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Propriétés acoustiques des mousses liquides
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1 Laboratoire Matière et Systèmes Complexes (MSC), Univ. Paris-Diderot, CNRS UMR 7057 - Paris, France
2 Institut de Physique de Rennes (IPR), CNRS UMR 6251 - Rennes, France
3 Institut Jean Le Rond d’Alembert, CNRS UMR 7190 - Paris, France
4 Sorbonne Universités, UPMC Université Paris 6, UFR 925 - Paris, France
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Comment bouge une mousse liquide au passage une onde acoustique ? La réponse à cette
question est loin d’être triviale. Ainsi, pour des longueurs d’onde grandes devant la taille des bulles,
la propagation du son est extrêmement dispersive et majoritairement guidée par les paramètres
physiques et peu par la physico-chimie 1. Les paramètres physiques permettant de décrire une
mousse liquide sont variés : (i) une faible fraction de liquide (moins de 30%), (ii) une ossature
liquide qui contient la majeure partie de la phase aqueuse et qui maintient des films de savon très
fins, (iii) l’ensemble délimitant des bulles non-sphériques et polydisperses (cf insert figure).

negligible part of water, but with a non-negligible surface)
this last formula reduces to x2=Φf: the effective liquid
density is governed by the films, as in Kann’s model [12].
The transition between the two asymptotic regimes can

be inspected by noting that 1 −HðqaÞ ∼0 −ðqaÞ2=8. Thus,
within the approximation Φc ≫ Φfj1 − 2=xj, Eq. (2)
becomes Φ0 ≃ Φc=½1 − ðω=ω0Þ2 − ixωτ$, similar to the
response function of an harmonic oscillator with a reso-
nance frequency ω2

0 ¼ 16σΦf=ðρa2ex2ΦÞ and a damping
factor xωτ. Interestingly, this resonance frequency depends
neither on a nor on e since Φf ¼ nfπa2e, nf being the
number per unit volume of films perpendicular to the
direction of propagation. If we consider that there are N
such films per bubble, we obtain nf ¼ 3Nð1 − ΦÞ=ð4πR3Þ
and the resonance frequency becomes

ω2
0 ¼

12Nσð1 − ΦÞ
x2ρΦR3

; (3)

which predicts the experimentally observed R−1.5 scaling
law. The mechanism of this resonance is different from
Minnaert’s one: inertia also comes from water, but here the
restoring force is due to the tension of the film, not the
compressibility of air.
To go beyond and get a quantitative prediction over

the full range of frequencies and sizes, we refine the
model and include polydispersity, as explained in SM1.
Briefly, this amounts to changing HðqaÞ by I ¼R
HðqaÞa2nðaÞda=

R
a2nðaÞda in the expression (2) of

the effective liquid fraction, with nðaÞ the distribution
of film radii. If we assume that this distribution is
lognormal with a median radius a0, a polydispersity ϵf,
and a total number of films per unit volume nf, the
model counts a total of nine parameters. Three are
known: σ ¼ 35 mN=m, Φc ¼ 11%, ϵ ¼ 0.4. Four can
be estimated: x, nf, a0, and ϵf. The surface fraction
covered by films in a liquid foam was studied by
Princen [24]. He found the following empirical depend-
ence on Φ: x ¼ 1 − 3.20½7.70þ ð1 − ΦÞ=Φ$−1=2, which
gives x ¼ 0.2 in our case. Then one can estimate that
nf ¼ 1620 films per mm3 (assuming N ¼ 1), a0 ¼ 15 μm
(taking an average of 6 films per bubble imposes
x ¼ 1.5ða0=RÞ2), and ϵf ¼ 0.4 (same polydispersity as
for bubble radii). The two remaining parameters were
fitted to the experimental data: τ governs the width of the
resonance, e the high-frequency effective density. With
τ ¼ 10 μs and e ¼ 70 nm, the model agrees well with the
experimental data (Fig. 5). This value of e is compatible
with the usual measurements of film thickness, of a
few tens of nanometers [1]. It also justifies the Taylor
expansion leading to Eq. (3), since it leads to ðqaÞ2 ¼
0.15 at the resonance frequency (130 kHz). It is less easy
to compare τ to any standard measurement, and the local
study of the microscopic dissipation mechanisms at high
frequency is left as a perspective of our work.

The model also captures well the dependence on Φ of the
frequency of the maximum of attenuation, as shown in
Fig. 2. The polydispersity has to be included to obtain a
quantitative comparison (see SM1), but Eq. (3) is sufficient
to understand the nonmonotonic behavior: for an increasing
liquid fraction, the increase of density (1=

ffiffiffiffi
Φ

p
term, as in

the modified-Minnaert relation) is dominated by the
shrinkage of the films (1=x term).
A salient feature of our study is the existence of a

negative real part of the density over an extended range of
frequencies (100 to 300 kHz). The mechanism of this
negative effective density is well illustrated by looking at
the displacement of a film and a liquid channel predicted by
(1) [see Fig. 4(c)]. At low frequencies, they move in phase
with the incoming pressure. At high frequencies, only the
film moves. At intermediate frequencies, while the liquid
channel has a small in-phase displacement, the film moves
out of phase with an amplitude large enough to compensate
for its small inertia. The net average movement of the
system is then out of phase, which leads to a negative
effective density [25].
As a conclusion, we have evidenced two regimes for

the sound propagation in a liquid foam, separated by a
resonance. Our study reconciles the seemingly contra-
dictory results previously reported: a low speed of sound,
compatible with Wood’s model, at low frequency and small
bubble size; a much higher one, slightly lower than that
in air, at high frequency and large bubble size; and a
resonance in between, with a maximum of attenuation.
This rich variety of behaviors is fully captured by a model
coupling the motion of air, films, and liquid channels.
Finally, we have shown for the first time that liquid

foams are naturally acoustic single-negative metamaterials,
with an effective negative density over an extended range of
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FIG. 5 (color online). Comparison between the measured
effective complex density (∘ real part, • imaginary part) and
prediction of the equivalent of Eq. (2) in the polydisperse model
(see SM1).
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Densité effective en fonction de la fréquence acoustique
dans une mousse à 11% de fraction de liquide (Taille des
bulles : rayon médian des bulles de 40µm et polydispersité
de 40%). Expérience : partie réelle en • et partie imaginaire
en ◦. Modèle : partie réelle en noir et imaginaire en tirets
rouges. Photo d’une mousse en insert.

Expérimentalement, nous avons mesuré des
propriétés acoustiques qui dépendent très forte-
ment de la fréquence et de la taille des bulles.
Avec une bonne connaissance de la structure
des mousses, nous avons établi un modèle ca-
pable d’expliquer le comportement des ondes lors-
qu’elles traversent ce système complexe 2.

Trois régimes de propagations apparaissent :
deux non dispersifs qui encadrent une zone où la
structure ossature liquide/film résonne. Pour dis-
tinguer les différents régimes, l’échelle de longueur
à considérer n’est pas celle de la longueur d’onde
de l’onde de compression se propageant dans la
mousse, mais celle de la longueur d’onde de l’onde
élastique se propageant à la surface des films de
savon2, 3. Dans le régime résonant, l’ossature li-
quide se déplace en phase avec l’onde acoustique
alors que les films se mettent à bouger en oppo-
sition de phase avec l’onde acoustique : la densité effective devient négative (cf. figure). Les
mousses liquides agissent donc comme des métamatériaux acoustiques naturels et isotropes dans
les trois directions de l’espace.
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