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Master 2 internship proposal

Physique et MØcanique des Milieux HØtØrogŁnes

Contact: David Richard
@: david.richard@espci.fr

Internship location: Laboratoire PMMH

Constrained optimization as a toolkit to study the self-assembly and
mechanics of adhesive suspensions

Adhesive particles dispersed in a suspension can self-assemble into a rigid percolating gel network. Gels
are ubiquitous from protein assembly and colloidal suspensions to cement hydrates. Their structure
and mechanical properties are known to strongly depend on their formation history through particle-
to-particle interactions and external driving including among others: repulsion and attraction strength,
�ows, activity, and hydrodynamic forces. In the regime where long ranged electrostatic repulsion is
screened and van der Waals forces are strong, such as in saline and turbid suspensions, frictional solid-
solid contacts can form between particles, hindering relative sliding and rolling motion. Friction is
known to a�ect the gelation kinetic, where a network can form and freeze within seconds for micron
size particles. Moreover, contact aging can translate into a time-dependent elastic modulus and yield
stress. On the numerical side, modeling the gelation of strongly adhesive suspensions is notoriously
di�cult as solid-solid interactions are quite sti� � they vary over the nanometer scale while particles are
micron-sized. In order to probe the limit of strongly adhesive frictional particles, during this internship,
we propose to develop a novel algorithm to model the 3D aggregation of Brownian colloidal particles
with hard constraints, translating into stochastic trajectories on a dynamical manifold. This work
will include the use of standard particle based methods as well as constrained optimization algorithms.
Together, we will study how sliding and rolling friction impact the gelation kinetic, the network forming
architecture, and its mechanical properties.

Colloidal gels (a) Confocal image of a colloidal gel. (b) Schematic of an optimization problem with equality and
inequality constraints. In this project, constraints will be geometrical such as the relative rolling between two particles.

(c) Simulation snapshot of a 3D gel.

Expected skills: the applicant has good computing skills and a taste for statistical physics, mechanics
and soft matter.



Master 2 internship proposal

Physique et MØcanique des Milieux HØtØrogŁnes

Supervisors: R. Godoy-Diana, B. Thiria
Contact: ramiro@pmmh.espci.fr , bthiria@pmmh.espci.fr
Web: https://www.pmmh.espci.fr/Biomimetics-and-Fluid-Structure-Interaction
Internship location: PMMH laboratory, ESPCI Paris-PSL, Jussieu Campus, 7 Quai Saint Bernard,
75005 Paris, France. Map:https://www.pmmh.espci.fr/?Contact-357

Bio-inspired undulating tapered foils and the acoustic black hole
Undulating plates have been at the center of several research e�orts aimed at understanding �apping
based propulsion such as �sh swimming or insect �ight. In past work in our group, we have shown
that �uid dissipation allows a �exible swimmer actuated at the head to generate travelling waves [1].
In this case, the surrounding viscous �uid damps the elastic wave as it propagates along the swimmer
and thus mitigates the re�ection at the tail of the swimmer. However, while the dissipation prevents
standing wave formation, it also leads to a low beating amplitude of the tail of the swimmer, which
limits the its propulsive performance. Another passive approach to create travelling �exural waves in
�nite-size elastic structures has been suggested [2] using a tapered shape where the plate thickness
decreases towards the free end (the tail of the swimmer). When the plate thickness decreases, the
elastic wave speed decreases too and goes to zero in the limit of the zero-thickness plate tip, leading
to a region where waves are trapped. This phenomenon is referred to as an acoustic black hole (ABH)
due to the analogy with celestial black holes.
The goal of the internship is to examine this problem experimentally in a hydrodynamic channel
using �exible plates with di�erent tapered pro�les and bending rigidities, actuated at the head by
pitching oscillations of the support axis (see Figure). Force measurements coupled to tracking of the
foil deformation kinematics will be used to investigate how the propagation properties of the elastic
wave along the plate is linked to propulsive force production.
A future PhD subject related to �uid-structure interactions inspired from this problem can be envis-
aged.
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A. Hydrodynamic channel at PMMH � B. Foil actuation and force measurement setup �C. Example of a
tapered foil with thickness decreasing toward the free end.

References
[1] S. Ramananarivo, R. Godoy-Diana, B. Thiria, J. Roy. Soc. Interface (2013), doi:10.1098/rsif.2013.0667 and EPL
(2014), doi:10.1209/0295-5075/105/54003.
[2] E. Demirer et al. J. Fluid Mech. (2022), vol. 944, A19, doi:10.1017/jfm.2022.470

Expected skills: A background in physics, �uid mechanics, and a taste for experimental research.



Stage de recherche de Master 2

Physique et MØcanique des Milieux HØtØrogŁnes

Contacts : JosØ Bico (jbico@espci.fr), Benoit Roman (benoit.roman@espci.fr), Virgile ThiØvenaz
(virgile.thievenaz@espci.fr)
Lieu : Laboratoire PMMH, barre Cassan A, campus Jussieu, 7 quai Saint Bernard, 75005 Paris

Des glaçons qui craquent

Lorsqu’une goutte d’eau frappe une surface froide, elle s’Øtale et gŁle simultanØment [1]. Une plaque
de glace d’une centaine de microns d’Øpaisseur se forme, et continue à se refroidir. Pendant ce temps
l’eau encore liquide se rØtracte sur la glace. En refroidissant, la glace se contracte; si la surface est
su�samment froide, la contraction est telle que la plaque de glace �nit par craquer [2]. Le motif des
fractures varie amplement avec la tempØrature et l’Øpaisseur de la glace.
DØterminer la direction de propagation de �ssures est une question encore ouverte si le milieu n’est
pas homogŁne (ici la plaque n’a pas la mŒme Øpaisseur partout). Cette propagation pourrait suivre
des lois analogues à celles de la rØfraction en optique, mais cela n’a pas encore ØtØ dØmontrØ. Le but
de ce stage est de monter un dispositif expØrimental simple, de rØaliser des expØriences dans di�Ørentes
conditions, et de caractØriser la gØomØtrie de ces motifs de craquelure par analyse d’image dans le but
de mieux comprendre les chemins de rupture, en testant l’analogie avec l’optique gØomØtrique.

