels - simulations

To see how the structure of colloidal gels change, both the interaction
strength 𝛽𝜖 between the particles as well as the volume fraction 𝜙 are var-
ied. For this range of parameters the percolation of the gel structures is
determined. In the gels each cluster of 50 particles or more is analyzed. If
one of these clusters -upon replicating the box- touches with at least one
neighbouring box the gel is considered to have a percolating structure. Upon
touching with 9 or more replicating boxes, the network is reckoned to be
percolating in 3D [37]. Upon increasing the volume fraction, the first point
at which a percolating structure is found is marked as the percolation point
𝜙𝑝. At low attraction between particles the percolation point shifts to higher
volume fractions. In this case a higher number density is required to obtain
a percolating structure.

Colloidal gels at low volume fraction contain long segments with few
connection points. Upon increasing the volume fraction, segments become
shorter and the network’s connectivity increases (see the visual representa-
tion in Figure 4.1). The graph in Fig. 4.1 indicates how many nodes 𝑁𝑛
a network contains of each specific coordination number 𝑛. Initially, the
number of nodes of each coordination increases with increasing 𝜙. Yet, after
increasing the volume fraction, low coordinated nodes will start decreasing



74 CHAPTER 4

0.00 0.05 0.10 0.15
φ− φp

3.25

3.50

3.75

4.00

4.25
〈n
〉

a

5
10
20
40

0.00 0.05 0.10 0.15
φ− φp

4

6

8

10

12

14

L

b

0.00 0.05 0.10 0.15
φ− φp

500

1000

1500

2000

2500

3000

N
s

c

0.00 0.05 0.10 0.15
φ− φp

4

6

8

10

12

14

T
d

0 5 10 15 20

L

0.0

0.1

0.2

0.3

P
(L

)

φ = 0.21

0 5 10 15 20 25 30

T

0.00

0.05

0.10

0.15

P
(T

)

φ = 0.21

Figure 4.2 – (a) Average coordination number ⟨𝑛⟩ at different interaction strengths 𝛽𝜖. (b) Average segment
length. The inset shows an example of a length distribution from which the average segment length is calculated
(𝛽𝜖 = 5, 𝜙 = 0.21). The solid line indicates the fitted Poisson distribution. With the Poisson probability defined
as 𝑃(𝑥; 𝜇) = (𝑒−𝜇)(𝜇𝑥)/𝑥!. Here, 𝑥 is the observed segment length and 𝜇 is the mean segment length (with a
value of 4.75). The missing part at the left side of the distribution is due to the parameter Δ𝑅 (c) The number of
segments in the network (d) The average thickness of the segments. The inset shows an example of a thickness
distribution from which the average thickness is calculated (𝛽𝜖 = 5, 𝜙 = 0.21). Parameters algorithm: (𝐶 =
1.16, Δ𝑅 = 2.0, 𝑟𝑐 = 7.0).

again at the expense of higher coordinated nodes. Averaging the coordina-
tion number of all the different nodes gives the average coordination number
⟨𝑛⟩ for networks at different volume fractions.

To see whether the obtained results are independent of the system size,
simulation results of two different system sizes are compared (see Fig. A4.6).
The same results are found for a system with 𝑁 = 32.000 and 𝑁 = 128.000
particles. This indicates that the smallest system size is sufficient to study the
network topology of colloidal gels.

The different properties of colloidal gels are analysed as a function of
volume fraction𝜙 and interaction strength𝛽𝜖 (see Figure 4.2). Upon increas-
ing the attraction between the particles the average coordination number
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⟨𝑛⟩ is shown to increase as well. A comparison between histograms of the
node’s coordination numbers (Fig. A4.8) clearly indicates the increase in
the number of nodes when particles become more attractive. Moreover,
increasing the volume fraction favours the formation of higher coordinated
nodes in the network structure.

Just above percolation, segment lengths are long. Yet, increasing the
volume fraction results in the formation of more and more segments. Con-
sequently, the segment length drops drastically until a plateau value is
reached (Fig. 4.2b). The length of the segments in the network follow a
Poisson distribution (see inset 4.2b). Both the segment length and the num-
ber of segments influence the thickness 𝑇 of the branches. We observe that
the branches decrease slightly in thickness, due to the large increase of the
number of segments in the network. Yet, once the segment length reaches
a plateau value (Fig. 4.2d) the thickness of the gel strands starts to increase
again.

For gels at small attraction we find networks with fewer segments 𝑁𝑠
(Fig. 4.2c). In all cases, increasing the volume fraction results in a higher
network connectivity. Nonetheless, the network connectivity at small inter-
action strengths stays much lower due to the formation of thicker strands.
The quantified thickness for gels at different interactions show a drastic
increase when particles are less sticky. The visualization of gel morpholo-
gies at different bond strengths by Johnson et.al. confirms this [38]. Like
observed in dilute network models [39], the formation of networks with
higher connectivity results in a drop in the length of connecting segments.
Yet, quantification of the length and thickness of strands in a colloidal gel
indicates that dilute network models can only explain the network structure
in the limit of very large interaction energies. In these dilute network mod-
els, plastic deformation which precedes strand failure cannot be taken into
account [13, 14].

Structure of colloidal gels - experiments

Now that we successfully quantified the network topology of simulated gels,
we apply the topological mapping to experimental gels. From confocal mi-
croscopy data the structure of experimental colloidal gels with a volume frac-
tion between 𝜙 = 0.08 and 𝜙 = 0.2 is obtained (see Fig. 4.3). To study
the network topology of these gels the same reduction algorithm is applied
as used for the simulation data ³. The cut-off 𝐶 for the reduction algorithm
is based on the minimum of the first peak in the radial distribution function

³For the experimental data a minor change is made in the reduction algorithm by removing
periodic boundary conditions. To obtain the right network connectivity particles at the bound-
aries of the Z-stack are not allowed to be removed. To make sure that the obtained segment
length distribution is correct, segments from a node towards a position touching a boundary in
the Z-stack are not included.
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Figure 4.3 – (Top) Experimental images of colloidal gels at different volume fractions 𝜙. The scale bar equals
10 𝜇𝑚. The renderings show the 3D experimental data before and after reduction. (Bottom) Data points of
(a) the average coordination number (b) length and (c) thickness of experimental colloidal gels. The percolation
threshold equals 𝜙𝑝 = 0.11 for the experimental data.
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(Fig. A4.7), other parameters are matched with the values used for the simu-
lation data.

Experimental images show a visual increase in the amount of branches
and the number of connection points upon increasing the number density
of the samples (Fig. 4.3). The networks in the experiment start to percol-
ate around a volume fraction of 𝜙𝑝 = 0.11. This is slightly higher than in
simulations where percolation for networks at attraction strengths of 𝛽𝜖 =
10, 20, 40 start at a volume fraction of 𝜙𝑝 = 0.093.

The topological match between experimental and simulated networks is
remarkable. Quantification of the coordination number and length of the
segments in the colloidal gel (see graph Fig. 4.3), shows values very close to
results obtained from simulations. The thickness distribution of the experi-
mental samples shows an increasing trend which does not precisely overlay
the thickness distributions obtained from simulations, yet is in very close
proximity. Simulations already showed that segment length and coordina-
tion number of particle gels mainly depend on the volume fraction of the
gel and are less affected by the interaction energy between particles. Experi-
mentally, the attraction between particles depends heavily on the added de-
pletant, but the precise interaction energy is difficult to estimate. However,
the volume fraction of experimental gels can easily be controlled. Surpris-
ingly, controlling the volume fraction is enough to match the topological
mapping of experimental gels with those of simulated gels.

Thermal fluctuations

By overlaying the network structure on top of the simulated colloidal gels
we obtain spatial information about particles in the network. Thermal fluc-
tuations of particles can now be attributed to particles positioned in strands
or nodes ⁴ (see Fig. 4.4). The mean square displacement of each particle is
determined by calculating the moved distance between time 𝑡 and 𝑡 + Δ,
normalized by the particle diameter 𝑎:

𝑑0 = 1
𝑁𝑎2 ∑

𝑖
|𝑟𝑟𝑟𝑖(𝑡) − 𝑟𝑟𝑟𝑖(𝑡 + Δ)|2 (4.5)

with 𝑁 the total number of particles and 𝑟𝑟𝑟𝑖(𝑡) the time-dependent position
vector of particle 𝑖. The highest thermal fluctuations are observed in colloidal
gels with the lowest interaction energy. Here, single particle bonds –scaling
with 𝑈/𝑘𝐵𝑇– are relatively weak, which allows particles to fluctuate more.

Particles around the nodes are observed to have smaller fluctuations, i.e.
nodes are more rigid than strands (Fig. 4.4a). The difference in thermal
fluctuations between nodes and strands is most pronounced at low volume
fractions. Close to the percolation point the thermal fluctuations in the

⁴Here, all particles within a cutoff of 1.4 around the nodes are considered
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Figure 4.4 – (a) The average mean square displacement of particles in a colloidal gel as a function of volume
fraction and interaction energy (5,10 and 40 𝑘𝐵𝑇 ) at t = 0.06 𝜏𝐵. A distinction between particles in the strands
(closed markers) and particles around the nodes (open markers) is made, as shown in the rendering on the left.
The rendering shows a single junction from a simulated gel (𝛽𝜖 = 10, 𝜙 = 0.092), with the node particles
indicated in gray and particles in the strands indicated in purple. (b) Thermal fluctuations of the particles in the
gel as a function of the number of neighbours 𝒵 per particle. Again, a distinction is made between particles in
the strands and particles around the nodes. For each interaction energy the lowest volume fraction is plotted,
which is respectively 𝜙 = 0.131 for 5 𝑘𝐵𝑇 and 𝜙 = 0.092 for 10 and 40 𝑘𝐵𝑇 . The inset shows the thermal
fluctuations for a volume fraction of 𝜙 = 0.25.

strands increase rapidly, which indicates that the network starts to loose its
rigidity.

Previous experimental work shows that the mean square displacement
of particles in colloidal gels strongly depends on the average coordination
number𝒵 per particle [24]. So, onemight wonder whether the difference in
thermal fluctuations between the nodes and strands cannot just be attributed
to the difference in neighbours between particles in the strands and particles
in the nodes, as one might assume that the average number of neighbours
for particles in the nodes is higher. To check this, thermal fluctuations are
plotted as a function of the number of neighbours per particle 𝒵 (see Fig.
4.4b). For colloidal gels at low volume fraction, clearly, particles around the
nodes move less compared to their equally coordinated counterparts in the
strands. However, at the highest volume fraction (see inset Fig. 4.4b) the
difference between particles in the strands and particles in the nodes vanishes
upon splitting thermal fluctuations based on the number of neighbours.

The weakest colloidal gels show a large difference in dynamics between
nodes and strands (Fig. 4.4a). We can construct the following picture for
thermal fluctuations in colloidal gels. At low volume fractions nodes are
observed to be rigid, even when the number of neighbours per particle is
taken into account. The movement of nodes is constrained by attached
strands. This results in a low degree of freedom. Strands, on the other hand,
have a higher degree of freedom and consequently fluctuate more.
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Conclusions

In this Chapter, we demonstrate topological mapping of colloidal gels with
different morphologies. The network topology of colloidal gels is obtained
by a reduction method based on particle coordinates and their connectivity.
The topology of the gel changes most significantly by increasing the volume
fraction; segments in the network become shorter and the coordination and
number of nodes increase. A strong link is observed between the number of
segments, length of these segments and their corresponding thickness. The
thickness of the gel strands decreases when the connectivity of the network
increases. However, once the segment length stabilizes to a constant value,
the thickness of the strands starts to increase again.

The network topology of experimental colloidal gels show surprisingly
similar values for the coordination number of the nodes and the segment
length distribution compared to simulation data. This indicates that these
parameters follow a general trend in colloidal gels. To see whether results
can be generalized further, future research could focus on colloidal gels with
other kinds of inter-particle interactions. In soft matter physics, we find
many more network structures. It would be highly interesting to apply a
similar algorithm to glasses, to determine stress networks. Here, the nearest
neighbour criterion should be replaced by a dynamic nearest neighbour
criterion.

