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1Project objectives
1. Develop a numerical simulations approach to study syneresis in colloidal gels.

2. Identify the variables (microscopic and/or collective) controlling extent and rate 
of gel shrinkage. 

3. Use control variables to manipulate gel evolution. Devise strategies to reduce, 
eliminate, or enhance syneresis.

4. Investigate relationship between syneresis and delayed collapse or 
consolidation, to achieve a comprehensive understanding of particle gels 
instabilities. 

Feedback with experimental and industrial partners
Experiments: Jan Vermant, Lilian Hsiao…



2Motivation
• What are the variables controlling the extent and the rate of the gel shrinkage?

• Interparticle contacts evolve and 
age, under different environmental 
conditions. 

• Key unknown: changes in the 
particle contacts and in the forces 
acting on them translate into stress 
redistribution triggering changes in 
the gel structures at larger scales. 

A. Smith et al., 
ACS Nano 2024

• Microscopic simulations to disentangle dynamical processes at the particle-
level (single bond-breaking or forming) and large scale reorganization at level 
of the network structure (gel shrinkage).



3General concept and workflow
• Build model gel structures representative of 

experimental systems. Coarse-grained models. 

• Non periodic boundary conditions  to introduce 
confinement and surface effects.   

• Prepare stress structures with specific stress states and heterogeneities. Have 
interparticle contacts and particle-walls contacts evolve over time. 

• Analyze changes in local stresses, dynamical processes, structural evolution 
over time. Identify underpinnings of shrinkage and contraction.

microstructure

boundary

stress
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scales and interaction ranges measured in experiments,
they are intrinsically mean field in nature and do not
include aspects of the particle surfaces that can become
important once the particles are in close contact, a regime
important for gel formation.

In many real materials, the particle surfaces are not
smooth or homogeneous (see cartoons in Fig. 1). When
particles with surface irregularities or aggregates of par-
ticles come in contact, the surface roughness or a local
deformation can lead to the interlocking of the surfaces
(see Fig. 1 (a)). In some cases, surface irregularities are
present in the form of surfaces patches that behave as
specific binding sites (Fig. 1 (b)). In other cases, col-
loidal particles are sterically stabilized by adsorbed or
grafted polymer chains (Fig. 1 (c)), which can hinder
relative sliding or rotation. The same can happen for
compact aggregates of irregular shape or fractal-like flocs
with reduced connectivity. All these di↵erent cases can
lead to an e↵ective bending rigidity of parts of the gel
structure, as the gel self-assembles. There is evidence of
these phenomena from confocal microscopy images in ex-
periments, showing that local coordination of particulate
gels can be limited to 2-4 contacts even when there is not
a clear fractal characteristics of the gel structure. Optical
tweezers experiments have proven that strands of aggre-
gated colloidal particles can sustain finite torques, and
it has been recently shown that the mechanical contacts
between colloidal particles can be solid-on-solid contacts,
which sti↵en over time [3, 4, 42–45].

FIG. 1. Di↵erent examples of particle contacts that can give
rise to bending rigidity in colloidal gels: (a) Particles with
rough surfaces get interlocked. (b) Heterogeneous surface
patches lead two particles to stick at specific sites. (c) Rel-
ative rotation of particles with surfaces grafted by polymer
chains in close contact can be hindered by the chain overlap.

A physical model for computer simulations that has
the goal to gain new insight into the gel mechanics and
the underlying microscopic mechanisms should include
these possible e↵ects. However, to be able to e↵ectively
perform large scale simulations and extended spatio-
temporal analysis of microscopic processes, one would
like to avoid a fully atomistic description of the parti-
cle contacts. With this in mind, we have introduced a
class of microscopic models for soft particulate gels that
features a short-range attraction, similar to the one pre-
dicted by several theories of colloidal interactions, and an
additional term that depends on the angle between parti-
cle bonds, to include the energy costs associated with the
constraints of the particle relative motion imposed by the
nature of the surface contacts [19, 34, 35, 46]. In previous
studies, we have shown how this approach can help to un-

derstand the microscopic origin of the complex relaxation
dynamics [19, 34, 35], aging [24] and mechanical response
[25, 36–38, 47] in colloidal gel networks. Theses stud-
ies have demonstrated that the dynamical and mechani-
cal properties in these materials emerge from mesoscale
structural characteristics of the gel networks, providing
an explanation to the observation of common traits found
across di↵erent materials. Recent numerical studies from
di↵erent groups have also confirmed that including simi-
lar constraints, in addition to the attraction strength and
range that can be justified with existing theories of col-
loidal interactions, is essential to properly reproduce the
characteristics of the mechanics of soft particulate gels
[29, 48–55].

