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Active Saffman–Taylor Viscous Fingering

Akash Ganesh, Carine Douarche, and Harold Auradou∗

Université Paris-Saclay, CNRS, FAST, 91405, Orsay, France.

Adding swimming bacteria to a liquid causes its effective shear viscosity to decrease, eventually
reaching a regime of zero viscosity. We examined whether this property leads to viscous finger-like
displacement fronts like those observed when a less viscous fluid displaces a more viscous liquid. Our
study revealed that this system exhibits more complex dynamic characteristics than the classical
Saffman–Taylor instability. We discovered that this instability occurs when the bacterial volume
fraction exceeds a critical value, and the imposed shear rate is below critical value, for which the
viscosity of the suspension is zero.

Introduction.- An individual bacterium has
the ability to convert the chemical energy present in
the surrounding fluid into mechanical motion (swim-
ming) [1, 2]. From the swimming of a population of
bacteria, emerge at large scales, interesting properties of
the fluid, such as the appearance of coherent dynamic
structures [3–6], unidirectional flows [7, 8], enhanced
dispersion [9–12], active motion of small objects [13–15],
dynamical clustering of passive particles [17] etc. Such
properties have made bacterial suspensions a popular
model system for exploring the physical properties of
active fluids [18–20]. One of the interesting properties
observed in a suspension of bacteria is their ability to
reduce the effective viscosity of the suspension when it
is subject to a moderate shear [21–32]. This emergence
is due to the fact that the spatially organized stress
response generated by the bacteria motion aids the
applied shear stress, leading to a decrease in the effective
viscosity [26, 30]. The effective viscosity of the bacterial
suspension decreases linearly when increasing the volume
fraction ϕ0 of bacteria [21–23, 30] until a critical bacterial
volume fraction ϕc is reached. Above this concentration,
the activity of the bacteria is such that the viscosity
becomes zero [21–23]. Our study demonstrates that the
viscosity reduction observed when bacteria are added
in a fluid can influence macroscopic flows and leads
to flow instability such as Saffman–Taylor instability
(also known as viscous fingering) observed when a less
viscous fluid displaces a more viscous fluid [33–46]. To
demonstrate how the flow of bacterial suspensions can
cause instabilities, we conducted experiments using the
Saffman–Taylor geometry, which involves a Hele-Shaw
(HS) cell with parallel plates separated by a small aper-
ture H. We identified the bacterial volume fraction and
flow rate at which these instabilities occur. Additionally,
we performed experiments in the quarter five-spot
(QFS) configuration [44, 46] to confirm the occurrence
of multiple unstable fingers. These experiments also
confirmed the significant role of the critical volume
fraction ϕc coupled with a critical shear rate γ̇c in
triggering the instability.

Methods.- We used a wild-type strain of Es-
cherichia coli (E. coli) (RP437-YFP) that expresses

�
� ��

η�������η�

FIG. 1. (a) Schematic representations of the HS and QFS
geometries. Fluorescent bacteria are injected into the aper-
ture initially filled with a buffer and visualized with a camera
through a colored filter. HS cells measure L = 21 cm in
length, W = 1 or 2 cm in width, and H = 500 µm in aperture
(top panel). QFS devices are squares with sides 5 cm and
H = 500 µm aperture (down panel). (b) Fronts observed for
four different bacterial volume fractions ϕ0. (c) Viscosities
of the bacterial suspensions measured in a Couette rheome-
ter [21–23] at shear rates lower (♢) and higher (⃝) than the
critical shear rate γ̇c = 0.4 s−1 as function of ϕ0. Dashed line:
a visual guide for viscosity measurements using the mean-field
continuum kinetic theory model [22, 26].
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FIG. 2. (a)-(c) Normalized bacterial volume fraction fields ϕ(x, y)/ϕ0 for an experiment in HS cell of width W = 2 cm. The
volume fraction of bacteria in the injected fluid is ϕ0 ≈ 0.825% > ϕc. The images are taken 30 min apart. (d) Bacterial
suspension of volume fraction ϕ0 ≈ 0.825% displaced by the suspending fluid (reverse of (a)-(c)).(e) ϕ(x, y)/ϕ0 when ϕ0 ≈
0.11% < ϕc. (f) Experiment with Newtonian fluids with M = 6.5. For (a)-(f): U ≃ 17 µm.s−1. (g)-(i) Normalized bacterial
volume fraction fields ϕ(x, y)/ϕ0 for experiments in the QFS geometry at U ≃ 10 µm.s−1 with (g,h) ϕ0 ≈ 0.825% > ϕc and (i)
ϕ0 ≈ 0.11% < ϕc. (k) Color bar for all the fields. The scale bar for all figures is specified in bottom right of (a).