Information about the network topology is combined with single
particle positions to study particle dynamics in nodes and strands. Close to
percolation, thermal fluctuations of particles around the nodes are smaller
compared to particles located in strands. This can be explained by nodes
acting as rigid bodies, whereas strands are able to fluctuate more. Towards
higher volume fractions the difference in particle dynamics between nodes
and strands vanishes. We attribute this to the network becomingmore highly
connected and consequently strands becoming shorter.

Upon mechanically deforming a soft material the structure of the gel
will start to yield. How the network topology of a colloidal gel changes in
this solid-to-liquid transition is a very interesting, yet unanswered question.
Besides, the demonstrated method can be used to study the network topo-
logy of colloidal gels while subjected to other types of external fields, such as
gravity.
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Appendix

To obtain the network topology of colloidal gels a reduction algorithm is de-
scribed in themain text. The described algorithm is illustrated here on clearly
structured test data. This test data is presented in Fig. A4.1 and a larger field
of view is presented in Fig. A4.2. Especially, more information is provided
about the last step (from Fig. A4.1c to Fig. A4.1d), where the connection
points of the branches (the so-called nodes) are reduced further.

Simplification of nodes
Step 1: In first instance, simplification at the nodes takes place based on the
coordination number of each particle (determined by cut-off 𝐶). Particles
in the reduced structure (see Fig. A4.2c) with a coordination number higher
than 2 are considered, when they are not yet exclusively surrounded by
2-coordinated particles. Contrary to the previous reduction step, in which
reduction takes place from low to high connectivity, now first particles with
the highest coordination number are considered. For the specific particle its
direct neighbours are checked and these and the particle itself, are replaced
with a single particle. In this way, particles that balance each other are re-
moved. This step is illustrated in Fig. A4.2c to A4.2c1.
Step 2: Due to the random reduction of the network structure it is possible
that a node is split in two. In this case, two nodes are present very close to
each other. To make sure that the right coordination number 𝑍 is obtained
for the network node, further simplification takes place over range Δ𝑅
defined in terms of particle diameter 𝑎. In this way, nodes next to each other
(Fig. A4.2c1), or even a bit further away (Fig. A4.2c2) can be combined. In
this second step of the simplification at the nodes 3-coordinated nodes are
checked and if close enough together combined with other 3-, 4-, 5- and
6- coordinated nodes. Next, 4-coordinated nodes are combined with 4-, 5-,
6- and 7-coordinated nodes and so forth, until all options have been checked.

Dangling ends
To illustrate what happens to dangling ends in the structure, a slab of
particles is removed from the test data (respectively between 𝑥 = −1.4
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Figure A4.1 – Test data on a specified raster lattice. a) Complete network. Color coding indicates the coordination
number of the different particles. 1 (red), 2 (purple), 3 (green), 4 (yellow), 5 (pink), 6 (light blue), >=7
(gray). b) Network during reduction c) Network after reduction d) Network after simplification step at the nodes.
(𝐶 = 1.1, Δ𝑅 = 6.0 )

and 𝑥 = +1.4). Fig. A4.3 shows this raster, with the gap in the structure
indicated by the black dotted line. The lose ends that remain, due to the
removal of particles, are completely reduced.

To increase the computational speed of the algorithm, each particle that
cannot be deleted, because it destroys the network structure, is marked. Dur-
ing reduction, these marked particles are not considered again. This causes
small parts of dangling ends still to be present after reduction (Fig. A4.3c).
A very fast second reduction step, whereby all particles are again free to be
deleted, removes these remaining dangling ends. Thus, in the end only the
load-bearing structure of the network remains (Fig. A4.3d).

Lengths of segments

Even though reduction of the network takes place from low to high co-
ordination number, segments in between the nodes will still not be straight.
Therefore, the lengths of these segments is generally higher than the real
length. The segment length is determined based on all the individual bonds
between nodes and the 2-coordinated particles (Fig. A4.2d). The raster lat-
tice can be used to test howmuch the obtained segment lengths deviate from
the original raster spacing. The raster data is reduced 10 times at random, i.e.
particles at the same coordination number are selected randomly. Fig. A4.4a
shows the obtained histogram of the segment lengths. The original raster
spacing is 17.1. Thus, due to random reduction the algorithm increases the
average segment length with 2.5 particle diameter. As the test data contains
quite thick strands compared to branches in simulations and experiments,
we do not expect the overestimation of the segment length to exceed 15 %.
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Figure A4.2 – Large field of view of test data on a specified raster lattice. a) Complete network. Color coding
indicates the coordination number of the different particles. 1 (red), 2 (purple), 3 (green), 4 (yellow), 5 (pink), 6
(light blue), >=7 (gray). b) Network during reduction c) Network after reduction. After reduction simplification at
the nodes takes place. First, particles that balance each other are replaced with a single particle (c1). Afterwards
nodes are simplified over range Δ𝑅; starting with nodes next to each other (c2) and followed by reduction of
nodes further away from each other (d). d) Network after simplification step at the nodes (𝐶 = 1.1, Δ𝑅 = 6.0).
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Figure A4.3 – Same data as shown in Figure A4.2. However, now a gap is made between 𝑥 = −1.4 and 𝑥 = +1.4
(indicated by the black dotted line). This figure shows how parts of the structure that are not mechanically stable,
such as dangling ends, are removed.

Thickness of segments
As described in the main text, information is gained by placing the reduced
network on top of the original gel. Starting at a distance of Δ𝑅 from the
nodes, cylinders with radius 𝑟𝑐 are placed between sets of 2-coordinated
particles in the reduced structure. Particles from the original structure
which are located inside this cylinder are marked. To make the thickness
of the branches independent of the size of the cylinder, a cluster analysis is
performed. If multiple clusters are found -due to a cylinder with large radius
covering multiple branches- only particles belonging to the specific branch
are kept. At a range ofΔ𝑅 around the nodes particles cannot be assigned to
a specific branch.

A final measure for the thickness of the branches is obtained by aver-
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Figure A4.4 – (a) Probability distribution of the obtained segment lengths for the raster lattice. In this case the
raster is reduced 10 times, in a random fashion. In yellow the Gaussian distribution with mean 19.55 ± 1.42
(SD) (b) Thickness distribution of the branches in the network. In yellow the Gaussian distribution with mean
8.08 ± 1.00 (SD). (𝐶 = 1.1, Δ𝑅 = 6.0, 𝑟𝑐 = 7.0)

aging the amount of particles in a branch by the total length 𝑙 of this branch.
Resulting in an average thickness 𝑇 per unit length of the strand.

System size
To check the effect of the system size, a comparison between two different
system sizes of N = 32.000 and N=128.000 is made. The number of nodes
for each node coordination (Fig. A4.6a) are very similar upon dividing the
number of nodes for system size N=128.000 by 4. Also the segment length
distribution and the thickness distribution look similar. Thus, a system size
of 32.000 particles is large enough to exclude size effects.
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dotted line indicates the chosen value for parameter 𝑟𝑐.
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Figure A4.6 – Comparison between system size N=128.000 and N=32.000 (a) Number of nodes (𝑁𝑛) for nodes
𝑛 with different coordination numbers (b) Length and (c) Thickness distribution of the branches. (𝛽𝜖 = 20, 𝜙 =
0.105, 𝐶 = 1.16, Δ𝑅 = 2.0, 𝑟𝑐 = 7.0). The length distribution gives a mean of 7.43 ± 4.73 (SD) for a system
size of 32.000 and 7.11 ± 4.54 (SD) for a system size of 128.000. The thickness distribution has a mean of
5.01 ± 2.49 (SD) and 5.01 ± 2.61 (SD) for a system size of N=32.000 and N=128.000 respectively.
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Figure A4.7 – The radial distribution function 𝑔(𝑟) of experimental data at a volume fraction of 𝜙 = 0.2. The
minimum of the first peak is located at 2.1 𝜇𝑚 . This value is a good measure for the interaction range between
the particles. The cut-off 𝐶 in the reduction algorithm is set to 𝐶 = 2.1/𝑎. The particle diameter 𝑎 of the
colloids equals 1.6 𝜇𝑚, resulting in a cut-off value 𝐶 of 1.31.
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Figure A4.8 – Number of nodes 𝑁𝑛 for different coordination numbers 𝑛. Histograms are shown for three different
volume fractions (𝜙 = 0.11, 𝜙 = 0.16, 𝜙 = 0.25) and three different interaction strengths (𝛽𝜖 = 5, 𝛽𝜖 = 10, 𝛽𝜖 =
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5Colloidal gel networks
under shear

The yielding transition of gels is highly relevant to understand the initiation of
flow and deformation in food products, paints and coatings. Yet, how the net-
work topology of gels affects or is affected by yielding is still unexplored. Here,
we investigate the yielding transition of colloidal gels both in simulations and
experiments. For the first time we quantify the full network topology of col-
loidal gels during deformation. We examine different gel topologies, formed
at varying interaction energies and volume fractions. Upon increasing strain,
the number of segments in the gel rapidly decreases, whereas strands in the
network become thicker. Simulations reveal that close to percolation applying
shear increases the connectivity of the network. This is due to dangling ends in
the network which can form new connections. Networks at higher volume frac-
tion, on the other hand, decrease in connectivity due to the applied deforma-
tion. These results indicate that the initial network topology has a considerable
effect on the resulting yielding response of colloidal gels.

Joanne E. Verweij, Thomas E. Kodger, Frans A. M. Leermakers, Joris
Sprakel & Jasper van der Gucht¹
‘‘Colloidal Gel Networks under Shear’’
To be submitted (2020)
¹Physical Chemistry and Soft Matter, Wageningen University, Wageningen, 6708 WE,
The Netherlands.
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Introduction

F ood products [1, 2], paints [3], coatings [4], our blood [5]
and cells [6] can be initiated to flow, migrate or deform. In
food products, such as gelatin, yoghurt, cheese and butter,
attractive particles form fractal space-spanning networks [7].

Upon applying a shear deformation these gels will yield, exhibiting a solid-
to-liquid transition. Yielding has been extensively studied in model colloidal
systems using rheology [8–11], microscopy [12–18], static light scattering or
a combination of these techniques.

So far, a universal picture of yielding has not yet been presented. Some
papers describe yielding as a gel network breaking into clusters [9, 14, 19],
whereas other papers report how the gel network becomes more compact
and heterogeneous [12, 20–22]. However, in both cases the gel under-
goes complex rearrangement processes. It is not yet clear whether these
rearrangement processes are dominated by bond breakage at the particle
level, or whether process at the network level, such as strand failure or fusion,
dominate. To answer these questions it is important to be able to quantify
structural changes in the network. To this end we employ the method de-
veloped in Chapter 4, which can reveal the network topology of a colloidal
gel. Ultimately, yielding is a shear-induced solid-to-liquid transition that
must involve the loss of connectivity in the network, at least locally. Yet,
a network-scale picture of yielding in these inhomogeneous solids has not
been presented.

To determine what microstructural changes underlie this mechanical
transition from a solid to a freely-flowing state, one can look at the number
of neighbours𝒵 of each individual particle in the structure. However, quan-
tifying the number of bonds per particle does not provide information about
the network topology itself. Topological mapping of the network provides a
way to determine the number, length and thickness of strands in the network.
Moreover, we can also quantify segments that do not contribute to the rigid
backbone, so-called dangling ends. Topological mapping of the network and
quantification of dangling ends, allows us to study the effect of yielding on
the network topology, upon varying the interaction strength 𝛽𝜖 and volume
fraction 𝜙.

So far, shear has been applied experimentally using a shear cell [13, 14, 19],
electrical field [23], microchannel flow [24] or a rheo-confocal [25]. Still,
making sure that a sample is merely sheared is quite challenging, as one
has to make sure that wall slip [26] and squeeze flow [16] are absent. We
experimentally study the early stress response of the network and see how
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the gel morphology changes upon applying small deformation steps. Here,
a home-built setup is used, which can fully resolve the three-dimensional
structure of colloidal gels under shear.

