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Subject

One of the most basic needs of any living organism is to find enough nutrient in its environment to
survive. Swimming microorganisms inhabit a wide diversity of environments, from oceans to soil to
animal hosts, and their ability to move is crucial when foraging for food. Yet, the flows created by these
swimming microorganisms can also serve a major role in enhancing an organism’s nutrient uptake
by mixing the surrounding medium, and allowing food particles to reach the cell faster than by pure
diffusion. In particular, collective behaviors in dense suspensions of microorganisms such as algae can
induce the formation of coherent structures or complex flow patterns, which may lead to enhanced
mixing. The fundamental understanding of the mechanisms underlying this enhanced transport could
provide insight into natural processes of nutrient uptake, and pave the way for the design of artificial
biomimetic micro-mixers.

A possible explanation for this contrasting behavior of 2D and
3D systems may be deduced from the nature of the swimmer’s
velocity field in a system with reduced spatial dimension. In 3D,
the fluid velocity around a swimming microorganism that is not
acted on by any external force typically decays as the inverse
square of the distance (u ∼ r−2) from the organism (16) due to
the dominance of the force dipole (stresslet) (29). In a thin film,
on the other hand, the force dipole’s velocity field is shown to
scale as u ∼ r−1 (15). The consequences of this slower falloff of
the induced velocity may be seen in recent experiments on nega-
tively buoyant Volvox carteri, a multicellular alga comprised
of thousands of Chlamydomonas-like cells, which show a u ∼ r−1
decay due to the dominance of the monopole (Stokeslet) singu-
larity for these dense microorganisms in the external gravitational
field (23). The long-ranged swimmer velocity field gives rise to
tails in the short time displacement distribution of the surround-
ing fluid, varying approximately as P ∼ Δx−4. Although the cause
of the long-ranged velocity field is different here (reduced dimen-
sionality rather than density mismatch), the same arguments can
be applied.

Interestingly, the extended tails disappear at higher cell con-
centration (Φ ¼ 7.0%) (Fig. 3A), giving rise to a significantly
broadened PDF that approaches a Gaussian. In order to inves-
tigate the convergence to a normal distribution with increasing
Φ and Δt, we use the measure of excess kurtosis γ2, which char-
acterizes the departure from Gaussianity. The excess kurtosis
is defined as γ2 ¼ μ4∕μ22 − 3, where μk is the kth moment of
the displacement distribution and thus, γ2 ¼ 0 for a Gaussian.
As shown in Fig. 4A, the absence of swimmers yields γ2 ≈ 0, as
expected for a purely Brownian random walk. For a low swimmer
concentration (Φ ≤ 0.7%), the strong power-law tails give γ2 > 0,
especially at short Δt [Fig. 4A (inset)]. As the number of random
kicks increases with Δt, we find that γ2 decays, converging toward
Gaussianity asymptotically in the limit of our experimental obser-

vation time. At even higher swimmer densities (Φ ≥ 2.7%), the
displacement PDFs rapidly converge to Gaussian (γ2 ¼ 0) for
relatively short Δt.

Fig. 4B shows the PDFs at a fixed interval (Δt ¼ 0.2 s) and
demonstrates the convergence to a Gaussian distribution with
increasing concentration. This observation is consistent with a
recent study (30), where tracer diffusion was investigated both
analytically and numerically for flow fields that decay as u ∼ r−n

in the vicinity of a swimmer. That study predicted that for n ¼ 1
as in our work (15), the velocity (and displacement) PDFs of tra-
cers should converge to a Gaussian distribution, while by contrast
the distributions should exhibit strong non-Gaussianity for n ≥ 2,
even at large Φ, as was found previously in 3D Chlamydomonas
suspensions (14).

Enhanced Transport. The broad probability distributions whose
widths grow with Δt indicate significantly enhanced transport.
For each Φ we measure the mean square displacements of par-
ticles hΔx2i, where hi indicates an ensemble average over thou-
sands of particles. We observe diffusive scaling hΔx2i ∼ Δtα, with
α ≈ 1.0, for Φ ¼ 0.0% at all Δt (Fig. 5A). For Φ > 0, this diffusive
regime begins to appear at subsequently longer Δt as Φ increases,
with an anomalous transport (1.5 < α < 2.0) at shorter Δt. This
behavior has been seen in bacterial suspensions (12), but not in an
algal suspension (14).

The time evolution of the position of a particle exhibiting
Brownian-like motion, due to a combination of thermal motion
and swimmer collisions, can be described by a Langevin model
and parameterized by an effective diffusivity D (12, 31). A solu-
tion to such a stochastic model in one dimension can be written as
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Fig. 4. (A) The excess kurtosis γ2 computed from the displacement PDFs as a
function of time interval Δt for different values of volume fraction Φ. The
value γ2 ¼ 0 corresponds to a Gaussian distribution. In the inset, γ2 is shown
for different values of Φ at Δt ¼ 0.02 s. (B) Normalized and rescaled PDFs for
positive Δx are shown for three different volume fractions Φ at Δt ¼ 0.2 s,
demonstrating convergence to a Gaussian at large Φ. The solid line is a non-
linear least squares Gaussian fit to the Brownian data (Φ ¼ 0.0%), and the
dashed line shows the consistency of the tail with Δx−4 for the dilute case.
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Fig. 5. (A) Mean square tracer displacements for various swimmer volume
fractionsΦ, where the solid lines are the Langevin functional fits to Eq. 1. Two
dashed lines are drawn to show the slopes α ¼ 1.0 and α ¼ 2.0. (B) The effec-
tive diffusion coefficient D, normalized by the measured Brownian diffusivity
D0, is shown as a function of Φ. The horizontal error bars represent the
uncertainty in Φ; the vertical error bars are too small to be seen. The solid
line represents a power-law fit D ∼Φ1.53, and the dashed line D ∼Φ0.57 is the
diffusivity scaling in the dilute limit, estimated in the section on conditional
sampling. The rapid growth of D with Φ is evident.
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(a) Schematic of the configuration: microswimmers transport
small Brownian particles in a liquid film.

(b) Experiments from Kurtuldu et al. [1]:
microalgae (green) and small beads (red)
in a film.

(c) Simulation of 40000 breast-stroke micro-swimmers immersed in a viscous fluid using the Force
Coupling Method (FCM) [2].
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Figure 1: (a) Sketch of the experimental setup: a thin film contains a suspension of algae (purple) and
passive tracers (black), used to quantify mixing. (b)The experimental effective diffusion coefficient
in a dense suspension of algae, as a function of the volume fraction of algae. Experimental points
(diamonds) cannot be explained by the current theory (dashed line) [1].

Recent experimental results have shown that, under confinement in thin films, particle transport
by microorganisms is enhanced compared to freely moving swimmers (see Fig. 1) [1]. However the
physical origin of these results has not been explained and remains to be understood. The goal of
this internship is to combine experiments and simulation to study the effect of confinement on particle
transport in active suspensions. Microfluidic experiments will be designed to measure the effective
diffusion coefficient of passive tracers in a suspension of algae under different experimental conditions,
varying the degree of confinement as well as the boundary conditions (slip or no-slip) at the interface.
Simulations will be carried out in parallel by another student in the lab next door under the supervision
of Blaise Delmotte.
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