Gouttes gelØes fracturØes par le froid. À plus basse tempØrature (droite), les fractures sont plus nombreuses.

Bibliographie
[1] V. ThiØvenaz, T. SØon et C. Josserand, Journal of Fluid Mechanics 874, pp756�783 (2019)
[2] E. Ghabache, T. SØon et C. Josserand, Physical Review Letters 117, 7, 074501 (2016)

Pro�l : Convient pour quelqu’un ayant le goßt des expØriences, des images et des glaçons.



PhD proposal

Physique et Mécanique des Milieux Hétérogènes

Contact: Stéphane Perrard & Jishen Zhang
@: stephane.perrard@espci.fr
PhD opportunity : yes

Internship location: Laboratoire PMMH

Oscillating in Turbulence

In hydrodynamic turbulence, tremendous research e�orts have been devoted to the study of �ow
structures of small size compared to the forcing scale. Less is known on the dynamics of the large
scale structures, i.e. the ones that are larger than the energy injection scale. These large scales
structures contain an important part of the �ow energy and matter for wind farms or stability of
structures (buildings or trees). Several recent predictions on the spatio-temporal correlations of
velocity �uctuations exists [HJY17, Can22], but have not been tested experimentally.

This master internship aims at developing an original technique to characterise large scales structures
in turbulence, from a laboratory prototype to �eld measurements. The main idea is to implement
controlled coarse-grained measure of turbulence by using the motion of an inertial objects in �ow. To
do so, we will use a pendulum, made of a thin plate attached to a wire, and study its dynamics when
immersed in a turbulent �ow. We will typically describe the dynamics by a forced oscillator :

@tt � + �@t � + ! 2
0 sin � = aT (t); (1)

where� is the inclination angle of a pendulum,� the damping coe�cient, and ! 0 the natural pendulum
angular frequency. We have recently shown that this equation describes successfully the dynamics of a
pendulum, from laboratory scale to entire facade of buildings [ZP23]. A description of the acceleration
aT exerted on the pendulum by the turbulent �ow, however, is still lacking. The goal is to extract
the forcing term from the motion of one, or many pendulum oscillating. The experiments will be �rst
developed at the laboratory scale, and then methods to measure turbulent �uctuations outdoor at
larger scale will be explored. One possibility is the use of a cellphone chain as integrated gyrometer-
accelerometer devices to achieve instantaneous measurements of oscillation angles in the �eld.

References

[Can22] L. Canet. Functional renormalisation group for turbulence. J. Fluid Mech., 950, 2022.

[HJY17] G. He, G. Jin, and Y. Yang. Space-time correlations and dynamic coupling in turbulent �ows.
Ann. Rev. Fluid Mech., 49, 2017.

[ZP23] J. Zhang and S. Perrard. Large-scale turbulent pressure �uctuations revealed by ned kahn's
artwork. ArXiv , arXiv:2307.13806v2, 2023.

Expected skills: The project is primarily experimental, with some modeling of ordinary di�erential
equations to describe the temporal evolution of inertial objects immersed in a turbulent �ow.



Master 2 internship proposal

Physique et Mécanique des Milieux Hétérogènes

Contact: Philippe Marcq philippe.marcq@espci.fr https://blog.espci.fr/pmarcq/
Anne Mongruel anne.mongruel@sorbonne-universite.fr

Internship location: Laboratoire PMMH, Jussieu campus
This internship can be followed by a thesis.

How do tubular stalactites form?

Tubular, or �soda straw� speleothems [1] are often observed in limestone caves (Fig.(a) ), thanks to the
precipitation of calcium carbonate CaCO3 in a natural environment. However, the very long timescales
involved often make their study impractical (typical growth velocity 100� m:yr � 1 !).
A much faster analogue system of stalactite formation has been designed and investigated in the lab.
It uses instead a saturated solution of liquid strontium hydroxyde Sr(OH)2, dripping in an atmosphere
containing gaseous CO2, and forming centimeter-scale pendant elastic shells with a tubular shape
within a few hours by precipitation of solid strontium carbonate SrCO3 at the interface with the
atmosphere (Figs.(b) and (c) ).

(a) (b) (c)
Figure: (a) Cave labeled with the six most common types of speleothems: �owstone, columns, drapery, stalagmites,
stalactites and �soda straws� (Source: Wikipedia). (b) Snapshot of the dripping �ow. (c) Successive segmented
snapshots (� t = 13 min). Scale bar: 5 mm

The goal of this internship is to understand quantitatively the growth of in-lab tubular stalactites,
using a combination of data analysis, analytical and numerical tools.
Two broad research questions may be considered, depending on the intern's interests and preferences:

ˆ what determines the shape of the pendant elastic shells?

ˆ what determines their growth velocity?

as a function of relevant physical parameters: injection �ow, injection needle diameter, CO2 concen-
tration, CO 2 di�usion constant, strontium hydroxyde viscosity, strontium carbonate sti�ness, etc.
[1] National Speleological Society's web page on soda straws

Expected skills: The project requires both analytical and computational skills, as well as a strong
desire to collaborate with experimentalists.