yellow fluorescence protein. Bacteria were suspended in a
motility buffer (MB) containing 1% of PolyVinylPyroly-
dine (MB-1%PVP) (SI I). The concentration of bacteria
is given in terms of volume fraction ϕ, which was esti-
mated from the OD (optical density) of the suspension
with 1 OD corresponding to ∼ 8.105 cells/µL. Assuming
the volume of an individual bacterium to be ∼ 1.4 µm3

[21], this corresponds to a volume fraction ϕ ∼ 0.11%.
The average swimming velocity (Vs) and the rotational
diffusivity (DR) were obtained by tracking a dilute
bacterial suspension under a microscope using a 10×
objective (SI II). We observed Vs = 15.0 ± 1.2 µm.s−1

and DR = 0.09± 0.02 s−1 when bacteria were suspended
in MB-1%PVP. The critical volume fraction was de-
termined from rheological measurements conducted in
a Couette rheometer [21–23]. ϕc was taken between
the last volume fraction with non-zero viscosity and
the first volume fraction with zero viscosity. This gives
ϕc = 0.66±0.05% for bacteria suspended in MB-1%PVP.
The rheological measurements (Fig. 1(c)) also confirmed
that at a shear rate lower than 0.1 s−1, the viscosity,
η2(ϕ0), of the suspension is lower than the viscosity,
η1, of the same fluid without bacteria, confirming the
behavior already reported in the literature [21–23].
The flow cells were created by pouring Polydimethyl-
siloxane (PDMS) onto master molds to produce replicas,
which were then bonded to a thick glass plate through
plasma activation (Fig. 1(a)). PDMS is highly per-
meable to dioxygen, preventing the loss of bacterial
motility. The outlets were connected to a syringe pump
that draws in the bacterial suspension from a reservoir
connected to the channel’s inlet at a fixed flow rate.

The channel was first filled with the suspending fluid
(η1 = 3.2 ± 0.1 mPa.s) before the injection of the
bacterial suspension. The channels were placed on top of
a blue-light illumination table and a 16-bit CCD camera
with an orange filter to visualize the progression of the
bacterial concentration front. A calibration was per-
formed to convert the fluorescence intensity integrated
over the HS cell aperture into local bacterial volume
fraction ϕ(x, y, t). The experiments were performed at
different volume fractions ϕ0. The average flow velocity
of the bacterial front U was determined by performing
flow displacement experiments at different flow rates
using a dilute suspension ϕ0 ≃ 0.066% << ϕc [16].
Fig. 1(b) shows typical fields obtained with a spatial res-
olution of 500 µm for different bacterial volume fractions.

Results.- The images presented in Fig. 1(b) provide
clear evidence of the crucial role of the bacterial concen-
tration in determining the shape of the displacing front.
Based on the observations of the shapes, we identified
four distinct fronts: diffusive, rounded, spike, and finger.
The Fig. 2(a-c) and Movie1 show the typical evolution of
the unstable finger-like front. At the early stage of the
instability (Fig. 2(a)), the front showed two protrusions
that were not present when the suspension contained a
lower volume fraction of bacteria (Fig. 2(e)). One of
the protrusions expanded slightly ahead of its neighbor
(Fig. 2(b)) and led to the emergence of a single finger
(Fig. 2(c)). The back of the finger then expanded until
it filled the entire width of the channel (Fig. 2(c)). The
final finger shape observed in Fig. 2(c), looked similar to
the fronts obtained experimentally [34, 43, 45, 47, 48] and

