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Swimming in a foam channel 
 

 How do micro-organisms (bacteria, micro-algae, worms, …) move in confined 
environments? This situation is pertinent in natural conditions where micro-organisms must 
move in crowded and complex environments like porous media (soils, sediments, aquatic 
foams). Recent experiments in our group suggest than liquid foams act as a filter, retaining 
motile planktonic cells, while the non-motile cells can flow through the foam [1]. Our 
hypothesis is that in the geometry of a foam channel (Fig 1a), the swimmer might spend 
more time in the corners, which could lead to the trapping of the microswimmer by 
confinement while the channel shrinks. 
 This internship aims to shed light on those results by observing locally the motion of 
the microswimmer inside a foam channel. The bi-flagellate algae Chlamydomonas rheinardtii 
(Fig. 1b) will be placed in microfluidic chambers under a microscope. Previous studies have 
shown that in a confined concave geometry, the alga swims in preference close to the 
boundary (Fig. 1c), with a probability density depending on the curvature of the chamber [2]. 
The purpose of this internship is to measure the probability density of the swimming alga in a 
convex chamber (Fig. 1d) that mimics the cross-section of a foam channel with a prescribed 
curvature. This internship subject will provide to the student the opportunity to become 
familiar with experimental techniques such as phase contrast microscopy, the design of 
microfluidics wells, algal culture and particle tracking. This problematic comes from the 
question of quantifying the trapping of plankton in marine ultra-stable foams. The internship 
can be pursued by a PhD on this topic. 
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Figure 1: (a) Geometry of the internal liquid channels of a foam. (b) Micro-algae Chlamydomonas 
reinhardtii (diameter : 5 to 10 µm); the flagellae are visible. (c) Single trajectory of a C. rheinardtii algae 
in circular confinement. From [2]. (d) Sketch of the cross-section of a foam liquid channel with a bi-
flagellated microswimmer (in green).  
 
[1] Q. Roveillo, ongoing PhD thesis 
[2] T. Ostapenko, et al., Physical Review Letters 120, 068002 (2018). 
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FLUIDES	COMPLEXES	:	 Propriétés	macroscopiques Structure	locale	(micro,	méso)

Tout	autour	de	nous	: • Applications
• physique	fondamentale	pluridisciplinaire
• support	pour	l’enseignement	et	la	vulgarisation

Nanoscopique
10-9 – 10-8 m

Microscopique	
10-6 – 10-4 m

 

Mésoscopique
10-4 – 10-2 m

Macroscopique	
10-2 – 1	m

LA	MOUSSE	: un	système	multi-échelles

58 MOUSSES LIQUIDES
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Figure 2.19. (a) Structure d’une mousse humide au voisinage d’un vertex. (b) Structure d’un bord de Plateau et
notations utilisées dans le texte. Les longueurs r1 et r2 sont les rayons de courbure des interfaces liquide/gaz au
niveau du bord de Plateau et rBP est la longueur d’un côté de la section du bord de Plateau. Nous montrons dans
le texte que rBP = |r1|, noté r dans la suite de l’ouvrage.

Pour une fraction liquide critique, notée φ∗
l , les bulles ne se touchent plus. Quand

φl > φ∗
l , on ne parle plus de mousse mais de suspension de bulles, ou de liquide

bulleux. La valeur de φ∗
l dépend de la structure de l’empilement de bulles (voir

Tab. 4.17).

4.1.1. Validité des lois de Plateau

Dans la suite de cette partie, nous nous plaçons dans le cas d’une mousse peu
humide avec h ≪ rBP ≪ ℓ/2 (respectivement l’épaisseur des films, la largeur des
bords de Plateau et leur longueur). Les règles de Plateau restent alors valables, de
façon approchée (voir FIG. 2.19a). Les prolongements des trois films fins corres-
pondant à un même bord de Plateau s’intersectent deux à deux avec des angles qui
valent presque 120◦. Les trois lignes d’intersection sont très proches et peuvent
être confondues en une seule ligne que nous appellerons l’axe du bord de Plateau.
Les axes de 4 bords de Plateau sont presque concourants, en un point que nous
appellerons le centre du vertex, et s’intersectent à presque 109,5◦. La structure
de la mousse peu humide est donc très proche de celle d’une mousse idéale, avec
un simple épaississement des arêtes. En dimension 2, ces résultats sont exacts
(voir le théorème de décoration p. 72). En dimension 3, on obtient une meilleure
précision sur les angles en tenant compte d’une tension de ligne qui agit le long de
l’axe des bords de Plateau, et dont la valeur dépend de la fraction liquide [20, 32].