Previously, two-dimensional shear experiments on low volume fraction
colloidal gels showed how, after initial affine deformation, at a strain of
𝛾 = 0.3 break-up events start to happen. These initial events are followed
by an avalanche of break-up events at higher strains, resulting in local com-
paction and the structure becoming more heterogeneous [12]. Yet, here
the backbone of which the network consists was very thin, restricting these
results to dilute networks at high interaction energy. In this Chapter, we will
focus on colloidal networks with both thin and bulky strand structures.

In this work, we combine simulations and experiments to study how
yielding affects the network topology of colloidal gels. A reduction al-
gorithm is used to go from all three-dimensional particle positions in the gel
to the topology of the gel structure. This allows for the quantification of the
network structure upon applying shear deformation. Results show how the
network becomes more heterogeneous, due to strand fusion. Simulations
reveal how close to percolation the connectivity of the network increases,
due to dangling ends which can form new connections. At higher volume
fractions, however, shear induces a decrease in the network connectivity.
This indicates that the initial network topology has a large effect on the
nature of the yielding transition in colloidal gels.

Methods

Simulations - yielding

BrownianDynamics simulations are performed to study yielding in large col-
loidal gels (𝑁 = 32.000) at different interaction strengths (𝜖 = 5, 10 and
40 𝑘𝐵𝑇 ) with a volume fraction range from 𝜙 = 0.11 up to 𝜙 = 0.25.

The motion of a particle 𝑖 with position 𝑟𝑟𝑟𝑖 is obtained by solving the
overdamped Langevin equation:

̇𝑟 ̇𝑟 ̇𝑟𝑖(𝑡) = 𝛽𝐷0[−∇𝑖𝑈(𝑡)] + √2𝐷0𝜉𝜉𝜉𝑖(𝑡) (5.1)

where 𝜉𝜉𝜉𝑖(𝑡) is random white noise, sampled with zero mean and unit vari-
ance, to model the thermal fluctuations of the particles. 𝐷0 = 𝑘𝐵𝑇 /𝜁𝑓
is the short-time diffusion coefficient with 𝜁𝑓 the friction coefficient,
set to unity. The time step 𝛿𝑡 for the numerical integration is set to
𝛿𝑡 = 1 × 10−6 𝜏𝐵. The unit of time is expressed in terms of the short-
time self-diffusion 𝜏𝐵 = 𝑎2/𝐷0 with particle diameter 𝑎.
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AMorse potential is used to calculate the force between particles [27]:

𝛽𝑢(𝑟) = 𝛽𝜖 exp(𝜌0[𝑎 − 𝑟]) (exp[𝜌0(𝑎 − 𝑟)] − 2) (5.2)

with 𝛽 = 1/𝑘𝐵𝑇 and energy scale 𝛽𝜖. Parameter 𝜌0 determines the width
of the potential, which equals approximately Δ = 0.16 𝑎 for 𝜌0 = 33 ¹.

The equilibration time of the gel structures is set to 10 𝜏𝐵. Whether
these gel structures are percolating is defined by using the method described
in Chapter 4. Afterwards, shear is applied with a shear rate of ̇𝛾 = 1.0 𝜏−1

𝐵 .
The gel is deformed from 𝛾 = 0 − 10 and Lees-Edwards boundary con-
ditions [28] are applied. For every set of chosen quantities 10 independent
measurements are performed.

Particle Synthesis

Based on previously reported work, we synthesize micrometer-sized core-
shell particles that are easy to locate in confocal microscopy experiments and
can be index- and density matched in non-hazardous polar solvents [29].
These tFEMA-tBMA particles are electrostatically stabilized by a corona
of polymeric hairs grown by surface-initiated ATRP. When electrostatic
interactions are screened by adding salt, this results in a hard-sphere-like
interaction.

First, fluorescent cores are synthesized by adding 6.4 mL of a 28:72
tFEMA: tBMAmixture (by volume, 2,2,2-trifluoroethyl methacrylate: tert-
butyl methacrylate, TCI), 80.7 g methanol, 20.1 g distilled water, 64 mg
SPMA (3-sulfopropyl methacrylate potassium salt, Sigma-Aldrich), 64 mg
AIBN (azobisisobutyronitril, Sigma-Aldrich), 128.4 𝜇L EGDMA (ethylene
glycol dimethacrylate, TCI) and 300 𝜇L cyanine dye (synthesis protocol of
this fluorophore is described in Ref. [30]) in a 250 mL round bottom flask.
This mixture reacts for 4 hours at 80 °C in an oil bath under reflux cooling,
while stirring continuously. Afterwards the mixture is filtered and diluted
with a 90:10 methanol:Milli-Q mixture to a total volume of 200 mL.

In the second step the non-fluorescent shell is synthesized around the
cores. Here, 100 mL of the core suspension (synthesized in the previous
step), 300 mL 90:10 methanol:Milli-Q, 20 g PVP (polyvinylpyrrolidone,
Sigma-Aldrich), 30 mL of a 28:72 tFEMA:tBMA mixture, 300 𝜇L inimer
(synthesis protocol is described in [29]) and 400mgAIBN are added to a 1 L
round bottom flask. In a cyclic manner vacuum and 𝑁2 purging is applied
for over half an hour. The mixture reacts overnight at 65 °C in an oil bath
under continues tumbling of the flask using an IKA overhead stirrer.

In the last step, polymeric hairs are grown on the outside of the particles

¹Here, Δ is determined by taking the end of the well at 1% of the original well-depth.
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via ATRP. In a 1 L round bottom flask 133 mL of Milli-Q, 133 mL formam-
ide (Sigma-Aldrich), 10 gr SPMA, 5 gr DMA (dimethylacrylamide, Sigma-
Aldrich), 200𝜇LMBSI (methyl bromopropionate, Sigma-Aldrich), 490𝜇L
HMTETA (hexamethyltriethylenetetramine, Sigma-Aldrich) and 100 mg
copper(II)chloride (Sigma-Aldrich) are added. Lastly, the core-shell particles
obtained in the previous steps are added to this mixture. The round bottom
flask is purged with nitrogen gas for 2.5 hours and vacuum is applied for 1
hour. Finally, copper(I)chloride (Sigma-Aldrich) is added, while purging
the head space of the flask, to start the reaction. After properly mixing in the
copper(I)chloride the mixture is allowed to react overnight on a stir plate at
room temperature.

After filtering the reaction mixture, particles are centrifuged down and
washed with 90:10 methanol:distilled water. Next, particles are washed with
50:50 methanol:Milli-Q. In this washing step a small amount of EDTA
(ethylenediaminetetraacetic acid tetrasodium salt >99.5%, Sigma-Aldrich) is
added to remove copper. The particles are washed 2× towards a density and
index matched solvent with 30:70Milli-Q: 2,2 thiodiethanol (TCI). Finally,
drops of distilled water are added to optimize the index matching by eye.

To determine the size of the particles, a Dynamic Light Scattering
(DLS) measurement is performed on an ALV instrument equipped with
an ALV5000/60X0 external correlator and a 300 mW Cobolt Samba-300
DPSS laser (𝜆 = 532 nm), at a detection angle of 90°. The particle diameter
equals 1.84 𝜇m, based on the second order cumulant of the normalized
first-order correlation function. The polydispersity index (PDI) of the syn-
thesized particles is lower than 10% as the particles do crystallize at high
volume fraction [31, 32].

Experiments - sample preparation

Colloidal gels are formed by adding depletant to a particle suspension of syn-
thesized tFEMA-tBMA particles. In this case, depletion attraction between
the colloids is induced by adding polyethylene oxide (PEO,𝑀𝑤 2.31 × 105,
𝑀𝑛 2.03 × 105,𝑅𝑔 = 23.1 nm). The sample has a volume fraction between
0.23-0.25 and a polymer concentration of 7.6 mg/mL (𝑐/𝑐∗ = 1.01). 10
mM salt is added to screen electrostatic interactions. Particles in the Z-stack
are located using theMatlab locating algorithm of Gao and Kilfoil [33]. The
deformation field is determine by calculating the difference between confocal
XZ images in time using the ImageJ BUnwarpJ-plugin [34].

Experiments - setup

We develop a low cost shear setup which can be installed on top of a conven-
tional inverted microscope (see picture in Fig. 5.1 and schematic in Fig. 5.5).
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Figure 5.1 – Shear setup on
the stage of an inverted con-
focal microscope. The top
plate of the shear cell is at-
tached to the metal post.
By moving the motorized ac-
tuator, the sample will be
sheared towards the right.

The aim of the experiments is to resolve large parts of the three-dimensional
structure of colloidal gels upon applying shear deformation.

On top of a base plate (NF53, Thorlabs) a single-axis translation stage
(MT1B/M, Thorlabs) with a motorized actuator (Z825B, Thorlabs) is
mounted. The actuator is controlled by a K-Cube BrushedDC ServoMotor
Controller (KDC101, Thorlabs), which can be controlled using Thorlabs’
Kinesis software. On top of the translation stage an outer bracket (EQ50-
E, Newport) is attached, with a linear stage (M-UMR5.16, Newport) and
micrometer head (BM11.166, Newport) to determine the Z-position of the
metal post at the side. Posts are fixed together using right-angle clamps. At
the bottom of the post the top plate (10 mm × 10 mm) is glued to a M4
screw using 5 minute epoxy gel (Devcon). The sample holder consists of
a round cover slip (50 mm, Thermo Scientific), connected to a metal ring
(M16, Sencys, inner diameter 16 mm, thickness 4 mm) using Norland Op-
tical Adhesive 61 UV curable glue. The metal ring is not visible in Fig. 5.1, as
it is held in place by tape.

To ensure a stick boundary condition, we coat the cover slip with a
layer of oppositely charged polymer onto which the colloids strongly ad-
sorb by electrostatic complexation. The round cover slip is first washed
with soap and successively coated with one layer of positive, one layer of
negative and one layer of positive polymer. The cationic polymer layer is
made from a 1% w/w solution of polydiallyldimethylammonium chloride
(𝑀𝑤 = 4 × 105 − 5 × 105, Sigma-Aldrich) with 1M of NaCl, whereas
for the anionic layer a 1% w/w solution of sodium polystyrene sulfonate



98 CHAPTER 5

(𝑀𝑤 ≈ 2 × 105, Sigma-Aldrich) with 1M of NaCl is used. After applying
each polymer solution the cover slip is thoroughly rinsed with Milli-Q. The
cover slip is blown dry after applying all polymer layers. On top of the last
positively charged layer a bit of our particle stock is deposited. Rinsing these
particles withMilli-Q leaves a single heterogeneous layer of particles attached
to the glass. Finally, the cover slip is blown dry and glued to the metal ring.

The top plate of this shear setup consists of a glass plate with 250 𝜇m
spacers (Precision Brand, 0.254 mm). Between these spacers a TEM grid
is glued (Agar Scientific, G27 60C Hex 700 thin bar copper, 3.05 mm).
Figure 5.5 shows a schematic of the top plate. The colloidal gel can penetrate
through the TEM grid which creates a non-slip boundary.

To perform the shear experiments the following protocol is followed.
First, the metal ring with the attached cover slip is taped to the microscope.
The top plate is placed on the cover slip. After installing the shear setup on
the microscope stage the post at the right side of the shear setup is lowered
and glued to the top glass plate. After half an hour, the micrometer is moved
500 𝜇m up and 15 𝜇L of sample is pipetted between the two plates. After-
wards, the gap between the cover slip and the TEM grid is adjusted to 200
𝜇m and 150 𝜇L of fluorinated oil (DuPont Krytox, GPL101) is pipetted in
the metal ring to prevent evaporation. After an hour, shear is applied by
moving the piezo in steps of 25 𝜇m (with a velocity of 5 𝜇m per second).
After each step a pause is taken to record a Z-stack of 102 × 102 × 80 𝜇m.
Data is obtained using an inverted Nikon C2 confocal with a Nikon SRHP
Plan Apo 100× silicone immersion oil objective (NA=1.35).