http://www.fast.u-psud.fr/~auradou/Active-Viscous-Fingering/
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FIG. 3. (a) Bacterial volume fraction profiles measured in
an HS cell of width W = 1 cm plotted as a function of the
distance, y, along the length of the cell. The profiles are ob-
tained by averaging ϕ(x, y) in the direction of the cell width
over a band of width 5 mm passing through the center of
the HS. The profiles are for a fixed time of ∼ 50 min and
for different volume fractions ϕ0. (b) Profiles at different
time measured for ϕ0 ≈ 0.825% (> ϕc). (c) y position of
the concentration profiles shown in (b) for three iso-volume
fractions ϕ/ϕ0 = 0.2 (⃝), 0.4 (♢), and 0.6 (□) as a func-
tion of time. The slopes of these plots give V (ϕ/ϕ0). The
dashed lines are a guide for the eyes. Here: ϕ0 ≈ 0.825%.
(d) V (ϕ/ϕ0)/U as a function of ϕ/ϕ0 for: ϕ0 ≈ 0.11%(< ϕc)
(⃝), ϕ0 ≈ 0.33%(< ϕc) (□), ϕ0 ≈ 0.55%(< ϕc) (▷) and
ϕ0 ≈ 0.825%(> ϕc) (△). All experiments were done with
U ≃ 37 µm.s−1.

through simulations [49] with miscible or immiscible pair
of Newtonian fluids. This was confirmed by conducting
experiments with pairs of Newtonian fluids containing
different quantities of PVP, the concentration of which
was adjusted so that M , the viscosity ratio between the
displaced and the displacing fluids, varied between 1 and
12. In these experiments, bacteria were replaced by fluo-
rescein at a concentration of 0.02 g/L to visualize the pro-
gression of that fluid. Fig. 2(f) shows one of the images
obtained for M ≃ 6.5. The width of finger observed was
similar to the one shown in Fig. 2(c). Fig. 2(d) shows an
image obtained when the displaced and displacing fluids
were swapped in the bacteria experiment (ϕ0 > ϕc here as

well). Under this condition, the interface was stable, and
no finger was observed (Movie2). To confirm the role of
the swimming activity of bacteria in the formation of the
finger, and to eliminate the possibility of hydrodynamic
instability caused by the alteration of fluid properties due
to bacterial metabolic activity, we tested the effect of dis-
placing the suspending fluid with the supernatant. We
prepared a bacterial suspension with a volume fraction
of ϕ0 ≈ 0.825% and left the suspension undisturbed for
three hours, after which we filtered the suspension to re-
move the bacteria. The fluid collected (supernatant) was
then used to carry out the displacement experiment. We
observed no emergence of instability in the front, indicat-
ing that any changes in the suspending fluid characteris-
tics due to bacterial metabolic activity do not contribute
to the instability observed.
To determine whether the threshold ϕc for the onset of
instability varied with geometry, we conducted experi-
ments using the QFS geometry set-up. Again, experi-
ments carried out at a very low bacterial volume fraction
(Fig. 2(i)) showed fields propagating similar to that of
two Newtonian fluids with no viscosity contrast displac-
ing each other(Movie3). However, for ϕ0 ≈ 0.825%, the
fields first showed multiple fingers, which appeared in the
divergent part of the cell; these fingers then merged and
flowed towards the outlet (Figs. 2(g) and 2(h)) Movie4).
Fig. 3(a) shows the volume fraction profiles of the four
different regimes identified in Fig. 1(b): at very low bac-
terial volume fraction, the profile exhibited a smooth and
error-function-like pattern (red line: diffusive regime).
At high bacterial volume fraction, a sharp shock front
was observed (green line: finger regime) similar to that
observed in viscous fingering experiments [51–53]. In ad-
dition to these two regimes, we pointed out the rounded
regime (yellow line) and the spike regime (purple line),
where the latter is characterized by a spike of low bacte-
rial volume fraction which traveled ahead of the front.
In the finger regime, a shock front is visible at all times
(Fig. 3(b)) and corresponds to a iso volume fraction range
of 0 ≲ ϕ/ϕ0 ≲ 0.5. Fig. 3(c) shows the temporal varia-
tion of three iso volume fraction positions. We observe
that these positions y( ϕ

ϕ0
) vary linearly with time. The

green symbols in Fig. 3(d) show the normalized velocities
V ( ϕ

ϕ0
)/U obtained from the slopes of y( ϕ

ϕ0
) as a function

of time. The region of volume fractions that corresponds
to the sharp shock front (0 ≲ ϕ