Master 2 internship proposal

Physique et Mécanique des Milieux Hétérogènes

Contact: Severine Atis
@: severine.atis@cnrs.fr
PhD opportunity : yes

Internship location: Laboratoires PMMH /Pprime

Radial crack propagation in thin protein �lms

Crack patterns are ubiquitous in natural and man-made materials. Impacts on brittle surfaces can
generate radially extending cracks as can be typically observed on broken windows. In soft materials,
such as biological tissues or bio�lms, the deformation preceding the propagation of a crack can be
consequent and strongly alters the fracturing process. When suspended in a solution, proteins can
spontaneously assemble and form cohesive elastic structures. In cow milk for instance, proteins
naturally accumulate on the surface and form thin elastic �lms suspended on top of the �uid. We
recently discovered that remarkably symmetric crack patterns can occur in these protein �lms when
they are stretched out by a radial �ow.

The origin of these radial patterns are not well understood. In this internship, we will develop an
experimental setup to generate cracks in milk protein �lms with Marangoni �ows. Using high-speed
cameras and tracking methods, we will investigate the fracture dynamics by monitoring crack path se-
lection and scaling properties of the observed patterns. We will aim at identifying distinct propagation
regimes observed in the experiments by varying the �lm intrinsic properties and �uid �ow forcing. A
simple model, based on the competition between elastic energy and dissipation will be developed in
parallel.

Examples of radial crack patterns observed in thin cow milk protein �lms. The �lm is suspended on the surface of a)

whole, b) half-skimmed, and c) skimmed milk. In this example, the Marangoni �ow is generated by depositing a

surfactant on the surface of the �uid with a Q-tip.

Expected skills: The project is experimental with some theory.



Master 2 internship proposal

Laboratoire de Physique et Mécanique des Milieux Hétérogènes

Contact: Sylvain Patinet / @: sylvain.patinet@espci.fr / Phone: (+0033) 01 40 79 58 26 / Web:
https://blog.espci.fr/spatinet/

Internship location: barre Cassan A, campus Jussieu, 7 Quai Saint Bernard, 75005 Paris

Wise and E�cient Sampling of Plasticity using Atomistic Simulations

Do you seek to push the boundaries of what is currently achievable in the �eld of materials science?
If so, we invite you to join our dynamic research team for an immersive and intellectually rewarding
internship experience.

Project Overview : Our internship project addresses two fundamental challenges in the modeling of
material plasticity. Firstly, the limited accessible time scales, far shorter than those of experiments,
and secondly, the intricate complexity of deformation processes. We propose an innovative approach
to overcome these hurdles by implementing an automatic saddle point search method, guided by the
elementary mechanisms of plasticity. This method systematically explores reaction paths at the atomic
scale, enabling a comprehensive understanding of plastic deformation. Our focus will be on two distinct
systems: Nucleation of Dislocations in Crystals and Plastic Rearrangements in Glasses.
By tackling these diverse simulation challenges in both crystalline and amorphous materials, this
methodology promises to usher in a scienti�c breakthrough, profoundly impacting our ability to model
the mechanical properties of real-world materials, which are inherently complex and heterogeneous.
Project Objectives :
1. Advanced Sampling Techniques: Develop and implement advanced sampling techniques based on
automated saddle point searches, allowing us to capture critical atomic-scale plasticity events.
2. Dual-System Investigation: Conduct comprehensive simulations on both crystalline and amorphous
materials to broaden our understanding of plasticity mechanisms.
3. Scienti�c Advancement: Contribute to a paradigm shift in the �eld of materials science by unlocking
new insights into the mechanics of complex materials.

Feel free to reach out to us with any questions or expressions of interest. Informal
contacts are welcome.

References
[1] S. Patinet, D. Vandembroucq and M.L. Falk, Phys. Rev. Lett. 117, 045501 (2016)
[2] P. Hirel, J. Godet, S. Brochard, L. Pizzagalli and P. Beauchamp, PRB 78, 64109 (2008)
[3] A. Tanguy, F. Leonforte and J. L. Barrat, Eur. Phys. J. E, 20, 355 (2006)

Expected skills: The applicant should have interest in physics and numerical modelling. Possibility
of continuing with a thesis after the internship.

Figure : Elementary plastic
events: (Left) Nucleation of a
dislocation [2]. (Right) Plastic
rearrangement in a glass [3]



Master 2 internship proposal

Physique et Mécanique des Milieux Hétérogènes

Contact: Severine Atis
@: severine.atis@cnrs.fr
PhD opportunity : yes

Internship location: Laboratoires Guliver / Pprime

Internal gravity waves in periodic strati�cation

Internal gravity waves are mechanical waves that propagate in the bulk of strati�ed �uids, such as the
ocean or the atmosphere. When the density strati�cation is not uniform, internal waves can exhibit
resonances, tunneling, and frequency-dependent transmissions. In the Arctic Ocean, global warming
has been driving rapid ice cover loss, and led to an increase of seasonal internal gravity wave activity.
In this region, intriguing structures known as thermohaline staircases form spatially periodic density
pro�les. Recently, laboratory experiments in periodic strati�cations have shown the appearance of
internal wave band gaps and surface states. The occurrence of such banded wave transmission through
periodic thermohaline structures could profoundly a�ect energy transfer processes in the ocean, yet
their modeling poses a fundamental challenge that requires the development of pluri-disciplinary
approaches.

During this internship, we will identify the characteristics of periodic strati�cation pro�les that produce
band gap opening. By drawing analogies from a variety of systems describing wave-matter interactions,
such as multi-layered photonic materials and topological insulators, we will investigate the physical
mechanisms that govern internal wave surface states formation. The internship can lead to an ANR
funded PhD thesis focusing on energy transport in nonlinear regimes and internal wave localization-like
phenomena with applications in geophysical �uids.

a) Periodic, staircase like water column salinity pro�le and corresponding strati�cation measured near the location

shown in b), in the Arctic Ocean. c) Predicted band structure for internal waves in a strati�ed environment with

periodicity.