Quantifying the Network Topology

We determine the complete network topology of the gel network from the
three-dimensional coordinates of all particles in our field-of-view. This is
done in silico by deleting particles in the gel structure which are not essen-
tial to maintain the overall network connectivity. For each particle, its neigh-
bours up to 5 generations are determined. If deleting a particle will split the
cluster of neighbouring particles, this particle cannot be removed. After ad-
ditional simplification steps, the final structure contains segments and nodes
(see Fig. 5.2). This allows for the quantification of the connectivity of the
network and the number, length and thickness of the segments. The used
method can be applied to both simulations and experiments and is described
in Chapter 4.
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Figure 5.2 – Simulation data at 10 𝑘𝐵𝑇 for volume fractions 𝜙 = 0.11, 0.14, 0.17, 0.21 and 0.25. A close-up
of the graphs is present in Fig. A5.1 (a) Average number of nearest neighbours ⟨𝒵⟩ per particle as a function of
strain. (b) Average energy per particle in the system as a function of strain. (Image) Visualization of a simulated
colloidal gel at a deformation of 𝛾 = 0, 5 and 10 (𝜙 = 0.17, 10 𝑘𝐵𝑇 ). The upper row shows the full colloidal gels
whereas the bottom row shows their network structures. The nodes in the network structure are colour-coded
according to their respective coordination number, being successively green (3), yellow (4), pink (5), light blue
(6) and dark green (7).
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Results and discussion

To answer the question how the topology of gels alters upon shear deform-
ation numerous shear simulations are performed at different interaction
energies and volume fractions. Visual inspection of the resulting gels reveals
a drastic structural change after deforming the gel 500% (see image Fig. 5.2).
A common method to quantify the deformation of a colloidal gel is to ana-
lyse the evolution of the nearest neighbour distribution 𝒵 [15, 21, 35, 36].
Upon plotting the average number of nearest neighbours per particle ⟨𝒵⟩
for deformations up to 𝛾 = 10 (Fig. 5.2a, zoom Fig. A5.1), we observe a clear
dip in the average number of neighbours at low strain. This decrease in
particle connectivity signals a yielding transition. At higher strains, however,
the number of nearest neighbours increases again, indicating coarsening of
the gel structure due to shear deformation.

Studying yielding at different interaction energies (Fig. A5.3) shows
how the minimum of ⟨𝒵⟩ shifts to lower strains with increasing interaction
strength 𝛽𝜖. This suggest that increasing stickiness between particles brings
the yield strain down, an effectwhich is also observedwith increasing volume
fraction. Interestingly, the dip in ⟨𝒵⟩ completely disappears at an interaction
energy of 40 𝑘𝐵𝑇 . Here, the rate of bond breakage, apparently, does not
become higher than the rate of bond formation as the structure is observed
to keep increasing its number of nearest neighbours. At this interaction
energy, we also do not observe a clear yield peak in the stress-strain curves
(Fig. A5.2).

The minimum in the number of bonds appears at higher strains than
one might expect for yielding. Therefore, we compare this data with the
evolution of the stress tensor 𝜎𝜎𝜎 in the shear direction (Fig. A5.2). Here, the
shear stress is calculated as:

𝜎𝑥𝑦 = − 1
𝑉

𝑁
∑
𝑖=1

𝑟𝑖,𝑥𝐹𝑖,𝑦 (5.3)

with 𝑉 the volume of the simulation box, 𝑟𝑖,𝑥 the x-component of the
particle position vector, 𝐹𝑖,𝑦 the y-component of the total force of particle
𝑖 and 𝑁 the total number of particles. From the stress-strain curves it is
observed that the yield point is positioned at much lower strains, in line with
previously reported results [10]. Thus, the yield point represents the onset of
bond breakage, whereas the minimum in the nearest neighbour distribution
is found at higher strains.

The average number of neighbours ⟨𝒵⟩ per particle shows clear yielding
behaviour through bond breakage and bond formation. From the simula-
tion data the total energy of the system𝐸 can also be obtained (Fig. 5.2b). As
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Figure 5.3 – The network
structure as a function of de-
formation 𝛾 in simulations.
(a) The average coordination
number ⟨𝑛⟩ for the nodes
in the network (b) Number
of segments in the network
(c) Length of the segments
(d) Thickness of the seg-
ments. Parameters network
structure (𝛽𝜖 = 10, 𝐶 =
1.16, Δ𝑅 = 2.0, 𝑟𝑐 = 12.0).

expected, the energy per particle in the system indeed drops when particles
start to form bonds with neighbouring particles. Here, the shape of the
curves is identical to the evolution of the average number of neighbours
per particle (Fig. 5.2a). A second yielding transition, as reported in some
studies [8, 20], is not observed in this simulation data. Indeed, previously
reported second yielding transitions were observed at much higher deforma-
tions (𝛾 ≈ 100) and higher volume fractions [25].

Looking at both the average number of nearest neighbours ⟨𝒵⟩ and
the energy 𝐸 of the system provides information about bond breakage and
bond formation in the gel. The question arises how this actually affects the
network topology. To answer this question a recently developed algorithm
is used to quantify colloidal gels based on the number and coordination of
nodes, and the amount, length and thickness of the segments (see Chapter
4). For each network a coordination number ⟨𝑛⟩ can be determined (see
image Fig. 5.2). The coordination number is the average connectivity of all
branching points and in this way points out the degree of connectivity of
the network. In general the coordination number of the network decreases
when the network is sheared (see Fig. 5.3a). This indicates that the coordina-
tion number of the branching points goes down. Consequently, a decrease
in the number of segments 𝑁𝑠, of which the network consists, is visible.
At the same time, we observe a slight increase in the average length of the
segments𝐿. Yet, the strongest effect is observed in the average thickness 𝑇 of
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Figure 5.4 – Close-up of a
colloidal gel at 𝜙 = 0.11,
with an interaction strength
of 10 𝑘𝐵𝑇 . The upper row
shows the original gel struc-
ture. Here, the newly formed
connection is colored orange
to guide the eye. The lower
row shows the gel struc-
ture during network reduc-
tion. As the reduction is
not completely finished the
nodes in the network are not
yet simplified and dangling
ends are still present. The
particles are colour-coded ac-
cording to their coordination
number being respectively,
red (1), gray (2), green (3),
yellow (4) and pink (5). At
this low volume fraction a
dangling end forms a new
connection when shear is ap-
plied.

𝛾 = 0 𝛾 = 0.2

the strands. A drastic increase in strand thickness results in coarsening of the
gel. At high shear deformations particles collect into such large blobs that
one could argue not to call this strands anymore, an effect which becomes
even more substantial at higher interaction strengths.

Surprisingly, at low volume fraction the coordination number of the
network increases. Instead of a network structure losing its coordination,
the structure actually creates more highly coordinated branching points. All
analyzed simulations are percolating structures, yet gels at the lowest volume
fraction contain most dangling ends (See Fig. A5.4) ². During shear these
dangling ends have the possibility to form new branching points, allowing
the gel to increase coordination number (see Fig. 5.4). Due to dangling ends
forming new connections the number of segments does not start decreasing

²To increase the computational speed of the reduction algorithm, each particle that cannot
be deleted, because this destroys the network structure, ismarked andnot considered again. This
allows for the detection of dangling ends (see Chapter 4). However, only dangling ends with a
segment length of at least 5 particles or more are detected, due to the fact that connectivity of
the network structure is based on 5 generations of nearest neighbours. When a dangling end is
exactly reduced from the outer end towards a junction, it can also be completely reduced. As a
result, the number of dangling ends are an underestimation of the real number of dangling ends



5.3. RESULTS AND DISCUSSION 103

straight away after applying shear (see Fig. 5.3b, 𝜙 = 0.11). For the lowest
volume fraction at 40 𝑘𝐵𝑇 , we even observe a clear increase in the number
of segments (Fig. A5.5), until the strands start to fuse at much higher strains.

Now that dangling ends are shown to effect the connectivity of the
network during shear, lets take a closer look at the amount of dangling ends
at different interaction energies and volume fractions. In general, both a
higher volume fraction and stronger attraction between particles gives fewer
dangling ends. Gels with most dangling ends (5 𝑘𝐵𝑇 , see Fig. A5.4) are
observed to reach a lower average coordination number. Remarkably, the
number of dangling ends in these weak gels increases under shear, indicating
strand rupture in the gel network. For gels at stronger attraction (40 𝑘𝐵𝑇 )
the coordination number of all volume fractions converges to the same value.
These gels have hardly any dangling ends. Conclusively, the presence of
dangling ends influences how and how fast the connectivity of a network
evolves. Moreover, the evolution of dangling ends under shear indicates
strand failure and strand fusion.

How the gel network topology alters during shear deformation can be
summarized as follows. Upon applying shear, strands of the network start
to fall on top of each other and fuse together. As a result the coordination
number and the number of segments in the gel decreases, except at very low
𝜙. The thickness of the segments increases significantly, due to strand fusion.
This densification has been observed experimentally as well [12, 21, 22]. At
volume fractions just above the percolation point we observe an increase in
network connectivity due to the fusion of dangling ends in the gel structure.

Shear experiments are performed to see whether the network topology
of a colloidal gel evolves similarly as observed in simulations. To this end
a shear setup is developed that can be used on top of a conventional inver-
ted confocal microscope (see Fig. 5.1 and Fig. 5.5a). Repeatedly shearing a
sample between two glass plates results in plug flow, i.e. the displacement
of the sample is constant as a function of the sample height. Therefore,
the upper glass plate is replaced with a TEM grid with small 30 𝜇m holes
(see Fig. 5.5b). Now the gel can penetrate through the grid, which creates
a non-slip boundary. The glass plate at the bottom of the shear cell is also
coated with particles to prevent slip. Next, the deformation field is quanti-
fied (Fig. 5.5c). Clearly, shear deformation is observed, which becomes more
pronounced higher up in the sample. The obtainedXZ confocal microscopy
images (Fig. 5.5d) show how the gel structure becomes more heterogeneous
upon applying more strain, as also observed in the simulations.

Experiments were carried out to see how the network topology of
an experimental gel is altered by shear. For two experimental samples that
clearly showed shear deformation we analysed the network topology. In this
case, three-dimensional particle locations were extracted from the confocal
microscopy data. The observed changes in the network structure are a small
decrease in coordination number, a decrease in the number of segments, a
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Figure 5.5 – (a) Schematic of the experimental setup. (b) TEM grid used at the top of the shear cell (c) Vector
plot of the deformation between 𝛾 = 0.625 and 𝛾 = 0.75. The vectors at the top of this image represent an
average shear flow of 19 𝜇m to the right. (d) XZ projection of the experimental data at 𝛾 = 0, 0.5 and 1.0. The
dimensions of the X- and Z-direction are 102 and 80 𝜇m respectively.

slight increase in segment length and a major increase in thickness of the
strands (Fig. 5.6). To show that these trends follow the results found in sim-
ulations, we also plot the simulation data for one particular volume fraction
𝜙 and interaction strength 𝛽𝜖.

The evolution of both experimental samples is the same. However, the
network structure (at 𝛾 = 0) is not the same, even though the initial compos-
ition of these samples is identical. The difference in network structure can
be attributed to the difference in strain history between these two samples.
By setting the gap of the shear cell to 200 𝜇m applying pre-strain cannot
be avoided. Nonetheless, the strain applied by the motorized actuator is the
same for both samples. The changes in the network topology indeed confirm
that both samples respond similarly to this applied deformation.

