
Tunneling of micron-sized droplets through soap films

Ildoo Kim and X. L. Wu
Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA

�Received 26 March 2010; revised manuscript received 8 June 2010; published 23 August 2010�

When a micron-sized water droplet impacts on a freely suspended soap film with speed vi, there exists a
critical impact velocity of penetration vC. Droplets with vi�vC merge and flow with the film after impacts,
whereas droplets with vi�vC tunnel through it. In all cases, the film remains intact despite the fact that the
droplet radius �R0=26 �m� is much greater than the film thickness �0�h�10 �m�. The critical velocity vC

is measured as a function of h, and interestingly vC approaches an asymptotic value vC0�520 cm /s in the
limit h→0. This indicates that in addition to an inertial effect, a deformation or stretching energy of the film
is required for penetration. Quantitatively, we found that this deformation energy corresponds to the creation
of �14 times of the cross-sectional area of the droplet �14�R0

2� or a critical Weber number
WeC��2�wvC0

2 R0 /���44, where �w and � are, respectively, the density and the surface tension of water.
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I. INTRODUCTION

When a liquid droplet impinges on a surface made of the
same liquid, a variety of phenomena occurs. If the underly-
ing liquid has a finite but large depth, the droplet causes
splashing, creating a crownlike structure that had become an
iconic piece of Edgerton’s then newly invented strobe pho-
tography in the late 1930s �1�. If the underlying liquid has a
small thickness, the macroscopic corona structure disappears
altogether and instead a thin ejecta sheet is created �2�. The
existence of such ejecta sheet has only recently been discov-
ered and has captured the attention of scientists �3�. Under-
lying this seemingly simple phenomenon is complex dynam-
ics �3–5�, whose understanding is currently incomplete but is
fundamentally important for a variety of industrial processes
such as containment of hazardous liquids, uniform coating of
surfaces, and efficient fuel injection.

In this paper, we report a related phenomenon, namely,
the impact of a water droplet against soap films. Specifically,
we are interested in tunneling of a ballistic droplet through
the film. A classical analysis of Taylor and Michael �6� based
on an energy argument suggests that when a hole is created
on a liquid film, it will shrink and heal if its diameter is
smaller than the film thickness. On the other hand, if the
diameter is larger than the thickness, an instability that leads
to the rupture of the film will occur. Analyses were also
carried out by Zheng and Witten �7� in a proposal to create a
giant liquid film in space that is free of gravitational forces
and surrounding air; both are significant factors complicating
the study of two-dimensional fluid flows and turbulence us-
ing these films in ground-based experiments �8–10�. Their
calculation shows that a meteor of a few nanometer in size
can be hazardous to a space-based film. While the energetic
argument is compelling and has found some experimental
confirmations �11�, the calculation cannot account for certain
observations made in these films. For instance, common ex-
periences show that when a soap film is perturbed by a for-
eign object, the film often breaks. However, if the object is
wetted by water, the film is much more resistant to the per-
turbation. A recent experiment demonstrated that a macro-
scopic object as large as a tennis ball can readily pass

through a micron-thick film without breaking it �12�. It is
evident that the passage dynamics in this latter case cannot
be understood unless film deformation into the third dimen-
sion, perpendicular to the film, is taken into account.

To investigate the tunneling process quantitatively we
implemented an inkjet technique to generate uniform sized
�R0=26 �m� water droplets at a controllable rate. The tra-
jectories of the droplets before and after impacts were digi-
tized using a high-speed video camera, allowing quantitative
measurements of momentum and energy transfers between
the droplets and the film. It was observed that droplets can
tunnel through the soap film if its impact velocity is higher
than a certain threshold value vC, and in no case rupture
occurs as a result of the impact. Using films of different
thicknesses �0�h�10 �m�, we found that the energy bar-
rier EC= 1

2mvC
2 for tunneling is a linear function of h and can

be expressed as EC=Emin�1+�h /R0�, where Emin�0.01 erg
and ��3.9 are constants. Kinematically, we found that the
tunneling process can be modeled as an inelastic collision
between the droplet and the film. It only requires two param-
eters, M1 and M2, which specify, respectively, the effective
mass of the film involved in the collision and the mass that is
transferred to the droplet after the collision.

