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Observation of antisymmetric shock waves in soap-film flows
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Objects inserted in a fast-flowing soap film are observed to cause strong disturbances on
the film, resembling shock waves. Currently a prevailing opinion is that these shock waves
correspond to sudden increases in film thickness caused by elastic symmetric waves, or
the propagation of film thickness changes driven by surface tension variations with the
film surface area. Here, we show by laser interferometry that these “shock waves” in fact
originate from the antisymmetric waves studied by Taylor, which correspond to the bending
of the liquid film with no thickness change. This phenomenon thus forms an example
of symmetry breaking. These shock waves maintain an antisymmetric structure, but the
structure size varies with the size of the intruding object. Our results indicate that these
structures could be objects for studying solitary waves, rather than the traditional shocks
corresponding to density jumps in compressible flows.
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The flow of liquid films is an intriguing problem that involves the interplay between fluid
mechanics, surfactant transport, and interfacial phenomena. It is also ubiquitous, ranging from semi-
conductor manufacturing [1] to biophysics [2]. Among them, freely flowing soap films are probably
the most common and are intensively studied. The dynamics of a soap film is tightly coupled to
its shape and thickness, which cause fascinating optical effects, including the remarkable branched
flow of light observed recently [3]. In soap films, disturbances in either the shape or the thickness
of the liquid film propagate in the form of waves. There exist three kinds of waves (see Fig. 1):
the antisymmetric Taylor waves that propagate at a speed of vAS = √

2σ/ρh, the symmetric Taylor
waves at speed vS = k

√
σh/2ρ, and the elastic symmetric waves at vE = √

2E/ρh, in which σ , ρ,
and h are the surface tension, density, and thickness of the (undisturbed) soap film, k is the wave
number, and E is the soap-film elasticity. While the first two wave modes also exist in films of pure
water as shown in the classical work by Taylor [4], the third mode can only exist in soap films with
surface tension coefficients varying with surface area, i.e., with nonzero elasticity E = A(dσ/dA),
in which A is the surface area of the film [5–7]. For freely flowing soap films, their thicknesses
are typically in the order of micrometers, much shorter than the disturbance wavelengths, which
means that the symmetric Taylor mode can be neglected compared to the antisymmetric mode
since vS/vAS ∼ kh � 1. Thus observing and distinguishing the antisymmetric Taylor waves and
the elastic symmetric waves in flowing soap films has long been a research focus [8–13].

For gravity-driven, fast flowing soap films, it has been demonstrated that inserting a round rod
into the film could generate a shock wave with an apparent Mach angle α = arcsin (1/Ma) =
arcsin (v/u), where Ma = u/v is the Mach number, and v and u are the speeds of the propagating
wave and the incoming flow, respectively. In the literature, this kind of shock wave is commonly
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FIG. 1. Schematics of waves in soap films. (a) Antisymmetric Taylor waves, (b) symmetric Taylor waves,
and (c) elastic symmetric waves. The elastic symmetric waves in (c) can only exist in soap films with surface
tension varying with surface area, i.e., with nonzero dσ/dA.

reported as coming from the elastic symmetric waves and having a sudden increase in film thickness
at the shock [11,13]. In this Letter, we show that this kind of shock in fact comes from the
antisymmetric waves and there is no sharp change in film thickness across the shock. From this
perspective, these are not traditional shock waves and are actually much closer to solitary waves
formed by the superposition of antisymmetric waves.

The experiments were performed in a two-dimensional (2D) soap-film tunnel formed by two
nylon wires as sketched in Fig. 2(a), a setup widely used for studying 2D flows [11–21]. In our
experiment, a peristaltic pump was used to circulate the soap solution and set up the volume flow rate
Q, and the separation width between two nylon wires was W = 2 cm. The soap solution consisted
of 2% Dawn detergent, 10% glycerol, and 88% de-ionized water, all in mass, which is the “stan-
dard” recipe for soap-film flows [11–14,16,17,20,21]. At this concentration, the active surfactant
(sodium dodecyl sulfate, SDS) is in the high-concentration regime [12,13,16,22–26], i.e., its bulk
concentration is higher than the critical micelle concentration (CMC), which means that the surface
tension σ of the soap film, when its surfactant concentrations on the interface and in the bulk are at
equilibrium, is saturated to a constant and no longer varies with the bulk concentration [23,27–30].
When a round rod is inserted into this flowing soap film, if the film speed is large enough, a shock
wave can be formed around the rod, with reflections at the vertical boundaries. In this Letter, we
focus on the primary shock wave near the rod.