Expected skills: The project is experimental with some theory.



Master 2 internship proposal

Laboratoire de Physique et Mécanique des Milieux Hétérogènes

Contact: Sylvain Patinet / @: sylvain.patinet@espci.fr / Phone: (+0033) 01 40 79 58 26 / Web:
https://blog.espci.fr/spatinet/

Internship location: barre Cassan A, campus Jussieu, 7 Quai Saint Bernard, 75005 Paris

Uncover the Secrets of Granular Chain Packings: A Master's Research Internship

Are you passionate about the mysteries of material mechanics and eager to embark on a thrilling
research journey? We invite you to join our cutting-edge research team in an exciting and intellectually
stimulating internship opportunity.

Our internship project o�ers a unique opportunity to dive into the numerical exploration of athermal
polymer analogs, speci�cally the packing of granular chains. By drawing parallels between polymers
and granular chains, we aim to shed light on the impact of chain length and concentration within this
intriguing macroscopic system.
Project Objectives:
- Static Mechanical Properties: In the �rst phase of the project, we will focus on deciphering the
static mechanical properties of granular chain packings, with a particular emphasis on investigating
the jamming transition?an essential aspect of granular materials.
- Dynamic Properties: The second phase aims to uncover the dynamic properties of granular chains.
To achieve this, we will implement two distinct experimental protocols: vibrating the packing and
subjecting it to various shear rates. These experiments will help us understand the variation in the
e�ective viscosity of the system under di�erent conditions.
Research Tools: We will conduct our simulations using a state-of-the-art particle dynamics code
that we have recently developed and rigorously validated. One of the signi�cant advantages of this
numerical approach is its direct comparability with model experiments at the macroscale, o�ering a
comprehensive perspective on granular chain packings.

Feel free to reach out to us with any questions or expressions of interest. Informal
contacts are welcome.

References
[1] D. Dumont, M. Houze, P. Rambach, T. Salez, S. Patinet and P. Damman, Phys. Rev. Lett. 120, 088001 (2018)

Expected skills: The applicant should have interest in physics and numerical modelling. Possibility
of continuing with a thesis after the internship.

Figure : Static equilibrium reached after
removing a cylindrical container for gran-
ular chains consisting of 5 (top) and 30
(bottom) grains. One observes a transition
from �ow to preservation of the original
shape as the length of chains in the pack-
ing is increased. The numerical approach is
fully consistent with the experiments. We
now have to understand it!



Master 2 internship proposal

Laboratoire de Physique et Mécanique des Milieux Hétérogènes

Contact: Sylvain Patinet / @: sylvain.patinet@espci.fr / Phone: (+0033) 01 40 79 58 26 / Web:
https://blog.espci.fr/spatinet/

Internship location: barre Cassan A, campus Jussieu, 7 Quai Saint Bernard, 75005 Paris

Bridging the Gap from Atomic to Discrete Lattice Models in disordered solids

Are you eager to explore the intriguing world of amorphous solids and dive into the fundamental physics
behind plastic deformation? If so, we invite you to join our dynamic research team in an engaging and
intellectually stimulating internship opportunity.

Overview: Our internship project addresses a longstanding question in materials science: How can we
physically describe the plastic deformation of amorphous solids without relying on phenomenological
assumptions? Our research group has developed an innovative method that allows us to measure
systematically local yield stress down to the atomic scale. This breakthrough measurement opens the
door to quantifying the intricate relationship between the material's structure and its plastic behaviour.
Our goal is to extend this newfound knowledge to larger scales using discrete mesoscopic models, which
treat plastic deformation as a discrete population of rearrangements in an elastic medium. These
models draw parallels with the Ising model, where local plastic deformation corresponds to spins, and
interactions between sites represent elastic propagation.
Project Objectives:
- Atomic-Scale Insights: The project's initial phase will focus on gaining atomic-scale insights into the
plastic behaviour of amorphous solids. We will utilize our novel measurement method to uncover the
local yield stresses and their correlation with structural features.
- Mesoscopic Modelling: Building upon the atomic-scale �ndings, we will implement discrete mesoscopic
models to bridge the gap between atomic behaviour and macroscopic plasticity. These models have
shown promise in replicating essential plasticity characteristics in various systems.
Feel free to reach out to us with any questions or expressions of interest. Informal
contacts are welcome.

References
[1] D. Rodney, A. Tanguy and D. Vandembroucq, Modeling the mechanics of amorphous solids at di�erent length scale
and time scale, Model. Simul. Mater. Sci. Eng., 19 083001 (2011)
[2] S. Patinet, D. Vandembroucq and M.L. Falk, Connecting local yield stresses with plastic activity in a model amorphous
solid, Phys. Rev. Lett. 117, 045501 (2016)

Expected skills: The applicant should have interest in physics and numerical modelling. Possibility
of continuing with a thesis after the internship.

Figure : Multi-scale strategy [1]. Amor-
phous materials are studied at di�erent
scales: (a) atomic, (b) mesoscopic and (c)
continuous. So far, the absence of a quan-
titative link between local structure and
plasticity at the atomic scale has con�ned
this approach to a qualitative description.
Our new method has just addressed this
scienti�c challenge, opening the way to an
unprecedented understanding of the me-
chanical properties of glassy materials.