II. EXPERIMENTAL SETUP

Our experiment was carried out in flowing and static ver-
tical soap films as depicted in Fig. 1 and described in the
caption. The construction of the soap-film apparatus has been
discussed previously �13,14�. Briefly, our soap-film channel
was made of two parallel nylon wires, which were connected
to two soap solution reservoirs, one at the top �R1� and the
other at the bottom �R2� of the channel. To create a soap
film, we first let the soap solution flow along the two wires,
and then the wires were separated from each other to form a
film. The channel width in the current measurement was set
constant at 5 cm. The soap solution collected by the lower
reservoir was pumped back to the top reservoir, resulting in a
long-lasting film once initiated. By regulating the solution
flux 	 by a valve at the injection point on top of the channel,
the film speed VF could be varied from 1.5 to 2.5 m/s. For
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the vertical film, there is a strong correlation between VF and
h, i.e., both VF and h increase with 	, but VF and h were
measured independently. All of our experiments were carried
out in the middle of the soap film channel where h is uniform
�see Ref. �15�� on scales much greater than the droplet radius
R0.

With the above setup, a large flowing soap film was not
stable for VF�1.5 m /s �or h�2.5 �m�. Thus, for measure-
ments with thin h, we generated smaller films by immersing
a rectangular metal frame �3
3 cm2� into the soap solution
and then pulling it out slowly. The soap films formed in this
manner were initially thick, but they were subject to thinning
due to gravity. For h�2.5 �m, the film was quasi static
�VF�0.02 m /s� with h varying slowly with time, and we
monitored h by a laser transmission interferometer, which
will be described below.

The soap solution used consists of 2% �in volume� liquid
detergent �Dawn� and 98% distilled water. The kinematic
viscosity of the soap solution, measured by a glass capillary
viscometer �Cannon Instrument Co.�, is ��0.012 cm2 /s,
close to water. The surface tension of the liquid/air interface
of the bulk solution was determined by a Du Noüy tensiom-

eter �CSC Scientific� as �=32�1 erg /cm2. Measurements
of � as a function of the concentration of the liquid detergent
indicate that the critical micellar concentration of our soap
solution is well below 0.1%. As will be discussed below, a
wave speed measurement in the soap film indicates that the
surface tension of the film is about the same as measured on
the free surface of the bulk liquid, indicating that at 2%
concentration, the surfaces of the film are fully covered by
the surfactant.

Micron-sized water droplets are created by using an inkjet
printer cartridge �NEC model #30–060�. This cartridge
works by electrically heating water near a nozzle �Diam.
=40 �m�, which consists of a small heater with a 30 

internal resistance. When a pulse of electric current is ap-
plied, the rapid expansion of water near the heater causes a
droplet to be ejected with a high speed. By using a custom-
made computer program and a current driving circuit, a rect-
angular electric pulse of 7.5 V is applied to the heater for
10 �s. The pulse is repeated periodically with a frequency
10 Hz. The motion of ballistic droplets is followed by video
imaging.

To study the interactions with a soap film, a stream of
droplets generated by the inkjet nozzle was aimed normal to
the film. For convenience of a latter discussion, a coordinate
system is set up such that the initial velocity is along the x
axis and the film flows in ŷ direction as depicted in Fig. 1. To
visualize the droplet’s trajectory, a high-intensity �300 W�
halogen lamp and a high-speed video camera �Phantom V5,
Vision Research� were mounted perpendicular to xy plane
facing each other, so we can capture forward scattering from
the droplet and follow their motions. In typical measure-
ments, the camera operates at 5000 fps with a resolution
256
512, allowing droplet velocity to be determined reli-
ably.