A. Numerical model

The model consists of N identical particles each of di-
ameter d, and described as point-like, whose coordinates
are {ri}, with i = 1, ..., N . They interact via a potential
energy [24, 25, 34]:
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where rij = rj � ri is the vector separation between two
particles i and j, " is the depth of the attractive well in u2,
used as unit energy in the simulations. For colloidal sus-
pensions, the value of d is generally in the range 10�100
nm and " ' 1� 100 kBT [2, 3], where kB and T indicate
the Boltzmann constant and the room temperature.
The two-body term u2 in Eq. (1) is a Lennard-Jones

(LJ) like potential, and is a combination of a repulsive
core and a narrow attractive well. For particles sepa-
rated by a distance r (here and in the following, distance
is expressed in units of d), it is written in the form:
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for computational convenience. The values of the expo-
nents 18� 16 in this generalized LJ form have been cho-
sen to produce a short range attractive well (less than
1.5 particle diameters, with a minimum rmin ⇠ 1.06d),
which is plotted in Fig. 2 (a).
The three-body term u3 in Eq. (1) represents the

angular repulsion (directional interaction) which con-
straints the possible configurations of particles bonded to
a central one, providing bending rigidity to inter-particle
bonds r and r0 departing from the same particle (see Fig.
2 (b)). The functional form of this term has been imple-
mented, again considering computational e�ciency, as:
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4Year 1:  Fall 2024 – Spring 2025
• Gel structures with smooth particles and rough particles

Prepare stress structures with specific stress states and heterogeneities

• Introduce walls and confinement. 
Smooth/rough boundaries, 
short/long-range interactions. 

A. Goyal et al., 
JPPC 2020

• Connection with Hsiao and Vermant experiments.

• Quantify rearrangements, changes in 
network topology.  NAR spatial maps. 
Correlations with syneresis.  



5Year 1 – Solid contact models

a

Hertz contact + 
surface forces 
DMT-model for 
cohesive grains 

contact 
area

Hertzian 
contact + 
adhesion 
(JKR)

Surface roughness: sliding and rolling friction

Derjaguin, Muller, Toporov, J. Colloidal and Interface Sci. 53 (1975)
Johnson, Kendall, Roberts, Proc. R. Soc. Lond A. 324 (1971)

Volume fractions 10-30%, varying adhesion strength, varying gelation kinetics.
 Characterization of stress distributions, with different model interactions. 



Year 1 – Structures and stress heterogeneities 6

DMT JKR 

Similar parameter 
choices, different 
coexistence of 
compressive and 
tensile stresses. 
 

Increasing 
adhesion 
strengthIncreasing 

volume 
fraction



7Year 1 – Work in progress 

Introduce walls and confinement:
• Stress structures with specific stress states and 

heterogeneities, with confinement and different particle-wall 
interactions: what is the impact on syneresis tendency? 

• Interparticle contacts and particle-walls contacts evolve 
over time.

Design of tests to establish tendency to 
syneresis:
• Scan internal stresses and remove bonds 

where stresses are higher: does this 
trigger syneresis? 

• Release the fixed volume constraint: 
   does the gel shrink? 

a b

cd

Bouzid et al., Nature Comm. 2017



8Year 2
Syneresis reduction strategies: 

• Relax internal stresses and reduce stress heterogeneities through cyclic 
deformation. Create more mechanically stable configurations. Mimic ultrasound 
(Hsiao). 

• Introduce fillers and produce interpenetrated networks. 

ment is not due to the aggregation of the nanofillers in the
composites (see Supporting Information).
The robustness of our experimental results points toward a

general reinforcement mechanism with a common microscopic
origin. To access the changes in the microscopic structure and
dynamics of the gel network induced by the nanofillers and to
probe the role of the filler−matrix attraction for the
reinforcement, we perform three-dimensional molecular
dynamics (MD) simulations of spherical nanofiller particles
embedded in a model coarse-grained gel matrix composed of
gel particles (see Numerical Methods). For attractive filler-gel
systems, the simulations confirm the strong increase in the
storage modulus at a low nanofiller volume fraction observed
in the experiments. The functional form of the reinforcement
remains similar over a range of nanofiller sizes, gel
concentrations, and polymer−filler attraction strengths, in
agreement with the experimental results. The strength of
reinforcement increases with increasing attraction strength,
while it decreases slightly with increasing polymer concen-
tration and increasing nanofiller size, as shown in Figure 2B. In
all attractive systems in both experiments and simulations, the
reinforcement is much stronger than the one predicted by the
Guth−Gold model, which adapts Einstein’s equation for the
volume fraction dependence of the viscosity of hard-sphere
suspensions to describe the modulus of composite gels
accounting for filler−filler interactions,35 and by an effective-
medium formulation of the Krieger−Dougherty equation,37 as
shown by the dashed lines in Figure 2. For repulsive filler-gel
systems, in contrast, the composite gel exhibits a reinforcement
occurring at larger nanofiller volume fractions that is well-
described by the Guth−Gold model and by the extension of
Krieger−Dougherty’s equation to gels (Figure 2B). Impor-
tantly, neither the attractive filler-gel systems in the MD
simulations nor the experimental results can be described by

these models. These findings not only confirm that the
attractive interactions between the nanofillers and the gel
matrix are key for the low volume fraction reinforcement
observed here but also strongly suggest that the attraction
changes the nature of the reinforcement mechanism.