To have more information on the film thickness, especially when the shock was formed, we
used laser interferometry to examine the change of film thickness around the rod [Fig. 2(b)]. The
incident light was a collimated beam from a cw solid-state laser with a wavelength of λ = 671 nm
and a power of 5 W. The laser beam and a high-speed camera (Phantom VEO710, VisionResearch,
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FIG. 2. Schematics of the soap-film flow setup and the laser interferometry to reveal the change of film
thickness. (a) The soap-film flow. The gravity-driven soap-film flow is confined by two nylon wires with
diameters of 0.32 mm held by hooks and weights. The peristaltic pump circulates the soap solution and sets up
its volume flow rate. (b) Optical setup of the laser interferometry. (c) The corresponding optical path. (d) An
example interference image of an undisturbed soap film.

Inc.) were placed on the same side of the soap film at the same angle θ = 9.5◦ to the film. The
images captured by the camera were formed by the interference between the reflected lasers from
the front and back surfaces of the film [Fig. 2(c)]. Each interference fringe thus corresponds to an
isopach of the soap film at an thickness of h = mλ/2

√
n2 − sin2 θ , where m = 0, 1, 2, . . . is the

order of the black interference fringe and n is the refractive index of the soap solution. Figure 2(d) is
an example image of the interference image formed by an undisturbed flowing soap film, of which
the volume flow rate of the soap solution was Q = 35 ml/min and the film thickness in the center
was h = 8.7 μm, measured by an infrared absorption method similar to that reported before for
soap-film flows [31].

For the shock wave formed by inserting a rod into the film, if the film thickness suddenly changes
at the shock, the interference fringes should become discontinuous at the shock. However, as we
show now, this is not the case for the entire range of Mach numbers that we tested. Figure 3 shows the
interference fringes after inserting a rod with diameter D = 650 μm into the film. From Figs. 3(a)
to 3(f), the volume flow rate was increased from Q = 20 ml/min to Q = 45 ml/min, which resulted
in an increase in the Mach number and hence a decrease in the Mach angle. For all these cases it
is clearly seen that the interference fringes were continuous across the shock wave, as shown in
the closeup view on the right-hand side of each panel in Fig. 3. (Note that as mentioned before,
there were reflections of the shock wave at the boundaries of the soap film formed by the nylon
wires, which we do not discuss here.) The bending of the fringes in the shock region was due to the
deformation of the film, very much as a “curtain pleat,” as illustrated in Fig. 4.

The images above thus give strong support that these shock waves originated from the superpo-
sition of the antisymmetric Taylor waves rather than the elastic symmetric waves.

We note that if the shock waves were caused by elastic symmetric waves, one could estimate
the film elasticity E using the flow speed u, the Mach angle α, and the film thickness h by
E = 1

2ρh(u sin α)2. Using data corresponding to the flowing soap films shown in Fig. 3 above,
we estimated that E ≈ 20 mN/m. The film elasticity E = (dσ/d ln A), on the other hand, depends
on how the surface tension responds to the relative change of the surface area, which involves the
complicated process of surfactant migration between the interface and the interstitial fluid.

If the area variation is relatively slow so that the surfactant concentration on the film interface
always remains at equilibrium with the bulk surfactant concentration of the interstitial fluid, which
is the so-called Gibbs regime [7], the film elasticity can be estimated from the dependence of surface
tension on the surfactant concentration in the bulk fluid. For soap films created from soap solutions
with a surfactant concentration above the CMC, the surface tension is nearly independent of the
surfactant concentration [7,30], which implies that the Gibbs elasticity of a soap film under this
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FIG. 3. The interference fringes over flowing soap films with shock waves formed by inserting a rod with
diameter D = 650 μm. The volume flow rate of the soap solution Q for the flow shown in each panel is
(a) 20 ml/min, (b) 25 ml/min, (c) 30 ml/min, (d) 35 ml/min, (e) 40 ml/min, and (f) 45 ml/min, with the Mach
angle α respectively at 69◦, 55◦, 47◦, 41◦, 37◦, and 34◦. In each panel, a closeup view of the continuous
interference fringes across the shock is shown on the right.

FIG. 4. A sketch to illustrate the interference fringes over the shock. (a) The formation of shock waves
by the insertion of a round rod in a supersonic soap-film flow and the reflection at the boundary. (b) The
corresponding interference fringes. (c) A closeup and cut-through view of the soap film that shows the
deformation of the film and the interference fringes.
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α

(a) (b)

(c) (d)

(e) (f)

FIG. 5. The interference fringes of 35 ml/min flowing soap films with magnification (as shown by the
scale bars), in which the inserted diameter D of the conical needle is (a) 450 μm, (b) 420 μm, (c) 350 μm,
(d) 250 μm, (e) 150 μm, and (f) 50 μm.

condition is EG ≈ 0. Using the surface tension data measured from deforming soap bubbles [30], it
can be estimated that EG � 4 mN/m, which is too small compared to that required by the observed
Mach angle.