Master 2: INTERNSHIP PROPOSAL 

Laboratory name: Laboratoire de Physique de lÕEcole Normale SupŽrieure 

CNRS identification code: UMR 8023 
Internship directorÕsurname: FrŽdŽric Lechenault, Benjamin Thiria 
e-mail: Frederic.lechenault@phys.ens.fr, benjamin.thiria@espci.fr    
Phone number: 0144323447 
Internship location: LPENS/PMMH 
  
Funding: NO   

  
Long flexible fibers in turbulent flows   

 For this internship, we propose to study the complex 
collective dynamic of long flexible slender rods (or fibers) 
in strong turbulence. Apart from being a fundamental 
problem of fluid structure interactions, this problem 
arises in a lot of industrial processes involving 
aggregation of fibers in a flow. The work will start 
focusing on the problem of a single long fiber in a 
canonical Von Karman turbulent flow. The first tasks will 
consist in characterizing the nature of turbulent 
fluctuations of this flow and observing the evolution of 
the flexible fiber to a ball-like shape forced by the 
turbulent field. The second part of the internship will 

address the collective dynamics of several flexible fibers interacting with each other. 
Two of the essential parameters will be the degree of friction of the fibers or/and the 
degree of turbulence of the flow. This internship can be followed by a PhD if desired. 

Please, indicate which speciality(ies) seem(s) to be more adapted to the subject: 

Condensed Matter Physics:  NO     Macroscopic Physics and complexity: YES 
Quantum Physics: NO    Theoretical Physics: YES



Master 2 internship proposal

Physique et Mécanique des Milieux Hétérogènes

Contact: Anne Mongruel, Antonin Eddi and Philippe Claudin
@: anne.mongruel@sorbonne-universite.fr � antonin.eddi@espci.fr � philippe.claudin@espci.fr

Location: Laboratoire PMMH

Analogue of �owstones in the lab

Concretions that develop in caves or open air encompass a wide variety of forms and shapes as a result
of di�erent physico-chemical, thermal and hygrometric conditions, as well as �ow rates and geometries.
However, the in�uence of all these parameters is still far from being understood and quanti�ed. To
study these systems in the laboratory, under controlled conditions, one has to face a di�culty: natural
carbonate precipitation takes place over very long time scales. Our approach is therefore to carry out
experiments with analogue systems, which can capture at least part of the relevant physical processes.
Here we are particularly interested in �owstones (Figure 1), which can be found in caves and hot
springs (travertines). Similar shapes also result from the solidi�cation of water in ice when waterfalls
freeze, or with wax when a candle over�ows.

From left to right: �owstones in cave and hot spring, frozen waterfall, similar structure with solidi�ed wax.

The objective of the internship is to develop a new laboratory set-up using thermoplastic materials with
a low fusion temperature (polyethylene glycol or PEG) to investigate the mechanisms of formation of
a �owstone-like structure. Thermal solidi�cation is then here the analogue of chemical precipitation.
A molten PEG �ow will be injected in an axi-symmetric fountain and the growth of the solidifying
pattern will be monitored through image analysis and 3D scanning. We will measure the wavelength of
the pattern, its growth rate and characterise its coarsening along the vertical direction. Flow rate, PEG
molar mass and injection temperature will be varied to assess their in�uence on these measurements.
We also plan to visit natural caves to acquire digital elevation models of �owstones, in order to compare
to the laboratory results.

Expected skills: This project is primarily experimental, combining with modelling and �eld data
analysis.



Master 2 internship proposal

Physique et Mécanique des Milieux Hétérogènes

Contact: Florence Elias / @: �orence.elias@u-paris.fr / Phone: (+0033) 01 40 79 43 36 /
Web: https://blog.espci.fr/felias/ and Anne Mongruel / @: anne.mongruel@sorbonne-universite.fr
/ Phone: (+0033) 01 40 79 43 17/

Internship location: barre Cassan A, campus Jussieu, 7 Quai Saint Bernard, 75005 Paris

Transport of micro-�bers in a foam

Understanding micro�ber transport opens up vast �elds of environmental application, from plastic
pollution, when �bers are made of synthetic polymeric materials, to planktonic ecosystems, when
we consider needle-shaped planktonic micro-algae such as certain diatoms. We are interested in the
transport or retention of these micro�bers in liquid foams, particularly when the liquid channels of
the foam are the seat of a slight liquid �ow due to gravity drainage. Such a con�guration should
make it possible to directly describe the environmental consequences of the accumulation of very
abundant marine foams that can accumulate on the coastline. While the sedimentation of isotropic
solid particles in foams has been widely studied in the literature, as has the sedimentation of micro-
�bers in an uncon�ned liquid, their transport in liquid foams is not yet understood. This internship
will involve an experimental exploration of this subject. A foam will be con�ned between two vertical
plates, and a suspension of micro-�bers will be injected from above. The aim will be to quantify the
dynamics of the micro-�bers released from the foam, and to observe the trajectory followed by the
micro-�bers in the network of foam channels. While the emphasis will be on acquiring experimental
results, a theoretical component may also be considered.

Figure 1: (a) Colony of 3 diatoms of the specie Pseudonitzschia faudulenta; (b) plastic micro-�ber sampled in the Eastern

English channel (credits: E. Breton); (c) liquid foam (macroscopic scale); (d) internal structure of the foam, made of

interconnected liquid channels (in black); (e) sketch of a model of transport of micro�bers in a foam internal channel

under gravity.

References
- Q. Roveillo, J. Dervaux, Y. Wang, F. Rouyer, D. Zanchi, L. Seuront and F. Elias, Trapping of swimming microalgae in
foam, J. R. Soc. Interface, 117: 20200077 (2020).
- I. Cantat, S. Cohen-Addad, F. Elias, F. Graner, R. Hohler, O. Pitois, F. Rouyer, A. Saint-Jalmes, Foams. Structure
and Dynamics, trad. R. Flaman, Ed. S. Cox, Oxford University Press, 2013.