ϕ0
≲ 0.5) propagates at a

normalized velocity ∼ 1.4 faster than the average velocity
of the fluid in a self-similar way. When ϕ0 decreases to
≈ 0.55% (▷ in Fig. 3(d)), the constant velocity plateau
(the shock) disappeared. It is replaced by (i) a rapid
drop of V (ϕ/ϕ0)/U for ϕ/ϕ0 ≲ 0.15 and (ii) a slower
decrease for ϕ/ϕ0 ≳ 0.15 towards ∼ 1. The first sharp
drop comes from a spike that contains a small number
of bacteria that propagates ahead of the front. When ϕ0

decreases further to ≈ 0.33% (□ in Fig. 3(d)), the spike
disappears, and every iso-ϕ’s of the profile spread in time

http://www.fast.u-psud.fr/~auradou/Active-Viscous-Fingering/Movie2.avi
http://www.fast.u-psud.fr/~auradou/Active-Viscous-Fingering/
http://www.fast.u-psud.fr/~auradou/Active-Viscous-Fingering/
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with a V (ϕ/ϕ0)/U that decreases monotonically towards
1 when ϕ/ϕ0 → 1. This is the rounded regime. Finally,
in the diffusive regime, for ϕ0 down to ≈ 0.11% (⃝ in
Fig. 3(d)), all the iso-ϕ’s lines travel at a constant ve-
locity close to ∼ 1. These features are identical to those
observed when a less viscous fluid displaces a more vis-
cous fluid [38, 51–53] and, the volume fraction of bacteria
ϕ0 seems to play a similar role to that of the viscosity ra-
tio M for Newtonian fluids.
To test this idea, we characterized the shape of the front
by its width λ (SI III) and its dynamics by the tip ve-
locity Vf , as functions of ϕ0/ϕc. The □ in Fig. 4(a)
illustrate the variation of the finger width λ normal-
ized by the channel width W . For ϕ0 ≲ ϕc, the nor-
malized finger width is close to 1, and the instability
is absent. The normalized width decreases rapidly for
ϕ ≳ ϕc and tends towards half of the cell’s width, em-
phasizing the emergence of fingers. To support this ob-
servation, experiments were conducted using bacterial
suspensions of different critical volume fractions ϕc. In
MB, for instance, the bacteria swim at a slower speed
(Vs = 10.6 ± 1.2 µm.s−1), and the rotational diffusion
coefficient is higher (DR = 0.13± 0.02 s−1) compared to
MB+1% PVP. As a result, a larger quantity of bacteria
ϕc ≈ 0.99% is needed to reach the zero viscosity regime.
⃝ in Fig. 4(a) shows the value of λ/W as a function
of ϕ0/ϕc for a suspension of bacteria in MB displacing
MB. We observed again that λ/W decreases to ∼ 0.5 for
ϕ ≳ ϕc, which corresponds to the fingering instability
emergence. In the same way, we observe that at low ϕ0,
the normalized tip velocities are close to 1 (Fig. 4(b)),
and fingers are absent. The same analyses were con-
ducted on experiments with Newtonian fluid pairs. The
results shown in SI IV indicate that when the viscos-
ity contrast is approximately 3, the displacement front
becomes unstable [43, 52]. Referring to Fig. 1(c), we ob-
serve that the normalized volume fraction ϕ0/ϕc needed
to achieve this viscosity ratio is approximately 0.5. Ex-
periments conducted with this volume fraction demon-
strate a stable front, which is equal in width to that of
the cell (Fig. 4(a)), moving at the average velocity of
the fluid (Fig. 4(b)). This indicated that the instabil-
ity observed with bacterial suspensions is specific to a
threshold linked to the zero-viscosity regime. It empha-
sizes the importance of using a suspension with a volume
fraction greater than ϕc to observe the emergence of an
instability.
Another difference with Newtonian fluids is that in the
unstable configuration, increasing the flow velocity leads
to the formation of multiple fingers [39, 53–55]. Sur-
prisingly, with bacteria, we observed the finger regime to
disappear when the velocity was increased to 100 µm.s−1.
One way to explain this is through the unique rheologi-
cal behavior of the bacterial suspensions [21–23]. At low
shear rates, the suspensions show a low-viscosity Newto-
nian plateau, whose value (represented by ♢ in Fig. 1(c))

λ

�
0
��

FIG. 4. Normalized finger width λ (a) and tip velocity Vf (b)
as a function of the bacterial volume fraction ϕ0 normalized
with the critical volume fraction ϕc. □ and △: Bacteria in
MB+1% PVP. ⃝: Bacteria in MB. △: QFS experiments.
□ and ⃝: experiments in HS. Dotted line, adjustment by:
∼ tanh(ϕ0