To characterize the system, droplets were ejected horizon-
tally with the speed �1200 cm /s in the absence of a soap
film. The motion of the droplet is strongly damped by air so
that its trajectory does not resemble the familiar parabolic
form. The trajectory of the droplet remains horizontal until it
loses most of its kinetic energy, and the droplet then falls
under the influence of gravity. The horizontal segment of the
trajectory is �5 cm long in our experiment, corresponding
to a flight time of 20 ms. One can appreciate the flatness of
this horizontal segment by estimating the distance it falls in
this time interval, which is given by 1

2gt2 or �2 mm. Taking
into account the air friction, this falling distance is even less.
Within this horizontal distance, the droplet velocity is hori-
zontal and its magnitude changes from 1200 cm/s to about 0,
providing a convenient means for us to select different im-
pact velocities vi.

While falling in the gravitational field, the droplet reaches
a terminal velocity rapidly with vt=7.6�1.1 cm /s as deter-
mined by our video camera. For a small Reynolds number in
air, Rea��2Rvt /�a��1, the terminal velocity of a sphere of
radius R is given by vt�

mg
6��aR , where �a and �a are respec-

tively the shear and the kinematic viscosity of air. This yields
a droplet radius of 25.4�1.7 �m. Independently we mea-
sured the droplet radius by weighing the cartridge before and
after ejecting 9
104 droplets. The decrease in the cartridge

FIG. 1. �Color online� The experimental setup. The soap-film
channel is formed by two nylon wires, and the width of the channel
is maintained by four side wires as depicted in the figure. A vertical
soap film flows in the ŷ direction with a uniform velocity VF. A
water droplet is ejected horizontally, in the x̂ direction, toward the
soap film with an impact velocity vi. The final velocity of the drop-
let after impact �vx , vy� is also indicated. To visualize the water
droplet and the film, a high-intensity halogen lamp and a low-
pressure sodium lamp were used. The droplet’s trajectories and their
corresponding velocities were recorded by a high-speed video cam-
era. Similar measurements were also performed in static vertical
films created in a rigid metal frame with a surface area 3
3 cm2.
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mass, averaged over several trials, was 6.5�1 mg. This
gives the average mass per droplet 72�11 ng or a radius
R=26�1 �m, which is in good agreement with the vt mea-
surement. The difference of 2.5% between the two methods
may be due to evaporation during the 20 ms flight time in air,
but this difference is barely discernible. In what follows, we
will use R0=26 �m as the radius of our droplets.

In the experiment, the impact velocity vi was varied by
adjusting the distance between the nozzle and the film, �x
�5 cm. For instance, at the critical velocity vC
�520 cm /s, �x was approximately 2.5 cm, and the vertical
velocity component was only 1% of VF and thus totally neg-
ligible. After the collision, the droplet either tunnels through
with a nonzero vx or is absorbed by the film with vx=0. We
measured the velocity components �vx ,vy� after tunneling as
a function of vi and the film thickness h.

To determine the film thickness h, we measured the opti-
cal transmittance of the p-polarized light T� at �=685 nm
as a function of incident angle �. A rotation stage was built to
allow the semiconductor laser and a photodiode to be rotated
synchronously on two separate arms. A computer controlled
stepping motor drives the rotation stage, allowing a wide
range of incident angle to be scanned rapidly, i.e., −70°
���+70° in �5 s. We modeled the soap film as a dielec-
tric slab of thickness h with a refractive index n=1.33. A
calculation shows that T� is given by �16�

T� = �1 + 	 2r�

1 − r�
2 
2

sin2��/2��−1

, �1�

where r�= cos �−�n2−sin2 �

cos �+�n2−sin2 �
and �= 4�h

�
�n2−sin2 �. As shown in

Fig. 2, this slab model works quite well for our soap films,
and h can be accurately determined.