Master 2 internship proposal

Physique et Mécanique des Milieux Hétérogènes

Contacts: Eric CLEMENT / @: eric.clement@upmc.fr / Phone: (+0033) 01 40 79 47 14 /
Web: https://blog.espci.fr/eclement/
Florence ELIAS @: �orence.elias@univ-paris-diderot.fr /
Web: https://blog.espci.fr/felias/

Internship location: Barre Cassan A1, campus Jussieu, 7 Quai Saint Bernard, 75005 Paris

When pusher meets puller

Figure - (a) Sketch of a mono-cellular algae chlamydomonas reinhardtii in symbiotic and hydrodynamic interaction with

E.coli bacteria (b) Active bath of E.coli displaying collective motion. (c) 3D Lagrangian tracking of a latex tracer particle

(in red), surrounded by E.coli (in green) undergoing a 3D di�usive process (Thesis Benjamin Perez PMMH-ESPCI).

In nature, alga and bacteria coexist around the same ecological niche and often undergo symbiotic in-
teractions (Fig.a). From a theoretical hydrodynamic standpoint, dense assemblies of pusher swimmers
(bacteria) are hydrodynamically unstable and create collective motion called "bacteria turbulence"
(Fig.b). In contrast, assemblies of puller swimmers (alga) are always stable. This constitutes a very
unique system where active agents bearing opposite organization properties can be mixed in similar or
in dominant proportions. First, one will monitor a single algae swimming in a suspensions of motile
bacteria at di�erent concentrations using a novel 3D Lagrangian technique. Persistence times and
emerging swimmer di�usivities will be assessed. A �two-colours� extension of this technique will be
used to monitor bacteria organization around the algae (Fig.c). Thereafter, the relative concentrations
of alga and bacteria will be changed to study the emerging organization properties of the mixture.
Reference - Run-to-tumble variability controls the surface residence times of E. coli
bacteria. G. Junot et al., Phys. Rev. Lett., 128, 248101 (2022).

Expected skills: This experimental project does not require any a priori knowledge in microbiology
and is mainly based on video-visualizations under the microscope and image analysis, leading to
statistical analysis.
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3D description of collective motion of E. coli

Bacteria produce a �ow when swimming, leading to hydrodynamic interactions between bacteria and
the environment. These hydrodynamic bacteria-bacteria interactions at high densities of bacteria
create a hydrodynamic instability that leads to active turbulence. In collective motion, we observe
correlations in the swimming orientation that can be 1000 times bigger than bacteria [1]. Using E.-coli
bacteria, we observed that collective motion is suppressed by the presence of surfaces. This induces
asymmetries that can lead to spatially heterogeneous collective motion in 3D. The intern will use
advanced techniques such as confocal microscopy or 2-color channel microscopy via a beamsplitter to
characterize this observation further. Analyzing the acquired images using tracking algorithms and
PIV techniques, we plan to simultaneously measure the liquid �ow �eld and the bacteria velocity �eld
and compare the results with current active turbulence theories [2]. The internship project will take
place in close collaboration with the PhD student Benjamin Perez. Other systems could be explored
depending of the desires of the intern.

Figure : Collective motion of E. coli . a) Image stack of 0:5 seconds to show the trajectories of bacteria that are

undergoing collective motion. The scale bar corresponds to 200 �m b) Spatial correlation function of the swimming

orientation of bacteria. The correlation function decays to 0 after 380 �m , meanwhile bacteria are only 3 �m long. c)

Example of experiments using a beamsplitter to capture two di�erent signals. In this case the �agella and the cell body.

Using this technique, the intern will measure the movement of passive particles and bacteria.

References

[1] Martinez, Vincent A., et al. "A combined rheometry and imaging study of viscosity reduction in
bacterial suspensions." Proceedings of the National Academy of Sciences 117.5 (2020): 2326-2331.
[2] Theillard, Maxime, Roberto Alonso-Matilla, and David Saintillan. "Geometric control of active
collective motion." Soft Matter 13.2 (2017): 363-375.

Expected skills: This experimental project does not require any a priori knowledge in microbiology.
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Biomechanical responses of plant root growth to mechanical stresses

The interaction between plant roots and soils is a wide and interdisciplinary issue involving many
communities from biophysics, agronomy, soil science to civil engineering and geophysics. The presence
of zones of high mechanical resistance in the soil is one of the most common physical limitations to
soil exploration by roots, which has direct consequences on the healthy development of the plant. The
root apex must exert a growth pressure to overcome the resistance to deformation of the surrounding
soil or reorient its growth to bypass obstacles.
In the PMMH laboratory, we developped model experimental systems to study how the root changes its
growth when encountering a single or a collection of obstacles mimicking the mechanical heterogeneities
in a soil. In particular we investigated the growth response of a root (i) pushing against a single
obstacle such as a force sensor or (ii) growing inside a 3D-printed array of sti� obstacles. For instance,
by coupling force (Fig. i1) and kinematic measurements under infra-red lighting (Fig. i2), we probed
the force-growth relationship of a primary root contacting a sti� resisting obstacle, that mimics the
strongest soil impedance variation encountered by a growing root.
Di�erent subjects are possible around the interaction of roots with mechanical obstacles. One possible
topic is 1) to investigate the response of the root to prescribed indentation steps to study its time-
dependant mechanical properties and 2) to decouple the mechanical and biological responses by using
a feedback loop on the applied force on the root. Another topic is 3) to use micro�uidic systems to
build arrays of granular substrates of soft hydrogel to vary the sti�ness of obstacles encountered by
roots and investigating the biomechanical parameters explaining the root trajectories in mechanically
heterogeneous soils.