ϕc
− 1). For the HS cell, Vf = V (ϕ/ϕ0 = 0.2) and

U is ≃ 17 or 37 µm.s−1. For the QFS experiments, Vf is the
distance between the input and the output, normalized by the
time taken to reach the output. In this case, U ≃ 10 µm.s−1.

changes with the bacterial volume fraction. When the
shear rates are higher than γ̇c, the suspensions exhibit a
second higher Newtonian plateau with a viscosity close
to that of the suspending fluid (represented by ⃝ in
Fig. 1(c)). The crossover between the two plateaus occurs
for γ̇c ∼ 4DR ∼ 0.4 s−1 [23]. If we assume a parabolic
velocity profile in the aperture of the HS cell, the flow
can be characterized by an average shear rate ⟨γ̇⟩ = 4U

H .
For velocities below 37 µm.s−1, ⟨γ̇⟩ is less than 0.4 s−1

i.e. below γ̇c. The fluid dynamics within the HS cell
are affected by viscosity reduction, resulting in an effec-
tive low-viscosity fluid and the formation of a finger. For
U ∼ 100 µm.s−1, ⟨γ̇⟩ is ∼ 1 s−1 higher than γ̇c which
leads to the second Newtonian plateau. The difference
in viscosity between the displaced and injected fluids is
then not enough to cause instability.

Discussion and conclusions.- We observed that
introducing swimming bacteria into a flowing fluid can
destabilize the interface between the bacterial front and
the displaced fluid, resulting in a new interfacial dynam-
ics. This instability was observed when both ϕ0 ≳ ϕc

and ⟨γ̇⟩ ≲ γ̇c for which the bacterial suspension effective
viscosity is zero. For lower ϕ0, the swimming activity of
the bacteria seems too weak to cause any such instabil-
ity but leads to some alterations of the density profile.
Another interesting observation is the emergence of vor-
ticity in our experiments in a QFS geometry, which may
be related to collective motion in the suspension. This
observation supports the finding of a sudden increase in
the length of velocity correlations, which reaches dimen-
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sions comparable to the cell opening when ϕ0 > ϕc [22].
Future research may go beyond correlation to show their
connection. We think our findings are crucial in situa-
tions where bacteria travel through tight spaces such as
pores, fractures, or slits. They can

be useful for developing technology based on biology
where reducing fluid viscosity is important, for example,
in microbial-enhanced oil recovery (MEOR).
By showing that activity at the individual particle’s scale
can control the fluid’s effective property and influence
fluid flow, our results also significantly contribute to the
already rich field of active matter and open new paths
for further research.
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A. N. Morozov, H. Auradou, and W. C K Poon, Proceed-
ings of the National Academy of Sciences, 117(5):2326–
2331 (2020).

[23] J. Y. Y. Chui, C. Douarche, H. Auradou, and R. Juanes,
Soft Matter, 17(29):7004–7013 (2021).

[24] Y. Hatwalne, S. Ramaswamy, M Rao, and R. Aditi
Simha, Physical Review Letters, 92(11) (2004).

[25] A. Sokolov and I. S. Aranson, Physical Review Letters,
103(14) (2009).

[26] D. Saintillan, Experimental Mechanics, 50(9):1275–1281
(2010).

[27] D. Saintillan, Physical Review E, 81(5):056307 (2010).
[28] J. Gachelin, G. Miño, H. Berthet, A. Lindner, A.

Rousselet and E. Clément, Physical Review Letters,
110(26):268103 (2013).

[29] E. Clément, A. Lindner, C. Douarche, and H. Auradou.
The European Physical Journal Special Topics, 225(11-
12):2389–2406 (2016).

[30] D. Saintillan, Annual Review of Fluid Mechanics,
50(1):563–592 (2018).

[31] Z. Liu, K. Zhang, and X. Cheng, Rheologica Acta, 58,
439–451 (2019).

[32] A. Choudhary, S. Nambiar, and H. Stark, Communica-
tions Physics, 6(11):1–11 (2023).

[33] S. Hill, Chemical Engineering Science, 1(6):247–253
(1952).

[34] P. G. Saffman and G. I. Taylor, Proceedings of Royal
Society, 245(1242):312–329 (1958).

[35] P. G. Saffman, Journal of Fluid Mechanics, 173:73 – 94
(1986).