There are some subtle differences between the simulations and ex-
periments. That is, the number of segments in the simulations is higher
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Figure 5.6 – Network struc-
ture as function of deforma-
tion 𝛾. The solid line shows
simulation data at 10 𝑘𝐵𝑇
and volume fraction 𝜙 =
0.25. The open markers
represent the experimental
data. a) Average coordin-
ation number b) Number
of segments in the network
c) Length of the segments.
The inset shows the aver-
age number of neighbours
per particle ⟨𝒵⟩ as a function
of strain d) Thickness of the
segments. Parameters of the
network structure for experi-
mental data (𝐶 = 1.3, Δ𝑅
= 2.0, 𝑟𝑐 = 12.0).

compared to the number of segments in the experiments ³. As a result, the
experimental segments are thicker. Another difference in the network topo-
logy can be found in the average length of the segments, which are found to
be slightly shorter in the experimental networks. Variance in network topo-
logy between simulations and experiments is not surprising, as equilibration
time and flowhistory are important factors in the network formation. There-
fore, we should look at trends instead of making a one-on-one comparison.
The number of neighbours per particle ⟨𝒵⟩ (see inset Fig. 5.6c) is smaller for
the experimental gels. This can be explained by the difference in determining
particle neighbours in simulations and experiments ⁴. Consistently, in both
cases the number of neighbours increases upon applying shear.

Experimentally, a shear driven densification of the gel structure is ob-
served. Analysing the network structure of these gels for the first time
shows how the number of segments in the gel decreases and strands get
thicker. Densification of aggregates in colloidal suspensions [37] and col-
loidal gels [12, 20–22] has been reported previously. However, there are

³Here, the number of segments are scaled to the same volume.
⁴In simulations, the cut-off between nearest neighbours equals 1% of the original well depth

(1.16 𝑎 center-to-center distance). In experiments, the cut-off is based on the first minimum of
the radial distribution function (1.30 𝑎 center-to-center distance).
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several papers that report opposite results. In these studies the number
of neighbours per particle goes down, and the network completely falls
apart [9, 14, 19]. Based on the results in this paper, we argue that in these
studies the applied deformation field probably corresponds to plug flow
instead of shear. One of these papers indeed reports that during shear the
network is detached from the cone surface and yielding of the gel is primarily
induced by fluid drag and hydrodynamic interactions [19].

Conclusions

In this Chapter we looked at the network topology of colloidal gels during
shear. At low strains, a dip in the number of nearest neighbours per particle
𝒵 indicated the yield point of these colloidal gels. Through mapping of the
network topology, we quantified what actually happens with the network
topology of colloidal gels during the subsequent yielding transition. In
general, the number of segments in the network rapidly decreases whereas
the thickness of the remaining strands quickly increases. This indicates that
strands meet each other and fuse, forming thicker strands. At high shear
deformation strand fusion causes the formation of particle blobs, an effect
which is enhanced by increasing the stickiness between particles.

Upon applying shear, the total connectivity of the networkwill go down.
However, there is an exception for gel structures close to percolation. At
these very low volume fractions dangling ends in the network structure can
form new connections. The role of dangling ends in shear deformation has
been overlooked so far. It would be interesting to see whether shear deform-
ation of colloidal gels with different particle-particle interactions shows the
same increase in network connectivity close to percolation.

Experimental shear was realized by using a shear setup with a TEM grid
as top boundary. After resolving the three-dimensional structure of these
gels the effect of shear deformation on the experimental network topology
was shown. The network topology showed a significant loss of segments and
a major increase in strand thickness. This confirms the microscopic picture
that we obtained from the simulations; upon applying shear strands meet
each other and start to fuse.

The observed thickening of strands during yielding of colloidal gels,
raises many new interesting research questions. As shown in our previous
work [38, 39], gel strands can ´unravel´ during deformation which causes the
formation of a necking region at which a strand can fail. Whether strand
failure, due to strand plasticity, also plays a role in local compaction during
the yielding transition remains to be understood. It would be very valuable
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to quantify the breakage and formation of strands during yielding more pre-
cisely. Moreover, being able to track strand movements, between mapped
topologies in time, would be highly informative as well.

In this work we show what happens to the network topology of gels
upon applying shear deformation. The experimental realization of shear is
challenging and requires characterization of the deformation field. An initial
shear deformation can change into plug flow as the network detaches from
its boundaries. Future research should focus on quantifying the deforma-
tion fields throughout a shear experiment to disentangle the different stages
of colloidal gel yielding. This will help to get a clear picture of how both the
deformation field and gel structure change during the experiment.
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Appendix

On the next few pages the additional figures from the appendix can be found.
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Figure A5.1 – Simulation data for 10 𝑘𝐵𝑇 at a strain from 0 - 1.0 𝛾. (a) Average number of nearest neighbours
⟨𝒵⟩ of the full colloidal gel structure versus strain. (b) Energy 𝐸 per particle 𝑁 in the system as a function of
strain.
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6Anomalous large-scale
motion during the

gravitational collapse
of colloidal gels

Using confocal microscopy, we study the gravitational collapse of colloidal gels
in three dimensions at the single-particle level. After a short delay time, the
colloidal gels are observed to detach from the top of the sample, and a mac-
roscopic interface emerges. The sedimentation dynamics of this interface are
governed by poroelastic compression of the gel that lies beneath. Large-scale
collective motions in the direction perpendicular to the gravitational field, in-
duced by internal stresses in the gel, lead to shear deformation in the network
that accelerates gel failure. These motions are present both during the induc-
tion period and the subsequent rapid-settling stage of the gel, and subside as
the gel reaches its final height. These results highlight that not only external
gravitational stresses, but also internal stresses in the network play a crucial role
in the failure of these heterogeneous networks.
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Introduction

S uspensions of attractive colloidal particles form space-
spanning, fractal networks at relatively low volume fractions [1].
These arrested gels, whose elastic properties are determined by
the structure and connectivity of the network [2], find applica-

tions in many food and personal care products. As such, understanding the
(in)stability of these networks to both internal and external stresses, such as
shear or gravity, is crucial to control the stability of these complex materials.

One striking example of an instability in particle gels is the collapse of the
gel network due to gravity; a general phenomenon observed in a wide range
of materials and at different interaction strengths [3–6]. Depending on the
strength and range of the attraction between the particles, two different types
of gravitational collapse can be distinguished. Namely, the gel collapse can
either be immediate and steady [5, 7, 8] or ‘‘delayed’’, where no macroscopic
sedimentation is observed up to a characteristic delay period [3, 4, 8–13].
This delayed collapse consists of three stages [3, 5, 14], starting with a slow
induction process that suddenly gives way to a rapid-sedimentation regime,
followed by a stage where the structure slowly densifies.

To date, most experimental studies have examined the gel collapse at a
macroscopic level [3–5, 7–13, 15–17], for example by following the top of
the collapsing gel in time through direct observation or via light scattering
techniques. These studies have been instrumental in acquiring a basic under-
standing of the role of various system properties on the gel collapse – such
as strength and range of the attraction, particle volume fraction, the degree
of density-(mis)matching, and the initial height of the gel. Several structural
changes have been identified during the collapse of these gels, including
the breakup of the network into clusters [3, 11, 15], and the formation of
channels, so-called “streamers” and “volcanoes” [5, 18]. The formation of
all these features are understood to play a role in expelling fluid from the
gel [3, 5, 18, 19]. Furthermore, the sedimentation of the gel can be accur-
ately captured by a poroelastic model [9, 20]. Yet, a major limitation of this
description is that it does not provide insight into the microscopic dynamics
of the gel structure.

The microscopic details of gel collapse have primarily been investigated
in simulations [14, 19, 21], and to a limited extent in experiments using
confocal microscopy [3, 4, 22]. Importantly, confocal microscopy studies
have identified that the gel coarsens through rupture and reassocation events
of gel strands in the network prior to collapse [3]. Yet, a direct connection
between single-particle dynamics and changes in the network structure at
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different length scales during gel collapse remains largely unexplored. Be-
sides, the interplay between internal and external stresses in the failure of
colloidal gels has not been given much attention so far.

In this work, we follow the gravitational collapse of colloidal gels in three
dimensions at the single-particle level using confocal microscopy. After a
short delay time, the colloidal gel detaches from the top of the sample, and
a macroscopic interface emerges. The evolution of the height of the gel is
well-described by the poroelasticmodel. Analysis of the network topology re-
veals that strands become significantly longer in the top region of the sample
while strands at the bottom become shorter due to the densification of the
gel network. Interestingly, large-scale displacements, perpendicular to the
direction of gravity, are observed to affect the gel structure and enhance fail-
ure, both during the induction period and the rapid-sedimentation regime.
This suggests that the gravitational force on the gel leads to an imbalance
of internal stresses in the network, which causes a perpendicular shear-like
motion. We hypothesize this imbalance to originate from the gel collapsing
at slightly different rates at different locations within the sample.

Methods

Fluorescent tFEMA-tBMA core-shell particles are synthesized according to
the method described in Ref. [23]. The exact synthesis protocol for these
particles canbe found inChapter 5. Thediameter of the synthesizedparticles
is measured using Dynamic Light Scattering and equals 𝜎 = 1.84 𝜇m. The
advantage of this particle system is that density and index matching can be
reached simultaneously using non-hazardous polar solvents. The excellent
indexmatchingmakes it possible to image colloidal gels over the entire height
of a 100 𝜇m sample chamber, using confocal microscopy.

Colloidal gels are prepared for a range of volume fractions 𝜙𝑠 = 0.12-
0.18. To induce depletion attraction 2.4 mg/mL polyethylene oxide is added
(PEO, 𝑀𝑤 2.31 × 105, 𝑀𝑛 2.03 × 105, 𝑅𝑔 = 23.1 nm, 𝑐∗ = 7.5 mg/mL).
The core-shell particles are suspended in 2,2 thiodiethanol:Milli-Q, 70:30,
containing 10mM of NaCl to screen electrostatic interactions.

To induce gravitational collapse within a reasonable time span, the
solvent in the samples has a slight density mismatch. The gravitational
length is extracted from the equilibrium density profile of a dilute sample
without depletant. Specifically, after a sedimentation-equilibrium is estab-
lished the tail of the density profile was fitted using:

𝜌(𝑧) = 𝜌(0) exp(−𝑧/𝑙𝑔) (6.1)
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from which the gravitational length 𝑙𝑔=10 𝜇m was extracted. This corres-
ponds to a Péclet number of 𝑃𝑒 = 𝜎/2𝑙𝑔 ≈ 0.1 [21].

A rectangular capillary (0.10× 2.00mm, Vitrocom) is filled with sample
and sealed using Norland Optical Adhesive 63 UV curable glue. Sub-
sequently, the sample is rotated for half an hour on a mini-rotator (PTR-25,
Grant Bio). This allows for the formation of a gel where the effect of gravity
is essentially averaged out. After rotation, the sample is placed on an inverted
confocal microscope to image the gel collapse. To follow the gravitational
collapse in time, a Z-stack is made every 10 minutes for a period of 15 hours
up to 60 hours. For each sample at least two independent measurements
are taken. The confocal consists of a Thorlabs confocal 12kHz resonant
point scanner mounted on an Olympus IX73 microscope with an 60× oil
immersion Olympus Plan Apochromat objective (NA = 1.42).

Particles are located using the Matlab implementation of the locating
algorithm of Gao and Kilfoil [24]. We determine the complete network
topology of the gel from the three-dimensional coordinates of all particles in
our field-of-view as described in Chapter 4. In short, this is done by deleting
particles in the gel structure that are not essential to maintain the overall
network connectivity. For each particle, its neighbours up to 5 generations
are determined. If deleting a particle will split the cluster of neighbouring
particles, this particle cannot be removed. After additional simplification
steps, the final structure contains segments and nodes (see Fig. 6.3). This
allows for the quantification of the connectivity of the network and the
number and length of the segments.

Results and discussion

We study the microscopic structure of colloidal gels during gravitational
collapse using three-dimensional confocal microscopy. A three-dimensional
reconstruction and various projections of the raw confocal image data are
shown in Fig. 6.1, at three different moments in time (sample 𝜙𝑠 = 0.153).
From these data, we observe the formation of a macroscopic interface as
the top of the capillary is depleted by colloids. In the remainder of this
chapter we will refer to this interface between the gel and the colloid-poor
supernatant as the gel interface.