4.1.2. Géométrie des bords de Plateau

Le liquide étant confiné entre les interfaces, c’est la loi de Laplace (éq. (2.3)) qui
impose la courbure locale et qui modèle les bords de Plateau et les vertex. Si on
néglige la gravité, la pression p du liquide est uniforme car la phase liquide est
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cells each time. Figure 1(a) displays an image from an
experiment (Movie 1 in Ref. [31]) for rc ¼ 50 μm from
which the trajectory of the alga’s body center was extracted
[Fig. 1(b)]. The alga’s trajectory shows a higher density of
trajectory points closer to the concave interface, as com-
pared to the compartment’s center, which we study in
greater detail in this work.
We use the mean-squared displacement (MSD) to

characterize the alga’s swimming behavior. Here, the
MSD for the observation time t was extracted from a
single alga’s experimental trajectory for each compartment
size; see Fig. 1(c). We find that the MSD curves show no
clear transition between ballistic behavior, i.e., MSD ∼ t2

on short time scales to diffusive, i.e., MSD ∼ t on long time
scales, as reported in previous studies on Chlamydomonas
swimming in unconfined 2D environments (transition time
from ballistic to diffusive ∼2 s) [29]. A linear fit to the

initial regime of the experimental data yields an exponent
of 1.90" 0.03, in approximate agreement with a regime of
ballistic swimming. On long time scales, the MSD reaches
a plateau corresponding to the explorable area of its
confined environment. Hence, we find that the alga’s
run-and-tumble-like motion in environments unconfined
in the swimming plane [35] becomes predominantly
ballistic swimming in confinement.
The experimental cell trajectories were statistically

averaged and converted into relative probability density
maps. Figure 2 displays a series of 2D heat maps of the
relative probability density of the cell’s positions for
different compartment sizes. Our experimental data provide
evidence for a pronounced near-wall swimming effect
inside the compartment, whose significance decreases for
increasing compartment size. This near-wall swimming
effect is further quantified by azimuthally collapsing the
heat maps into radial probability densities, PðrÞ, as
depicted in Fig. 3(a). We define PðrÞ as:

PðrÞ ¼ hðrÞ=ð2πrΔrÞ
R rc
0

hðrÞ
2πrΔr dr

; ð1Þ

where r is the distance from the center of the compartment,
and hðrÞ is the count of all the alga’s positions in a circular
shell at distance r with thickness Δr. In order to compare
data from different compartment sizes, we normalize PðrÞ
such that

R rc
0 PðrÞdr ¼ 1. Note that a homogeneous dis-

tribution of trajectory points would result in PðrÞ ¼ 1=rc ¼
const by this definition. We observe that PðrÞ starts from a
plateau in proximity of the compartment’s center and
increases significantly close to the wall. The lateral extent
(full-width-half-maximum) of the peak of PðrÞ ranges from
3–5 μm, about half a cell body diameter; the peak position
is consistently 9–11 μm away from the wall. At the
compartment wall, PðrÞ drops off, representing a possible
zone of flagella-wall contact interactions. As shown in
Fig. 3(a), the maximum of PðrÞ decreases for increasing
compartment size, while the overall shape of PðrÞ
described above is preserved.
We compared these experimental results to Brownian

dynamics simulations, where the Chlamydomonas cell is
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FIG. 1. Experimental design and trajectory analysis. (a) Optical
micrograph of a single alga contained in a quasi-two-dimensional
(2D) circular compartment. (b) Exemplar single-cell trajectory for
rc ¼ 50 μm. (c) Mean-squared displacements (solid lines) for
different compartment radii. The dashed line is a best fit to the
short-time ballistic behavior (∼t2).

FIG. 2. Relative probability density for a single cell in circular confinement. Heat maps represent the alga’s position obtained from
experimental data for different compartment sizes: (L–R) rc ¼ 25 μm, 50 μm, 100 μm, 150 μm, 500 μm. Each map contains
statistically averaged data from a minimum of 2–5 independent experiments.
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