[36] W. B. Zimmerman and G. M. Homsy, Physics of Fluids
A, 4(11):2348–2359 (1992).

[37] J.-D. Chen, Journal of Fluid Mechanics, 201(1):223
(1989).

[38] P. Petitjeans and T. Maxworthy, Journal of Fluid Me-
chanics, 326:37-56 (1996).

[39] P. Tabeling and A. Libchaber. Physical Review A,
33(1):794–796 (1986).

[40] P. Tabeling, G. Zocchi, and A. Libchaber, Journal of
Fluid Mechanics, 177:67–82 (1987).

[41] D. Bensimon, L. P. Kadanoff, S. Liang, B. I. Shraiman,
and C. Tang, Reviews of Modern Physics, 58(4):977–999

mailto:harold.auradou@universite-paris-saclay.fr


6

(1986).
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Supplementary information

I Bacteria preparation

We used an Escherichia coli strain (RP437-YFP), a bacteria expressing yel-
low fluorescence protein. The growth medium consisted in a M9 minimal
medium supplemented with 0.1% Casammino acids, 0.4% Glucose, 0.01%
1 M Calcium chloride and 0.2%, 1M Magnesium sulfate dissolved in milliQ
water. To this growth medium, 25 µg/mL Chloramphenicol (CAM) was
added to grow only the bacteria expressing yellow fluorescence preferen-
tially. The bacteria were cultured in an incubator shaker at 240 rpm and
30◦C. The culture was stopped at an OD close to ∼ 0.1 and washed twice by
centrifugation (2300 g for 10 min). The bacteria were then re-suspended into
a minimal buffer (0.1 M EDTA, 0.001 M Methionine, 1 M Sodium Lactate,
and 0.1 M Phosphate buffer dissolved in milliQ water at pH = 7.0). This
medium provided the salts needed for bacterial swimming but contained no
nutrients for bacterial growth. The concentrated bacteria were then diluted
to the target concentration.

II Bacteria Motility

We characterized the motility of the bacteria by two parameters: the average
swimming velocity and the rotational diffusivity of the bacteria. To deter-
mine those values, a microfluidic chamber (Length=2 cm, Width= 1 cm
and Height=250 µm) created by bonding PDMS onto glass was filled with
a suspension of bacteria (ϕ0 ≈ 0.033%). The suspension was placed under
the microscope and observed using a 10x objective lens with a YFP filter.
Images were then recorded at ten frames per second with an exposure time
of 50 ms using a 2×2 binning for 20 s every 30 min over a period of 2 to
4 hours. The sequence of images was taken halfway between the top and
bottom surfaces. The field of view is 1.3×1.3 mm2 with a depth ∼ 30 µm.
Bacterial tracks were computed from the sequences of phase fluorescent im-
ages using Trackmate and post processed using an in-house MATLAB code.
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Figure 1: (a) Average velocity as function of the sampling time ∆t. (b)
Distribution of the velocities ||vi|| for different sampling time ∆t

For each track i, the two-dimensional positions xi(t) = (xi(t), yi(t)) was used
to compute the two-dimensional velocities vi(t) = ∆xi/∆t using a sampling
time ∆t. Fig. 1a shows the average velocity determined from one of the
image sequences as a function of the sampling time ∆t. The average veloc-
ity varied weakly with ∆t and was almost constant for ∆t between ≃ 0.5
and ≃ 4 seconds. This weak dependence was confirmed by the fact that
the velocity distributions plotted for different ∆t were superimposed (See
Fig. 1b). The values of Vs were obtained using ∆t = 0.4s.
To determine the rotational diffusivity of the bacteria, the dot product of
the velocity vector projections vi(t).vi(t + τ) were calculated for different
time intervals τ . The magnitude of velocities then normalized the values
averaged over time and tracks to obtain the mean cosine angle of projection
between these two vector projections cosθ(τ).

cos (θ(τ)) = ⟨ vi(t).vi(t+ τ)

||vi(t)||||vi(t+ τ)||
⟩i,t (1)

In Fig. 2, we observe two relaxation time scales: a first rapid drop fol-
lowed by another drop with a smaller slope for τ > 0.7s. The first slope
was attributed to the noise and the second to the rotational diffusivity DR

due to the bacteria’s run-and-tumble motion. To estimate DR, we fitted the
curve with an exponentially decaying function from τ = 1.5 to 10 s using
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Figure 2: cos (θ(τ)) plotted as function of τ for ϕ0 = 0.33 suspended in MB.
The solid line is the fit of the data with cos (θ(τ)) = Ae−2DRτ .

cos (θ(τ)) = Ae−2DRτ [1].