Expected skills: The project is primarily experimental, with some modelling (soft matter, biome-
chanics).
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Physics and Mechanics of the marginal ice zone

Melting of the arctic ice sheet occurs principally in the marginal ice zones (MIZ), a mixed area of
ice fragments and open waters extending up to 1000km wide. Within these MIZ, the ocean swell
fragments the pack which accelerates drastically the melting process, and attenuates and di�racts the
ocean swell, which protects the continuous pack from further fragmentation. In the lab, we aim at
studying toy models of the geophysical processes at play in the MIZ, in particular on its formation
from thin sheet fragmentation, to the wave propagation properties within this complex, fragmented
area.

Typical aerial view of a MIZ in Rimouski, Québec, taken by our group in the winter 2024. Field of view : � 100m

The goal of this internship is to bridge the gap between �eld measurements and laboratory experiments.
Ideally, the intern will participate to our �eld campaign in Rimouski (Québec, Canada) in February
2025 to study the dynamics of waves under ice using various instruments (drones, seismographs, smart-
phones as wave buoys), and look in particular at the fragment size distribution, and its link with the
incoming waves. Back to the laboratory in March, we will analyse the results, and try to draw an
analogy with small scale experiments. We typically conduct experiment with mimetic materials, such
as calcite-carbonate, which forms a very thin, brittle layer of solid material at the surface of water.
We will look at the dynamics of fracture from a statistical point of view, to describe the emergence of
a fragment size distribution.

Expected skills: The project is primarily experimental, with some modeling (elasticity and hydro-
dynamics) of the observed phenomena.
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Memory of a disordered solids in a �uctuating environment

Due to their out-of-equilibrium nature, glassy materials (but also suspensions or fabrics) keep a memory
of their thermal and mechanical past. In recent years it could be shown that such disordered solids
could keep the memory of a previous oscillatory driving. Carefully designed experimental and numerical
read-out protocols are able to retrieve the amplitude and direction of the training protocol. It turns
out that such memory e�ects still persist for random driving protocols, e.g. when the shear cycles are
replaced by a random walk. We would like to study in more details the memory behavior of disordered
solids submitted to a �uctuating environment and see how it depends on the spatio-temporal properties
of the driving protocols.

Here we propose to use a minimal model at mesoscopic scale to study the memory e�ects of glassy
solids. More speci�cally, we plan to study the behavior of a simple elastoplastic lattice model which
belong to the larger family of depinning models. Such models are based on the coupling between a
stochastic dynamics at local scale and long-range elastic interactions. In the spirit as Ising-like models
for magnetism or shell models for turbulence they are easy to implement numerically but rich enough
to reproduce the critical behavior (avalanches, �nite size e�ects) and the complex phenomenology of
amorphous plasticity (hardening, shear-banding).

Left: a new shoe vs a broken-in shoe. The shape of the worn shoe keeps the memory of the mechanical �uctuations it

was exposed to. Right: transition graph representation of the disordered landscape of a mesocopic elasto-plastic model

(Colored regions indicate strongly connected components).

References
[1] D. Kumar, S. Patinet, C.E. Maloney, D. Vandembroucq and M. Mungan, Mapping out the glassy landscape
of a mesoscopic elastoplastic model, J. Chem. Phys.157, 174504 (2022)
[2] D. Kumar, M. Mungan, S. Patinet and D. Vandembroucq, Self-organization and memory in a cyclically driven
elasto-plastic model of an amorphous solid, arXiv:2409.07621 (2024)
[3] M. Mungan, D. Kumar, S. Patinet and D. Vandembroucq, Self-organization and memory in an amorphous
solid subject to random loading, arXiv:2409.17096 (2024)

Expected skills: good computing skills and a taste for statistical physics, mechanics and soft matter.
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Drops of granular suspensions

Many �uids of everyday life, industry, or nature are actually suspensions of solid grains. Mud, paint
or blood are common examples. When the particles are in the size range 1� m-1mm, one speaks
of granular suspensions [1], because they are too big to feel thermal agitation from the suspending
liquid. Modeling the �ow of such suspensions is challenging because of their heterogeneity � they are
not continuous media � and because of the many-body interactions between the grains. An emerging
cooperative length scale appears, larger than the grain size and smaller than the whole system, and
leads to speci�c �ows [2]. This process typically depends on the size distribution of the grains [3], and
most likely on the kind of boundary conditions.

This internship aims at investigating this collective motion inside drops of granular suspensions, for
which surface tension produces a speci�c boundary condition. The intern will principally conduct
experimental work using high-speed imaging and rheology. This internship could be prolonged into a
PhD provided that the intern obtain funding from the École Doctorale.

Detachement of a drop of a granular suspensions of polystyrene beads (250� m-big) in silicone oil. The nozzle
is 2.75mm-wide. As the drop falls, the neck thins down following di�erent dynamics depending on how its size

relates to the cooperative length.

References
[1] E. Guazzelli & O. Pouliquen, Journal of Fluid Mechanics 852 (2018)
[2] V. Thiévenaz & A. Sauret, PNAS 119:e2120893119 (2022)
[3] V. Thiévenaz, S. Rajesh & A. Sauret, Soft Matter 17 pp.6202-6211 (2021)

Expected skills: The applicant should have interest in physics, �uid mechanics and experimental
work.
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Cracks propagation in colloidal gels

Many ubiquitous materials are prone to failure upon drying as seen in mud cracks or craquelures in an-
cient paintings (Figure 1a) [1-2]. The nucleation and propagation of cracks is a complex process at the
crossroads between the physico-chemistry of solvent evaporation and transport through porous media,
the structural evolution of out-of-equilibrium colloidal systems, and the associated formation, propa-
gation and relaxation of internal mechanical stresses. The project will aim to observe and characterize
experimentally the cracks formation and propagation within a model soft colloidal gel of controlled
mechanical properties in a 2D cell. Using Small Angle Light Scattering (SALS) techniques, we will �rst
measure the dynamical evolution of the colloidal structure of the gel upon failure to identify precursors
of the fracture (Figure 1b) [3]. Furthermore, we will image the propagation of cracks within gels of
various softness (Figure 1c). The expected results will contribute to a better understanding of cracks
nucleation and propagation within soft materials.