To investigate the collapse of the gel and the emergence of the gel inter-
face, we plot the local volume fraction 𝜙 as function of height 𝑍 at various
times in Fig. 6.2a. Clearly, the local volume fraction at the top of the capil-
lary rapidly decreases, whereas the local volume fraction at the bottom of
the capillary increases. This displays the formation of three distinct zones; a
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(a) t = 0 s t = 23400 s t = 47400 s
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Figure 6.1 – Gravitational collapse of a colloidal gel (𝜙𝑠 = 0.153, 𝑐 = 2.4 mg/mL). A total sample volume of
102 𝜇m x 102 𝜇m x 100 𝜇m is imaged (XYZ). a) Three-dimensional visualization of experimental data at three
different times b) Corresponding XZ representation of confocal microscopy data (projection of Y = 49-53 𝜇m).
The highlighted area shows the position of the XY data in subplot c. c) Corresponding XY representation of the
experimental data (projection of Z = 88-92 𝜇m).
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Figure 6.2 – a) The local volume fraction 𝜙 as a function of 𝑍 in time (𝜙𝑠 = 0.153, 𝑐 = 2.4 mg/mL). The
dotted line indicates the cutoff used to determine the height of the interface. The shaded areas indicate (I) the
colloid-poor zone, (II) the falling or non-compressing zone, (III) the densifying zone. b) Change in height of the
gel interface in time for different samples. Here, Δℎ(𝑡) = ℎ(0) − ℎ(𝑡). Markers with the same color correspond
to samples taken from the same mixture of particles, polymer and solvent. c) Change in height of the interface
shifted by the delay time 𝜏𝐷 (𝜏 = 𝑡 − 𝜏𝐷 on the x-axis). The data is fitted by the exponential poroelastic model
(black dotted lines).

colloid-poor region at the top, a falling, non-compressing zone in themiddle,
and a densifying zone at the bottom of the sample cell (see Fig. 6.2a), which
is in good agreement with previous studies [13–15, 25]. The evolution of
the local volume fraction 𝜙 indicates how failure takes place at the top of the
sample cell, whereas the bottom of the sample densifies.

To quantify the position of the gel interface, we make use of the height
detection algorithm described in Ref. [14]. Specifically, the colloidal gel is
divided into columns which span 30 𝜇𝑚 x 30 𝜇𝑚 in the X- and Y-direction
and the entire height of the sample (≈ 100𝜇𝑚) in the Z-direction. The local
height of the interface for each column is then taken to be the height where
the local volume fraction becomes lower than 𝜙 = 0.06. At this volume
fraction the gel is not assumed to percolate anymore. The global interface
height is taken as the average over all local interface heights of the different
columns. In this way, the interface height of the gel can be assessed during
the gravitational collapse. In Fig. 6.2b, we plot the change in height of the
interfaceΔℎ(𝑡) = ℎ(0) − ℎ(𝑡) as a function of time, for a range of samples.
Evidently, the collapse of the gel is “delayed” as it takes a while before the
interface of the gel starts to decrease in height. In general, the delay time
𝜏𝐷 before the sudden collapse becomes longer with increasing volume frac-
tion (see Fig. A6.1b). Additionally, the amount by which the height of the
gel is reduced becomes lower at higher volume fractions. This is in good
agreement with prior macroscopic investigations where the height of the gel
interface was studied in vials [3, 9, 13].

Interestingly, we observe that while the rate of collapse is initially fast, a
distinct slowing down of the sedimentation occurs over time, which leads to
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a clear plateau in height of the gel. Previous studies of the height of macro-
scopic gel interfaces have revealed that at short times the rate of gel collapse
is limited by the rate at which fluid is expelled from the network, while at
longer times the gel height is determined by a balance between the network
elasticity and the gravitational stress. Within this context, the height of the
gel over time can be well-described by the theory of poroelasticity [9]. To
test the validity of this approach, we plot the height of the gel after rescaling
the time with respect to the delay time, i.e. 𝜏 = 𝑡 − 𝜏𝐷. For all data, the res-
caled time evolution of the height is described by the exponential poroelastic
model, as shown in Fig. 6.2c:

Δℎ(𝜏) = Δℎ𝑓(1 − exp(−𝜏/𝜏𝑝)) (6.2)

withΔℎ𝑓 the total change in height, and 𝜏𝑝 the poroelastic timescale, which
among others depends on the solvent viscosity, permeability and modulus
of the gel [9]. This suggests that the gravitational stress in first instance is
balanced by the stress due to fluid flow. Subsequently, the gravitational
stress is balanced by the elasticity of the network when the height of the gel
approaches a plateau.

Even though for individual samples the height of the gel can be described
by the poroelastic model, the height evolution between experiments show
quite some variation – even when the collapse of a gel is measured twice
from the same mixture of solvent, particle and polymer composition (see
Fig. A6.1a). There are two reasons which could account for this observation.
Firstly, as the added polymer stock is viscous, it is to be expected that the
polymer concentration between samples of different volume fractions devi-
ates slightly. It is well known that lower attraction strengths correspond to a
faster collapse and permit denser compaction [11, 12, 14]. Indeed, the change
in height of the interface for samples with a higher amount of polymer (𝑐𝑝
= 2.8 mg/mL, see Fig. A6.1c) show a slower compaction in time. This im-
plicates that a small error in the amount of polymer between samples with
different volume fractions can give rise to changes in the time-dependent
interface height. Another explanation for the observed statistical differences
could be that the interface is heterogeneous. In other words, at different
locations within the sample the gel may collapse at slightly different rates.
To check this, the interface after collapse could be measured at different
positions in the same capillary.

To study the gravitational collapse at the microscopic level, we determ-
ine the network topology of the gel using the method described in Chapter
4. A plot of the gel network at different times, color-coded by the segment
length, is shown in Fig. 6.3. Clearly, the gel starts to fail at the top of the
sample where the segment density of the network decreases and segments
elongate. Meanwhile, the segment density at the bottom part of the network
increases and segments become shorter. We quantify this observation by
plotting the average segment length as function of the height 𝑍 in Fig. 6.4a.
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t = 0 s t = 4200 s t = 21000 s t = 45000 s
15.0

2.0

Figure 6.3 – The network topology of a colloidal gel during gravitational collapse (𝜙𝑠 = 0.153, 𝑐 = 2.4 mg/mL,
settings network topology: 𝐺𝑛 = 5, 𝐶 = 1.3 𝜎, Δ𝑟 = 1.3 𝜎 [see Chapter 4]). The visualization shows a XZ
projection of the gel (Y = 40-80 𝜇m). The segments in the network are color-coded from blue to green according
to their respective length in micron, as indicated by the color bar.

During the collapse, gel strands become significantly longer in the top region
of the sample while gel strands at the bottom become shorter due to densific-
ation of the network. Likewise, a plot of the average number of strands 𝑁 ∗

𝑠
intersecting a plane at a height𝑍 reveals a gradual breakdown of the network
at the top region of the sample and an increase in segments at the bottom.
As expected, we thus observe a similar evolution for the segment density and
the volume fraction (Fig. 6.4b and Fig. 6.2a).

The clear distinction between the colloid-poor, falling, and densifica-
tion regions of the gel becomes very apparent when the key parameters of
the network topology are plotted for four different slabs (as shown in see
Fig. 6.4c). During the collapse, gel strands become longer at the top part of
the sample, and a significant reduction in the connectivity of the gel occurs
(Fig. 6.4d-f). Simultaneously, this leads to an increased network connectivity
at the bottom of the gel, where strands get shorter.

Strikingly, during gravitational collapse the gel structure moves sig-
nificantly in the direction perpendicular to gravity, as shown in Fig. 6.5.
This motion is observed for all samples (see Fig. A6.2). To investigate these
anomalous motions, which are perpendicular to the direction of gravity,
we quantify these displacements in three dimension using non-rigid image
alignment between sequential Z-stacks [26, 27]. The observed motion is
split up in the vector components in the X-, Y- and Z-direction and plotted
in time (see Fig. 6.5). The movement is mainly observed in the X-direction,
which corresponds to the long axis of the capillary. This suggests that the
network does not only undergo a external stress due to gravity, but that there
are also internal stresses at play. From the displacements in the XY plane
we are unable to extract a correlation length, as clearly the displacements
are correlated over a distance larger than our field of view (see Fig. 6.5c).
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Figure 6.4 – Quantification of the network topology of a colloidal gel during gravitational collapse (𝜙𝑠 = 0.148,
𝑐 = 2.4 mg/mL). a) Segment length as a function of the height of the gel. The segment length profile is shown
in time (from light to dark), indicated by the arrows. b) The number of segments as a function of the height of
the gel. Here, 𝑁∗

𝑠 is the number of segments crossing this specific Z-height. The number of segments are plotted
in time (from light to dark). c) Visualization of the segments in the network structure. The colors indicate 4
different slabs in the gel. Parameters in subplot d, e and f are plotted based on these slabs. Subplot d), e) and
f) show the length of the segments, connectivity of the network and number of segments in time. The different
colors correspond to the slabs indicated in subplot c). The black open markers indicate the average of these
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Importantly, these motions are observed during both the induction period
and the subsequent rapid-settling of the gel, but subside as the gel reaches its
final height (see Fig. 6.5a). Note that we have checked that this motion does
not arise due to mechanical drift of the sample as a whole. This is verified
by the fact that both particles at the top and bottom of the capillary stay
stationary in time.

This of course raises the question as to what may be the origin of these
large perpendicular motions. We hypothesize that these shear-like motions
arise due to the gel collapsing at slightly different rates at different locations
within the sample. Namely, if the gel collapses locally it will create regions of
high deformation within the sample. Due to the elasticity of the gel network
these localized “micro-collapses” are expected to create a large-scale elastic
deformation field. When the gel collapses slightly faster in one region of the
sample compared to a neighboring region, we expect the downward motion
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of this region to exert a sideways pull on the other region, essentially dragging
it down. Note that the emergence of large-scale motion, arising from elastic
relaxation of heterogeneous internal stresses, has been explored in various
studies [3, 28–32], yet so far, such anomalous motion has not been observed
directly on the single-particle level.

Conclusions

In this Chapter, we have studied the gravitational collapse of colloidal gels
in three dimensions on the single-particle level using confocal microscopy.
After a short delay time, the colloidal gel detaches from the top of the sample,
and a macroscopic interface emerges. The evolution of the height of the gel
is captured by the poroelastic model.

Our analysis of the gel network reveals that gel strands at the top of the
sample get significantly longer during the collapse of gel. This raises the in-
teresting question whether segments become longer due to fracture [33] of
side branches or because strands start to unwind and thus elongate [34, 35].
Furthermore, large-scale simulations pointed out that particles moving from
strands to junctions may trigger the onset of rapid collapse [14]. It would
therefore be informative to study what type of particle dynamics are respons-
ible for the observed changes at the top of the sample. We plan to study the
dynamics of these particles by taking very fast Z-stacks in the top region of
the sample.

Furthermore, variations in the time-dependent local height of the gel are
observed between similar samples – even when taking great care to ensure
similar solvent, particle and polymer composition. We hypothesize that these
variations originate from the gel interface being heterogeneous, i.e. the in-
terface might be much higher in certain regions of the sample than others.
An observation indicative of these inhomogeneities are the large-scale hori-
zontal motions observed during the collapse. We speculate that this motion
arises from the gel collapsing at slightly different rates at different locations
within the sample. Due to the elasticity of the gel network these localized
“micro-collapses” are expected to create a large-scale elastic deformation field.
A simple experiment that can test our hypothesis would be to quantify the
interface height at different positions within the same sample.