III Method used to determine the finger width

The following section outlines how the width of digitations were determined.
The process begins with the volume fraction fields ϕ(x, y). Examples of fields
are shown in Fig.2 in the main paper. First, the iso-volume fraction line
ϕ(x,y)
ϕ0

=0.6 is extracted using a in-house MATLAB code. Fig. 3 showcases
examples of iso-volume fraction lines in the case of experiments performed
with bacteria and iso concentration lines for experiments performed with
fluorescein obtained for various experiments where we injected the same
fluid volume. The difference in viscosity or the concentration of bacteria
can have a significant impact on the part of the front that advances in the
fluid initially placed in the Hele–Shaw cell, as demonstrated in the figure.
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Figure 3: Iso line ϕ/ϕ0 = 0.6 for experiments performed in a channel of
width W=2 cm. The blue, red, and yellow curves are, respectively, for
the Newtonian pairs of fluids for M ≃ 3.2, 6.5, and 12. The purple and
green curves correspond to two repetitions of an experiment with a bacterial
volume fraction ϕ0 ≈ 0.825%.

To characterize the width λ of the finger, we estimated the distance
along x (transverse to the flow) separating the iso-concentration lines at
a given position y (See Fig. 4a). Close to the inlet (See Fig. 4b), λ(y) is
approximately 2 cm, which is equal to the channel width. This zone is
followed by a decrease in λ(y) as we increase y. Then, λ(y) is observed to
reach an almost constant value along y. This asymptotic value of λ(y) is
about half the channel width. Finally, as we progress further and increase y,
we observe λ(y) decreasing again, corresponding to the region near the tip
of the concentration front. The length of the finger, denoted as l, is defined
as the distance between the positions in the y-axis where λ(y) = 0 and 2 cm
as shown in Fig. 4a and b. We then average λ(y) along length l to obtain
λ.
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Figure 4: (a) Iso volume fraction line ϕ/ϕ0 = 0.6 and (b) finger width
λ(y) obtained from the analysis of the iso volume fraction line. The line was
obtained from a volume fraction field measured for an experiment performed
with a bacterial volume fraction ϕ0 ≃ 0.825%.

IV Characteristics of the profiles obtained with
Newtonian fluids

The characteristics of the fronts created using Newtonian fluid pairs were
also determined by applying the same methods as those used for the fronts
measured with bacterial suspensions while moving the same fluid that con-
tained no bacteria.
Fig. 5 shows the profiles obtained for three different pair of Newtonian flu-
ids. The representation is identical to Fig. 3b of the paper. Note that all
profiles have a shock at the front of the forehead, identified by an abrupt
variation in concentration at the front.
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Figure 5: Normalized fluorescein concentration c/c0 profiles measured in
an HS cell of width W = 2 cm plotted as a function of the distance y, along
the length of the cell. The experiments were realized with c0 = 0.02 g/L
and at a flow velocity U = 17.5 µm.s−1. The viscosity contrast between the
displaced fluid (with viscosity µ1) and the displacing fluid (with viscosity
µ2) was adjusted by adding PVP to the displaced fluid. (a) M=3.2 (Water
dyed with florescein displaces 1% PVP solution), (b) M=6.5 (Water dyed
with florescein displaces 2% PVP solution) and (c) M=12 (Water dyed with
florescein displaces 3% PVP solution).

In our experiments with bacterial suspensions (refer to the main text),
we determined the width of the fingers, denoted as λ, using the method
outlined in SI III. Additionally, we measured the tip velocity, Vf , following
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the definition provided in the body of the article. The variation of these two
quantities is illustrated in Fig. 6. These data confirm that with a viscosity
contrast of M=3.2, the front is unstable and characterized by digitation,
which is half the width of the cell.
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Figure 6: Normalized front finger width normalized by the channel width
λ/W (a) and normalized tip velocity Vf/U as a function of the viscosity
ratio M = µ1/µ2 between the displaced fluid (with viscosity µ1) and the
displacing fluid (with viscosity µ2) was adjusted by adding PVP to the
displaced fluid. Dotted line: adjustment by ∼ tanh(M −Mc) where Mc =
2± 1 is the critical viscosity ratio.
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