Figure 1: Cracks formation and propagation. a) Craquelures in ancient paintings add a layer of mystery on iconic
gazes. b) Structural changes (from left to right) observed in colloidal gel upon drying prior to failure. c) Cracks
propagation (from left to right) within a soft colloidal gel.

References:
[1] L. Pauchard and F. Giorgiutti-Dauphiné, Craquelures and pictorial matter. Journal of Cultural Heritage 46 (2020).
[2] P. Bourrianne , P. Lilin, G. Sintès, T. Nîrca, G.H. McKinley and I. Bischofberger. Crack morphologies in drying
suspension drops.Soft Matter 17 (2021).
[3] S. Aime , L. Ramos and L. Cipelletti. Microscopic dynamics and failure precursors of a gel under mechanical load.
Proceedings of the National Academy of Sciences115 (2018).

The applicant should have interests in �uid mechanics and soft matter.
Possibility to apply for PhD position.
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Stretching and relaxation of polymer solutions

Many natural or industrial �uids contain polymers in solution. In a �ow, the solvent will impose stress
on these polymers, which may adapt by changing conformation, by stretching, by moving, etc; this
evolving microstructure retroacts onto the �ow and gives it non-Newtonian properties; the di�erent
time scales involved at the microscopic level are key to understanding and modelling the �ow. When
a drop of polymer solution detaches, the stress acting on the neck that binds the drop to the rest
of the liquid increases dramatically. The solution initially behaves like a Newtonian �uid; when the
neck is too thin it becomes viscoelastic [1]. The viscoelastic properties appears through the formation
of a long thread in which polymer chains are strongly stretched (Fig. 1). The transition between
the two regimes has recently been shown to be remarkably universal: it does not depend on solvent
viscosity nor polymer concentration nor molar weight [3]. Moreover, the time scale of the transition
is quite di�erent from the usual relaxation time of the polymer and follows di�erent power laws.
This particular result raises questions regarding which relaxation time is relevant in the modelling of
polymer solutions, and how it can be measured.

The internship goal is to explore experimentally the spectrum of relaxation times in original
con�gurations. The experimental work will consist in high-speed imaging of capillary �ows and
rheological measurements.

Figure 1: Extension, thinning and pinch-o� of a droplet of aqueous solution of polyethylene oxide (PEO). The
nozzle is 2.75mm-wide.

References
[1] Y. Amarouchene, D. Bonn, J. Meunier & H. Kellay, Phys. Rev. Letters 86, 16, pp3558�3561 (2001)
[2] V. Thiévenaz & A. Sauret, Phys. Rev. Fluids 6, L062301 (2021)
[3] S. Rajesh, V. Thiévenaz & A. Sauret, Soft Matter 18, pp3147-3156 (2022)

Expected skills: The applicant should have interest in physics, �uid mechanics and experimental
work. Interest in chemistry and polymer science is appreciable but not essential.
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Self-Assembly of irregular micro-particles

Self-assembly is a key feature of living cells, which organize their basic components into complex
machines based on their mutual interactions. Most of the time, it brings well-adjusted parts together
into functional structures such as the ribosome or viral capsids. In other cases however, objects that are
not optimized by evolution to �t nicely self-assemble nonetheless, leading, e.g., to protein-aggregation
diseases. While functional self-assembly has attracted increasing attention due to rapid progress in
nanofabrication, the basic physical principles underpinning the assembly of ill-�tting objects remain
largely unknown. The conceptual advance at the heart of our project is that ill-�tting particles self-
assemble into low-dimensional aggregate morphologies not easily achieved with well-adjusted particles
(see �gure on the left and reference [1]). We term this e�ect dimensional reduction. During this
Master internship we propose to investigate this dimensional reduction by self-assembly experiments
using irregular colloids printed in 3D with submicron-resolution. We will base our investigations on
Brownian dynamics simulations held in Martin Lenz groups at LPTMS (Orsay) to help sort through
the huge diversity of potential particle shapes accessible through 3D-printing.

Left: One-dimensional aggregates formed by identical particles (shown at the top) that cannot �t
together to tile the plane unless deformed. Right: Our �uorescent 3D-printed particles (a) arranged in
a regular array after printing and before detachment from the substrate and (b) after aggregation and

their (c) numerical counterparts. Insets show individual particles.

We will manufacture micron-sized colloids of arbitrary shapes with our Nanoscribe 3D-printer (installed
at PMMH), which can produce large numbers of ill-�tting colloids at a â 100 nm resolution (see �gure
on the right (a)). These colloids sediment in water and aggregate in two dimensions at the bottom of the
chamber (�gure right (b)). As dimensional reduction sensitively depends on inter-particle interactions,
we will control them through PEG-induced depletion forces. The PEG concentration will determine
the strength of the interaction, while using di�erent PEG chain lengths will modulate its range.

References [1] Martin Lenz and Thomas A. Witten. Geometrical frustration yields �bre formation
in self-assembly. Nat. Phys., 13:1100, 2017.

Expected skills: The project is primarily experimental and includes some image analysis of the
observed phenomena.
This master internship will ideally be continued during a PhD starting next fall.