If the area variation of the soap film is very fast so that the same number of surfactant molecules
remain on the interface during the surface deformation, this is called the Marangoni regime [7]. The
film elasticity in this case then depends on the rate of surface stretching. For the distortion of the film
caused by the flow past an object, by dimensional analysis, the rate of film stretching (d ln A/dt )
should depend on u/D, where u is the speed of the film flow and D is the characteristic size of the
object. Therefore, by varying the diameter D of the rod inserted in the film while keeping the flow
rate Q the same, we could evaluate the effect of film elasticity on the response of the film to the
disturbance.

Figures 5(a)–5(f) show the interference fringes when the diameter of the intrusion was decreased
from D = 450 μm to 50 μm, while the volume flow rate of the soap film was kept fixed at
Q = 35 ml/min. The diameter D was varied by moving a conical needle inserted into the soap
film perpendicular to the film along a precision translation stage. Note that as the cone angle of
the needle was 15◦ and the thickness of the soap film was ∼10 μm, the change of diameter D
within the soap film due to the conical shape of the needle was only approximately 2 μm, which
was insignificant for 50 μm � D � 450 μm. For large D, such as Fig. 5(a) with D = 450 μm, the
interference fringes look very similar to those disturbed by the rod shown in Fig. 3 and can be
seen to be clearly continuous across the shock or the “pleat” as sketched in Fig. 4. When D was
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FIG. 6. The Mach angle α (i.e., the half angle of Mach cone) under 35 ml/min flow rate with different
inserted diameters D of the conical needle. The Mach angle α is independent of the inserted needle diameter D
and remains constant under a fixed flow rate Q.

decreased, the amplitude-to-width ratio of the pleat increased, which made the fringes in the shock
region less distinguishable. At D = 50 μm, the amplitude-to-width ratio was so large that the fringes
bent abruptly across the shock and seemed to have joined together at the shock wave (we remark
that it can be seen that there was still a clear one-to-one correspondence between the fringes on
the two sides of the shock), which could be mistakenly regarded as indicating a sudden increase in
film thickness. This might be the main reason why existing views consider this kind of shock wave
as originating from elastic symmetric waves. Physically, this just means that the amplitude of the
antisymmetric shock wave is much larger than its wavelength, which makes the soap film bend to
almost self-merging, but this is fundamentally not a film thickness increase due to elastic symmetric
waves.

In Fig. 6, we plot the Mach angle α = arcsin (1/Ma) = arcsin (v/u) measured from images
as those shown in Fig. 5, together with α measured from Fig. 3(d), which were obtained at the
same flow rate as those in Fig. 5, but with D = 650 μm. Under a fixed flow rate Q, or flow
speed u, the Mach angle α is independent of the inserted diameter D, which means that the
rate of film stretching has no effect on the shock-wave generation mechanism. Moreover, using
the flow rate Q = 35 ml/min, film width W = 2 cm, film thickness h = 8.7 μm, density of the
soap solution ρ = 1.026 g/cm3, and the value of the surface tension σ = 22 mN/m for soap film
at this detergent concentration [30], the Mach angle can be calculated as α = arcsin (vAS/u) =
arcsin (

√
2σh/ρW/Q) = 41.5◦, which agrees well with the measured value as shown in Fig. 6. Thus

Fig. 6 and the calculation above provide quantitative evidence that the shocks observed resulted from
the propagation of the antisymmetric Taylor waves, not the elastic symmetric waves.

In summary, we showed that typical shock waves behind intrusions in a flowing soap film
actually originate from the superposition of the antisymmetric Taylor waves, rather than the elastic
symmetric waves as commonly thought. As the flow is symmetric about the middle plane of the soap
film, it is natural to think that the disturbed waves are also symmetric, which is indeed the prevailing
opinion. However, our results indicate that the flow chooses a symmetry-breaking state under the
perturbation by an intrusion. This symmetry-breaking behavior is worthy of further investigation.

We note that the “shock waves” discussed are not the traditional shocks in aerodynamics as there
are no appreciable changes of flow velocity or film thickness (which acts as density for film flows)
across the shock as regarded before [11,13]. The dominating feature is the sinusoidal antisymmetric
waves with very large amplitudes, which highly resemble solitary waves rather than shocks. Our
results thus indicate an object for the study of solitary waves in the future.
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