III. RESULTS AND DISCUSSIONS

Figure 3�a� displays the horizontal velocity component of
the droplets after the impact on a soap film vx as a function

of vi. The measurements were repeated for films of different
thicknesses h. We showed that there exists a critical velocity
vC; for vi�vC, the droplet loses its horizontal momentum
�vx=0� and it flows with the soap film after impact. On the
other hand, for vi�vC, the droplet is able to tunnel through
the film with vx�0. Although the data near the threshold is
somewhat noisy, the critical velocity vC can be determined
without much ambiguity by extrapolating the data below and
above the threshold. As delineated in Fig. 4�a�, our measure-
ments indicate that vC increases with h, suggesting that the
energy barrier for tunneling becomes greater for a larger h.
We also found that vC does not vanish when h→0 but ap-
proaches a finite value vC0�520 cm /s, which translates to a
minimum energy Emin�� 1

2mvC0
2 ��0.01 erg. This suggests

that a considerable fraction of the tunneling energy EC is in
the deformation of the soap film. Another conspicuous fea-
ture seen in Fig. 3�a� is that after tunneling, vx is proportional
to the impact velocity vi, and the proportionality constant is
to a good approximation unity for all different h.

The momentum exchange in the vertical direction is also
significant. Figure 3�b� displays normalized y-component ve-
locity vy /VF as a function of the impact velocity vi. It is
shown that if vi�vC, vy /VF=1, i.e., the droplet moves with
the film. However, for vi�vC, the tunneling causes the drop-
let to gain a momentum in the ŷ direction, but in general

FIG. 2. �Color online� A typical optical transmission measure-
ment in a flowing film. The data �squares� show transmittance T� as
a function of the incident angle �. We found that a soap film can be
well approximated by a dielectric slab with a constant thickness h
and a refractive index n=1.33. This allows T� to be determined.
The solid line is a fit to the slab model of Eq. �1�, resulting in h
�2.56 �m in this case.

FIG. 3. The droplet velocity �vx ,vy� after impact as a function of
the impact velocity vi. The measurements were carried out for dif-
ferent film thicknesses: h=2.6 �m �squares�, 7.5 �m �circles�, and
11.4 �m �triangles�. The error bars represent the measurement un-
certainties, mostly due to the finite pixel size. In �a�, the x compo-
nent of the velocity vx is plotted against vi. It is shown that there
exists a critical velocity vC for each film thickness as indicated by
the vertical arrows. In �b�, the normalized y component of the ve-
locity vy /VF is plotted against vi. Here we found that vy /VF has two
discrete values for a given h. It is either +1 when the droplet merges
with the film, or ��1 when the droplet tunnels through the film.
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vy �VF. We give the y-component of velocity in terms of �
=vy /VF. Figure 3�b� demonstrates that � is nearly constant in
each regime �merging and tunneling� but changes abruptly at
vc. In addition, � depends on the film thickness h as delin-
eated in Fig. 5. When the droplet passes through a thicker
film, it gains more momentum in the ŷ direction than passing
through a thin one. Asymptotically, one expects that �→1 as
h→�, which is consistent with our observation. We found
that a tunneling droplet readily picks up the y-momentum
from the film. For instance, at the current experimental con-
dition, vy is �60% of VF for a film as thin as a few microns
and is �90% for h�10 �m.

To understand the physical origin of the energy barrier in
the tunneling process, we examined the impact dynamics us-
ing fast video imaging with the film illuminated by a mono-
chromatic sodium lamp. Figures 6�a�–6�d� displays four con-
secutive images of a droplet shortly after it had impacted on
a soap film of h=4 �m. The time interval between the im-
ages was fixed at 0.26 ms. Here, the droplet as well as its
mirror image on the soap film are clearly visible. Also visible
in �b� is a scar created by the droplet, but the scar disap-
peared in �c�, indicating that its lifetime is less than 0.26 ms.
Because of the short length and time scales involved, we
believe that the scar region is associated with strong vortic-
ity, which dissipates energy. The use of the monochromatic
light also allowed us to observe waves created by the impact.

FIG. 4. �Color online� �a� The critical velocity vC and �b� the
energy barrier EC� 1

2mvC
2 vs the film thickness h. In both plots, the

triangles and squares are for static and flowing soap films, respec-
tively. It is shown that EC�h� is approximately linear in h, but it
does not vanish as h→0, indicating that a finite film deformation
energy is required for tunneling. The solid and the dotted lines are
calculations based on Eqs. �10� and �9� �with VF=2.5 m /s�, respec-
tively. See text for more details.