The emergence of large-scale elastic motion, due to the elastic relaxation
of heterogeneous internal stresses, has been explored in various studies [3,
28–31]. Recent research shows how the increasedmicroscopic dynamics of a
gel undermechanical loadweakens a gel network thousands of secondsbefore
its macroscopic failure [36]. Furthermore, concurrence of spatially localized
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microquakes with system-spanning macroquakes was reported for colloidal
gels during aging [31]. This suggests that the observedmotion during the col-
lapse of colloidal gels is a general phenomenon in the course of colloidal gel
failure.
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7General discussion

I n this thesis we study the microstructural dynamics of colloidal
gels, to learn more about the mechanical (in)stability of these
highly heterogeneous structures. Acquiring a basic understanding
of gel stability and failure on the microscopic level is crucial to

design gels that are more resilient against internal or external stresses. In
the previous Chapters, we quantified the microstructure of colloidal gels
in absence or presence of external fields. Specifically, we took a closer look
at phenomena such as fatigue, shear and gravitational collapse and studied
how the microstructure and network topology of particle gels alters due to
deformation or gravity. In this Chapter, we discuss the research in this thesis
in a broader context. Subsequently, we highlight some interesting directions
for further exploration.

The role of plasticity in colloidal gel failure
In Chapter 2 and 3 of this thesis we studied fatigue in colloidal gels. We
showed that strand rupture is preceded by significant plastic deformations
that cause irreversible lengthening and softening of gel strands. Plasticity
in the gel strands gives rise to the formation of weak spots or so-called neck-
ing regions. This mechanism of failure is observed for strands of different
lengths and thicknesses and for interaction potentials of different strength
and range. This suggests that plasticity in colloidal gel strands as a precursor
for failure is relevant for a wide range of colloidal systems.

So far, fatigue in colloidal gels wasmainly studied on amacroscopic scale,
for instance in colloidal gels made out of carbon black particles of which
the stress-strain response was followed using a combined rheometer and
ultrasound device [1, 2]. There has been one study where fatigue has been
attributed to erosion of the strand structure [3]. Yet, in this study strand
fracture is considered to be brittle, whereas our work shows that strands fail
in a ductile manner. That is, before failure plastic deformations cause the
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formation of weaker necking regions.
Chapter 2 and 3 of this thesis are some of the first studies to explain

fatigue at the microscopic level. As plastic events are also present in gels dur-
ing aging and when applying mechanical load [4, 5], this raises the question
whether the formation of necking regions is a mechanism through which
colloidal gels fail more often. A recent simulation study on the gravitational
collapse of colloidal gels, shows how particles in a strand move towards the
junctions of the network [6], which gives rise to the formation of a necking
region. Consequently, the gel strand gets weaker and will fail. When this
happens to many strands, a gravitational collapse results. We argue that the
formation of necking regions in colloidal gels is not limited to fatigue, but
probably also happens during gravitational collapse and even aging. Experi-
mentally, the formation of necking regions during aging can be studied with
the particle system utilized in Chapter 4, 5 and 6. Optimizing the density
matching in this systemwill make it possible to follow the three-dimensional
structure of a gel as it evolves in time. Furthermore, the shear setup described
in Chapter 5 is also suitable to experimentally study the evolving network
topology in colloidal gels during cyclic loading. Instead of applying shear in
one direction, the motorized actuator can reverse direction in an alternating
manner.

Extending the network topology analysis of colloidal
gels

In Chapter 4, we presented a method to map the complete topology of a
colloidal gel network. The topological structure is obtained by reducing
the network based on the particle coordinates and the connectivity of the
network. The final network topology is the mechanical backbone of the gel
which does not contain any dangling ends. During reduction, however, long
dangling ends can be quantified. In Chapter 5, we saw that depending on
the initial network topology shear can increase or decrease the number of
dangling ends. Therefore, it would be useful to determine all dangling ends
in the system, including short loose ends.

We showed how weak colloidal gels have more dangling ends compared
to stronger gels. Dangling ends are known to bemore flexible structures than
strands fixed between two nodes [7]. Yet, these flexible dangling ends are
not known to play a role in colloidal gel mechanics. However, as dangling
ends can form new connections in time, this raises the question how the
formation of these new connections changes the network’s stiffness [8]. It
would be very interesting to use the topologymethod to see how gels actually
form during the gelation process, and how the structure of a gel evolves as
the gel ages in time.

To study the evolution of the network structure it would also be benefi-
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cial to link strands and nodes in time. Now, it is possible to locate strands and
nodes, but it is not yet possible to follow their movement. This is essential
to study processes, such as local stress-relaxation, where single strands may
move or elongate. Thus, linking nodes and strands in time will complete
the picture of how the network structure of a gel alters during failure or
when stress is applied. An extended version of the method to determine
the network topology, as described in Chapter 4, would allow for such an
investigation.

In Chapter 3 of this thesis, the mechanical response of colloidal gel
strands is observed to depend on both the strand length and thickness.
This raises the question whether colloidal gels can also be described by a
bead-spring model, were complete strands in the network are represented
by springs. Bead-spring models with less than 6 springs per bead in three-
dimensions, so-called sub-isostatic networks, have proven to be a powerful
tool to study elastic networks composed of stiff biopolymers, like actin and
collagen [9–11]. It would be interesting to see whether these subisostatic
networks can also predict the rheological behaviour of colloidal gels.

Towards a systematic definition of shear deformation in
colloidal gels

In Chapter 5 we showed how the network structure of colloidal gels is af-
fected when shear is applied. From computer simulations and experiments
we see that the network structure densifies upon applying shear, as strands
start to fuse. Some papers, report densification upon shear as well [12–14].
Other papers, however, report completely opposite results. Here, the net-
work falls apart upon applying shear and the the number of neighbours per
particle goes down [15–17]. In one of these papers it is reported that during
shear the network is detached from the cone surface and yielding of the gel
is primarily induced by fluid drag and hydrodynamic interactions [16]. In
other words, wall slip makes it challenging to perform good rheology experi-
ments on colloidal gels.

In Chapter 5 we report that shear in the network is only obtained by
using non-slip boundaries. Otherwise, the gel will immediately slip and
detach from the glass plate, which results in plug flow. In simulations, of
course, applying shear is much more feasible. The definition of shear in
experiments, however, is poorly defined as instead of shear one could also
be looking at plug flow, creep flow or a combination of these effects. This
makes it difficult to compare experimental and simulation data, but also to
compare experimental data between scientific groups. Since colloidal gels are
weak in itself and often have fewer particles connected to the walls [1, 2, 18],
it is just a matter of time before a gel will eventually break from its bound-
aries [16, 19–21]. To reproduce and compare experimental data it is thus
important to quantify and report the applied deformation field, for instance
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by plotting the particle trajectories in time [16].

A general framework for mechanical instabilities
Processes such as fatigue, gravitational collapse, aging and syneresis in col-
loidal gels share common features. Here, we describe a few of these simil-
arities. Colloidal gels are out-of-equilibrium structures and will evolve in
time. In Chapter 2 and 3 we show how the number of bonds in colloidal
gel strands rapidly increase when a repetitive oscillatory deformation is ap-
plied. In this way fatigue is reminiscent of activated aging, i.e. a gel coarsens
quicker in time by applying an external force. It would be very interesting to
experimentally compare the evolution of the microstructre of colloidal gels
with and without external deformation.

Both aging and syneresis have been ascribed to rearrangements of
particles in the network due to stress relaxation. A recent study by Wu
et. al. shows that for small hydrostatic pressure differences - applied by
taking a scope out of a model mayonnaise system- a delay period is observed
before syneresis takes place [22]. This delay might coincide with the period
before the gravitational collapse of the particle gel. This raises the question
how these processes are intertwined and whether syneresis might be a con-
sequence of the gravitational collapse of particle gels. Similar questions arise
in the case when aging is followed by a gravitational collapse [23].

In Chapter 6, the gravitational collapse of colloidal gels is studied ex-
perimentally. During gravitational collapse, large-scale, cooperative motion
is observed in the direction perpendicular to the gravitational field. This
shear-like motion is induced by internal stresses in the gel and accelerates
gel failure. A recent study shows the occurrence of spatially localized micro-
quakes in aging colloidal gels [4]. It is too early to conclude thatmicroquakes
observed in aging are similar to the large-scale, cooperative motion observed
during gravitational collapse. However, studying whether these processes
are (inter)related would be highly relevant to design soft materials which are
mechanically (more) stable. A combination of confocal microscopy and scat-
tering techniques, such as diffusing wave spectroscopy (DWS), can increase
our understanding of both the microstructure and long-ranged dynamics of
gels during failure.

Multi-component gels

Although gels are out-of-equilibrium structures and hence manifest slow
aging dynamics they are still able to withstand large mechanical stresses. It
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Figure 7.1 – a) Three-dimensional reconstructions of a hybrid particle network of which the two independent
networks differ in strength. The total volume fraction of this gel equals 𝜙 = 0.25, the weak network has an
interaction strength of 5 𝑘𝐵𝑇 (purple) and the strong network has an interaction strength of 40 𝑘𝐵𝑇 (pink).
b) Phase diagrams for two different hybrid networks. The circle indicates the sample in subplots a and c. c)
Stress-strain curve of the deformation of a hybrid particle network. The double network is represented in gray,
whereas single network A and B are represented in pink and purple. Network A (40 𝑘𝐵𝑇 ) is stronger compared
to network B (5 𝑘𝐵𝑇 ). The yielding behaviour of the hybrid network is very similar to the strongest network.
Surprisingly, adding the weak network makes the double network stronger than a single network at a volume
fraction of 𝜙 = 0.25 and interaction strength of 40 𝑘𝐵𝑇 . In this way, combining weak and stronger networks
can be used to tune material properties.

is well-known that the toughness of a polymer gel can increase dramatically
upon combining a weak sacrificial network and a stronger network [24–27].
The question arises whether this is also the case for colloidal gels.

Formation of interpenetrating networks, or so-called bigels, hybrid net-
works or double networks, has been realised in experiments and simulations
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using DNA-crafted colloids [28–32], proteins [33], patchy particles [34],
micelles [35] and dipolar colloids [36]. In these cases, a specific interaction
makes it possible for particles of one type to bind to each other. At certain
positions in the phase diagram this allows for the formation of intertwined
networks. Just as for single particle networks, the number of particles of each
type must be high enough to get a space-spanning network. One can ima-
gine that there are regions in the phase diagram where one type of particles
forms a network, whereas the other type of particles just forms aggregates in
between.

Simulations where hybrid networks are strained show the break up of
the two intertwined networks into clusters [29]. This is very different from
the coalescence of particle strands as observed for a single network (Chapter
5). Two component gels appear to be stiffer at low strains, have a higher yield
stress and retain higher stresses at large deformations [29]. The proposed
microscopic mechanism for the increase in toughness of a interpenetrating
network would be that bigels prevent demixing. The repulsion between
particles of different types prevent the gel from complete failure.

A recent simulation study shows the difference in mechanical response
between single, double and three component gels [37]. Upon increasing the
number of networks, strands of the individual networks get thinner. Three
component gels are softer than their single and double component counter-
parts, however, they yield at larger strains. Ferreiro-Córdova and coworkers
showed that the microscopic rearrangements in three component gels are
much higher [37]. This is probably due to the steric repulsion between the
different networks, which forces the individual gel networks to restructure.

The formation of double or even three component gels opens up a wide
range of possibilities to designmaterials with differentmechanical properties,
such as stronger and tougher materials, which have applications in flexible
electronics and soft-robotics [38]. For these multi-component gels a wide
variety of parameters can still be investigated. What happens for instance
when you would apply repetitive oscillatory deformations to these multi-
component gels? Is the microscopic mechanism of fatigue different in these
networks? And what happens with the stress response of a double network
if we combine networks of different strength? Figure 7.1 shows preliminary
data of a hybrid network where two networks of different strength are com-
bined. Individually these networks will yield at different moments in time.
Yet, combining two networks of different strength permits to tune both the
strength, yielding behaviour and reversibility of the gel. Moreover, mapping
the network topology of double networks –using the method described in
Chapter 4 of this thesis– can elucidate the distinct network response in these
multi-component gels.
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Oppositely charged particle networks

Gelation of colloidal systems has been extensively studied for purely at-
tractive systems. Yet, gelation can also occur in systems where attractive
interactions compete with repulsive interactions. In these so-called binary
gels attractive interactions are caused by oppositely charged particles whereas
repulsive interactions are due to like-charged particles. Binary gel formation
has been studied before both in experiments and simulations using mixtures
of equally sized oppositely charged colloids [39–41]. Besides, it was shown
that long-ranged oppositely charged interactions can also be used to design
binary colloidal clusters [42].