Local Gel Density and Characterization of Densified
Shell. To probe the changes induced by the nanofillers in the
hydrogel matrix, we measure the local gel density around each
nanofiller of radius rf in layers of thickness ΔR varying between
0.8rf and 1.6rf in simulations. When the filler-gel interactions
are attractive, we observe a densification of the gel around the
nanofiller, characterized by a region that we denote as “shell”
where the density is higher than the average gel density, as
shown in Figure 3. The maximum thickness ΔRmax, beyond
which the gel density approaches that of the average gel
density, provides an estimate of the shell thickness δ, which we
find to be δ ∼ 1.4rf. The shell forms at any nanofiller volume
fraction, including at nanofiller fractions below the onset of
reinforcement, and its thickness is independent of ϕf (Figure
3B). For repulsive filler−matrix interactions, however, such
densification does not occur, and we observe a slight depletion
of the gel close to the nanofillers. These findings confirm that
in the attractive composites the nanofillers induce a local
change in the hydrogel matrix at low nanofiller volume
fractions. In the experiments, the attractive interactions
between the nanofillers and the hydrogel matrix are likewise
expected to lead to an increased number density of polymer
chains close to the nanofillers. Combined with gelation, the
formation of a bound layer of polymer around the nanofillers
then leads to a local increase of the hydrogel density. Strong
reinforcement is observed for nanofillers whose radius is larger
than or comparable to the gel mesh size. Below a certain ratio
of nanofiller radius to gel mesh size, we do not observe strong
reinforcement, suggesting that as the nanofillers become too

Figure 2. Generic reinforcement in attractive filler-hydrogel systems. (A) Reinforcement of the normalized storage modulus G′/G0′ of
agarose (blue), gelatin (green), and polyacrylamide (wine) hydrogels by polystyrene nanofillers of radius rf = 20 nm (▼), 100 nm (▲), 250
nm (●), and 500 nm (⧫). (B) Reinforcement obtained in simulations for attractive filler-gel systems of attraction strength 1ϵ in a gel of
concentration ϕgel = 0.10 containing nanofillers of diameter df = 1.6d (black, ▶), in ϕgel = 0.1 containing fillers of df = 2d (black, ●), in ϕgel
= 0.075 containing fillers of df = 1.6d (blue, ▶), for attractive filler-gel systems of attraction strength 0.1ϵ in ϕgel = 0.1 containing nanofillers
of df = 1.6d (open, ▷), and for repulsive filler-gel systems in a gel of concentration ϕgel = 0.10 containing nanofillers of df = 1.6d (gray, ■). ϵ
is the unit energy in the simulations corresponding to the attraction strength between gel particles in the network (see the Numerical
Methods). Inset: Snapshot of the simulation for ϕf = 0.017. The blue spheres represent the nanofillers; the gray segments denote the gel
network. The reinforcement of all of the attractive systems is stronger than that predicted by the Guth−Gold model (dashed line) and the
Krieger−Dougherty model (dotted line). A two-step reinforcement model describes the strong reinforcement (solid lines); details of the
model and fit parameters are given in the Supporting Information. G0′ denotes the storage modulus of the gel without nanofillers.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c00716
ACS Nano XXXX, XXX, XXX−XXX
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I. Dellatolas et al., 
ACS Nano 2023 M. Mugnai, R. B. Tchuenkam , EDG 

PNAS 2025



Figure 5: Final Configuration for 8000 monodisperse particles and Bog ⇡
500, 5000, 104, 105. Particles were placed randomly and given random initial velocities

up to v = 0.1m s
�1
. Strong cohesion is required to support low density structures. For

Bog = 500, some particles still bounce of the free surface, but the bulk has settled.

Particles are colored by depth for better visualization.
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9Year 3

• Initiate syneresis, collapse, and consolidation in the same 
structures by changing interactions in the bulk and at the walls. 

• Compare control variables, microscopic 
changes, precursors, and dynamics.  

Syneresis, delayed collapse, and consolidation

• Implications for macroscopic behavior, 
rheology to propose rheological 
diagnostics. 



Vinutha H. A., post-doc
Georgetown University

Thanks to 

Logan Bayer, grad student
Georgetown University