FIG. 5. �Color online� The normalized vertical velocity after
tunneling �=vy /VF vs the film thickness h. It is observed that as h
increases, � becomes larger, indicating that the droplet gains a linear
momentum in the ŷ direction. Asymptotically, vy→VF �or �→1� as
h→� as expected. The solid line is a calculation based on Eq. �11�
derived from an inelastic collision model.

FIG. 6. �Color online� The tunneling dynamics of a water drop-
let. The sequence of video images �a�–�d� were taken at times
t=0, 0.26, 0.52, and 0.78 ms with the resolution of 256

256 pixels. The coordinates in �e� are the same as in Fig. 1, and
the droplet and its mirror image on the film are depicted by two
droplets. The camera was set at an angle ��75°. The penetrating
droplet and its mirror image are clearly visible in �a�–�d� and are
indicated by the pair of arrows. The dash-dotted lines in �a�–�d�
depict the plane of reflection. As a function of time, the droplet-
image pair moves together in the vertical direction but apart from
each other in the horizontal direction. This allows an alternative
means to precisely determine vx and vy. Shortly after the impact, an
elongated dark region can be identified in �a�, showing that the film
is stretched by the droplet. A moment later �b�, a scar, which is
indicated by a large arrow, is left behind in the film. The scar moves
with VF, which is higher than the droplet velocity vy. Interestingly,
the scar in �b� disappears rapidly and is no longer observable in �c�.
Also seen in �b� is the surface wave �the dark band� that propagates
radially outwards from the impact point. This wave �or the band� is
barely seen in �c�, but disappears from the view in �d�.
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Here, the wave front appears as a dark band in �b� that propa-
gates radially outward. In Figs. 7�a�–7�d�, another sequence
of images is captured at intervals of 0.2 ms with the camera
normal to the surface of the soap film. Here the droplet is
merged with the film because it impacts the film at the ve-
locity lower than vC. The merging droplet is visible as a dark
spot at the center of the circular wave front and is carried
downstream by the film. As it moves downstream, the wave
front propagates radially outward at a constant velocity vw.
By investigating images such as ones in Fig. 7, the wave
speed vw on the soap film can be determined as a function of
h, which is displayed as solid squares in Fig. 7�e�. The figure
shows that vw increases rapidly as h decreases; for a small
thickness, h�1 �m, vw can be as large as 10 m/s. A liquid
film in general can support two different types of waves,
known as the symmetric and the antisymmetric waves �17�.
For the symmetric wave, the two surfaces of the film move
out of phase with respect to each other, and is also called
peristaltic mode of oscillations �see Fig. 8�b��. For the anti-
symmetric wave, both surfaces undulate in phase �see Fig.
8�c��. In the absence of surfactants, the restoring force of
both waves are due to the surface tension � but the disper-
sion relations are different for the two cases because of dif-
ferent mass distributions in the film. The antisymmetric wave
is nondispersive with a constant velocity given by va=� 2�

�wh ,
and the symmetric wave, on the other hand, is dispersive
with a velocity vs=k� �h

2�w
that depends on a wave number k.

Since vs /va=kh /2, it is expected that va�vs in the long-
wavelength limit. In the presence of surfactants, the restoring
force for the peristaltic mode is dominated by the surface �or
Marangoni� elasticity E�A d�

dA , where A is a surface area,

instead of �. It is shown by Lucassen �18� that in the long-
wavelength limit, the elastic wave is also nondispersive with
a propagation speed ve=� 2E

�wh . In our soap film therefore
there is a degeneracy in that both the antisymmetric capillary
wave and the symmetric elastic wave are possible, and both
scale with the film thickness as h−1/2. We found that our
experimental data in Fig. 7 can be well described by the
mathematical form vw=� 2c

�wh �see the inset�, where c is an
adjustable parameter. Using �w=1 g /cm3, a fitting proce-
dure yields c�32.7�2.6 erg /cm2, which matches very well
with the surface tension measurement ��=32 erg /cm2� us-
ing the Du Noüy ring method. Thus, unless it is an amazing
coincidence, where Marangoni elasticity E is nearly identical
to � for our soap film, we believe that the dominant wave
mode in the film created by the droplet impact is the anti-
symmetric wave.