A recent study by Diba and coworkers, shows how mixing oppositely
charged silica and gelatin nanoparticles results in the formation of self-
healing composite gels [43]. These colloidal gels are able to withstand
substantial compressive or tensile loads and show remarkable self-healing
after failure through cutting or shear. Oppositely charged particle gels are
therefore highly relevant to develop self-healing gels [44].

So far, binary gels have not yet been studied using differently sized
anionic and cationic particles. Even though gels are out of equilibrium
structures a charge ratio between the small and large particles might induce
local order in the network structure. Here, we show preliminary data of a
gel of cationic and anionic particles (see Fig. 7.2). The negatively charged
–anionic– particles consist of poly (methyl methacrylate) PMMA particles
with a poly (12-hydroxystearic acid) (PHSA) based stabiliser, whereas the
positively charged –cationic– particles consist of PMMA with a polydi-
methylsiloxane (PDMS) based stabiliser. Figure 7.2a shows that the cationic
particles (in blue) are larger compared to the anionic particles (in orange),
their sizes are respectively 2.4 and 1.4 𝜇𝑚. The structure of the gel results
from a balance between repulsive forces of like-charged particles and attract-
ive forces of oppositely charged particles. This gives rise to the formation of
a highly sparse network, where particles have a low number of connections.
We clearly see how cationic particles (in blue) act as branching points when
they are surrounded by three anionic particles (in orange). The gel shows
this local order, as the positive charge of the large particles is approximately
3 × higher compared to the negative charge of the small particles. The
stoichiometry of anionic and cationic particles also plays a major role in
whether a compact or fractal network will be obtained [30]. In this case the
stoichiometry between large and small particles equals 1:3.

UsingMonteCarlo simulationswe study the formationof clusters in this
system (see Fig 7.2). We determine the angle between two anionic particles
on one cationic particle and find well defined peaks. Upon increasing the
volume fraction we see how the peaks shift from a broad peak at 120 degrees
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Figure 7.2 – a) Three-dimensional reconstructions of Monte Carlo simulations of oppositely charged particles. b)
Confocal microscopy image of a gel formed from oppositely charged particles of different sizes (Experimental data:
Ruben Higler, Particle synthesis: Thomas E. Kodger). c) The used Yukawa potential for repulsion and attraction
between the cationic and anionic particles. d) Probability distribution of the angle between large cationic and
small anionic particles at different volume fractions. In this case the ratio in which the cationic and anionic
particles are present is 1:3.

towards a sharper peak at 60 degrees. At higher volume fractions these
clusters will form a percolating gel structure, as shown in the experimental
data and the three-dimensional reconstruction of the simulations.

Themechanical properties of these charge based networks, with different
size ratio and stoichiometry, have not been studied as such. Microstructural
dynamics of these oppositely charged particle gels might be very different
from colloidal gels studied in these thesis, as particle rotations could be
hindered due to charge effects. How these oppositely charged gels, consist-
ing of differently sized anionic and cationic particles, respond to mechanical
deformation remains an open question for future research.
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Internal stress and friction in colloidal gels

The work in Chapter 2 and 3 of this thesis shows how gel strands are plastic-
ally deformed upon repetitive oscillatory deformation. Naturally, this makes
one wonder whether particles rotate or slide during this deformation. The
recent development of eccentric colloidal particles now allows for the in-
vestigation of particle rotations in experimental systems. Eccentric colloidal
spheres, which for instance contain two differently labelled fluorescent
cores, provide not only the center of mass but also the local orientation of a
particle [45]. So far, rotational dynamics of particles has been investigated
for fluids and crystals [45, 46], but not yet for gels. Quantifying the emer-
gence of friction is essential to understand particle dynamics in colloidal
gels. An interesting experiment would be to stretch colloidal gel strands
of these eccentric spheres using optical manipulation tools, to determine
whether particles in the gel are rolling or sliding with respect to each other.
Experimentally stretching bulky colloidal gel strands, like the simulations
in Chapter 2 and 3 of this thesis, would be interesting to detect additional
modes of deformation with respect to stretching single particle chains [47].

More and more simulation studies are performed to understand the
role of sliding and rolling friction in colloidal gels [48, 49] and suspen-
sions [50, 51]. Recently, it was shown that shear thickening in suspen-
sions is due to the formation of a frictional contact network between
particles [52, 53]. Friction between particles is not only relevant for colloidal
gels and suspensions, but also for granular matter and frictional glasses. A
simulation study by Nguyen and coworkers, shows how hindered particle
rotations affect the gel morphology of colloidal gels [48]. When particles
can rotate freely they form densely packed gels. When rotation dynamics
are hindered, however, this leads to more diffuse networks. These gels are
generally also stiffer. The development of eccentric colloidal particles opens
up a wide range of opportunities to study rotational motion of colloidal
particles in arrested networks. This will give new insights into particle dy-
namics during gravitational collapse, fatigue and shear.

Optical tweezers have been used to study micromechanics in gel net-
works and single particle chains [47, 54, 55]. In this thesis, the microstruc-
tural response of colloidal networks has been studied by applying external
fields. However, we know that processes such as aging and syneresis are due
to internal stresses in the gel network. This raises the question how these
internal stresses in colloidal networks are dissipated. Computer simulations
of simplified networks, by Bouzid and coworkers, show a long ranged elastic
response when a rupture event takes place. This response extends over sev-
eral network meshes [56]. However, the effect of these internal stresses on
the network topology of gels, has not yet been studied in experiments. Here,
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t = 0 s t = 167 s t = 333 s

Figure 7.3 – Confocal images of a colloidal gel at a volume fraction of approximately 𝜙 = 0.15 and a polymer
concentration of 7.2 mg/mL. A trapped particle with an diameter of 2.8 𝜇𝑚 is indicated in pink. The optical
trap moves in an oscillatory fashion along the green line at a speed of 200 nm/second. The scale bar equals 10
𝜇𝑚 (Setup and Software development by Arran Curran, University of Oxford).

we show a first proof-of-principle to execute such an experiment. Moving
an optical trap through a colloidal gel in a linear oscillatory fashion ruptures
the gel from the inside (see Fig 7.3). At the same time Z-stacks are recorded,
to obtain three dimensional data around the point of rupture. The particle
system is the same as used in Chapter 4,5 and 6 of this thesis. However,
as this system is index and density matched a very small amount of larger
polystyrene beads (2.8 ± 0.04 𝜇𝑚, microparticles GmbH), which can be
trapped by the laser, are added. The network topology algorithm described
in Chapter 4 of this thesis can be used to study the precise network response.

Following the stress response of these networks in time will give us
more information about how the network copes with internal stresses.
Questions, such as at which length scales the network is affected and how
stress-relaxation becomes different in gels with higher volume fraction or
larger interaction strength are highly relevant to understand the dissipation
of internal stresses in colloidal gels. Moreover, it will increase our under-
standing of how the network topology evolves as a consequence of internal
strand rupture.

Outlook

In this Chapter we described how future research can further boost our
understanding of the structure-function relationship of colloidal gels. We
discussed unresolved questions for multi-component gels and oppositely
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charged networks. Besides, we considered quantifying internal stresses and
friction to complete the picture of stress relaxation and rotational dynamics
in colloidal gels. This knowledgewill promote the development of new types
of particle gels which are more stable, can self heal or are more resilient to
fatigue.
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Summary

I n this thesis, we study the structure-function relation of colloidal
gels, a class of soft materials. We combine simulations and exper-
iments to obtain insights into the microstructural response of col-
loidal gels in the presence or absence of external stress. Specifically,

we take a closer look at processes such as fatigue, shear and gravitational col-
lapse and studyhowdeformationor gravity affect themicrostructure andnet-
work topology of these particle gels. We employ a recently developed particle
system, which can be index- and densitymatched using non-hazardous polar
solvents, to image large volumes of colloidal gels. This confocal microscopy
data allows us to determine the network topology of these particle gels us-
ing a topology mapping algorithm described in this thesis. Simultaneously,
we perform simulations to obtain a better understanding of changes in the
network topology of colloidal gels during deformation.

In Chapter 2 we study fatigue in colloidal gels by combining experi-
ments and computer simulations. Repetitive loading of a soft solid leads to
microstructural damage that ultimately results in catastrophic material fail-
ure. Even though fatigue poses a treat to the stability of virtually all materi-
als, themicroscopic origins of fatigue, especially for soft solids, remain elusive.
Our results reveal howmechanical loading leads to irreversible strand stretch-
ing, which builds slack into the network that softens the solid at small strains
and causes strain hardening at larger deformations. We thus find that micro-
scopic plasticity governs fatigue at much larger scales. This gives rise to a new
picture of fatigue in soft thermal solids and calls for new theoretical descrip-
tions of soft gel mechanics in which local plasticity is taken into account.

To further investigate the role of plastic deformation prior to gel strand
failure, in Chapter 3, we analyse whether plasticity is generally present in
gel strands of different thickness and length. Our simulations show that re-
arrangements of particles within the strands leads to plastic lengthening and
softening, which may ultimately lead to strand necking and ductile failure.
This failure mechanism occurs irrespective of the thickness and length of the
strands and the range and strength of the interaction potential. Here, rup-
ture is observed to bemore likely for long and thin strands andwhen the well
width of the interaction increases.
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In the following chapter, Chapter 4, we shifted our focus from single
gel strands to the full network structure of colloidal gels, as mechanics of soft
colloidal gels is determined by the network topology of the underlying rigid
network. However, it is very challenging to quantifying this heterogeneous
structure. In this Chapter, we describe an algorithm that reduces a colloidal
gel to a network consisting of nodes and strands, which allows us to map the
complete topology of the gel – both in experiments and simulations. Col-
loidal gels are quantified based on the number and coordination of nodes and
the number, length and thickness of the segments. The describedmethod al-
lows for themapping of the network topology of gels with differentmorpho-
logies. For experimental and simulated gels, remarkable topological resemb-
lance is shown. The developed topological mapping algorithm opens up a
wide range of possibilities to study colloidal network physics in more detail.

In Chapter 5 we strived to apply the algorithm presented in Chapter 4
to colloidal gels under shear. Understanding the microstructural rearrange-
ments in the yielding transition of colloidal gels is highly relevant to under-
stand the initiation of flow and deformation in food products, paints and
coatings. Yet, it is still unexplored how the network topology of gels affects or
is affected by yielding. Here, we investigate the yielding transition in colloidal
gels both in simulations and experiments. We examine different gel topolo-
gies, formed at varying interaction energies and volume fractions. Upon in-
creasing strain, the number of segments in the gel rapidly decreases, whereas
strands in the network become thicker. Simulations reveal that close to per-
colation applying shear increases the connectivity of the network. This is due
to dangling ends in the networkwhich can formnew connections. Networks
at higher volume fraction, on the other hand, decrease in connectivity due to
the applied deformation. These results show how the gel topology evolves
during shear deformation.

In Chapter 6, we study another type of mechanical instability in col-
loidal gels, namely, the collapse of a colloidal gel due to gravity. Using con-
focal microscopy, the gravitational collapse of colloidal gels is followed at
the single-particle level. After a short delay time, the colloidal gels are ob-
served to detach from the top of the sample chamber and a macroscopic in-
terface appears. The sedimentation dynamics of this interface are governed
by poroelastic compression of the gel that lies beneath. Large-scale collective
motions in the direction perpendicular to the gravitational field, induced by
an imbalance of internal stresses in the gel, lead to shear deformation in the
network that accelerate gel failure. These motions are present both during
the induction period and subsequent rapid-settling stage of the gel, and sub-
side as the gel reaches its final height. These results highlight that not only
external stresses, but also internal stresses play a crucial role in the failure of
these heterogeneous networks.

Finally, in Chapter 7, the general discussion, we place our findings in a
broader scientific context and give an outlook on future colloidal gel research.
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