At the impact point �see Fig. 6�a��, it is observed that the
droplet deforms the soap film locally, forming a cylindrical
pouch a few droplet diameters long. Because of smallness of
the droplet and fast dynamics, it was not feasible to follow
the spatiotemporal evolution of the cylindrical pouch. How-
ever, inspections of a large number of video images reveal
that the longest pouch is �4R0, indicating that in order to
tunnel through, the soap film must be stretched into a long
cylinder with an excess surface area of �14�R0

2, where R0 is
the radius of the water droplets. A naive calculation using
�=32 erg /cm2 indicates that this corresponds to a surface
energy of 9.5
10−3 erg. Considering the Marangoni effect,
we expect that the energy requirement may be greater.

A question that arises naturally is what determines the
maximum length of the cylinder. A related phenomenon is
the Plateau-Rayleigh instability where a uniform circular jet
of fluid breaks up into a stream of droplets �19�. For the

FIG. 7. �Color online� A wave generated by an impacting drop-
let. Images �a�–�d� were taken at times t=0, 0.2, 0.4, and 0.6 ms,
respectively. The camera angle is described in Fig. 6�e� with
��0°. The impact velocity of the droplet is less than vC so that it
merges with the soap film. The droplet appears as a dark spot at the
center of the expanding circular wave front. In �e�, the wave speed
vw in the soap films is measured as a function of h. The scaling
relation vw�h−1/2 is delineated in the inset, where the solid line is a
fit to vw=� 2�

�wh .

FIG. 8. The schematics depicting different conformations of a
soap film. In �a�, the film is stretched by a ballistic droplet, where
M2 will eventually engulf droplet m, and M1 provides a y momen-
tum to the droplet. �b� and �c� are two possible wave modes in a
soap film.
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antisymmetric undulation to be the dominant mode of oscil-
lations in our soap film, the instability of a cylindrical soap
film is similar to the Plateau-Rayleigh problem with the
simple modification of replacing the surface tension � by 2�,
due to the presence of two liquid-air interfaces of the film. It
follows that the fastest growing wave number kmax of the
axial undulation is given by kmax�0.7 /R0, corresponding to
�max��2� /kmax��9R0 �19�. We note that our experimentally
observed pouch length 4R0 is about a half of �max, which
makes physical sense since the front of the pouch, where the
water droplet locates, must be the anti-node and the location
of the pinch-off must be the node given by �n+ 1

2 ��max where
n=0,1 ,2 , . . .. Our observation corresponds to n=0 �see Fig.
8�a��. This is possible if the pinch-off time � is shorter than
the stretching time ���max /2U�, where U is the stretching
velocity that is comparable to the impact velocity vi. Other-
wise a longer pouch will be produced, and it will break in
multiple locations, which was not observed. Quantitatively,
this scenario also makes sense since the stretching time is
�max /2U�12 �s for U�500 cm /s and the pinch-off time �
can be estimated by the growth rate of the Plateau-Rayleigh
instability ����aR0

3 /2��0.52 �s. Thus the condition �
��max /2U is satisfied. The emerging physical picture is that
during transmission, a piece of soap film is extruded by the
fast moving droplet. At the same time an axial undulation
grows rapidly on the stretched cylindrical film, and the cyl-
inder closes off at its base once �max /2 is reached. As we will
show below, in order to explain the kinematics of the tunnel-
ing droplet, a small mass must be transferred from the film to
the droplet and the size of such a mass can be determined
from our measurements.

IV. CALCULATIONS

It would be desirable to compare our experimental obser-
vations with theoretical predictions. Unfortunately such
theory is not currently available. A back-of-the-envelope cal-
culation shows that our measurements were carried out in a
hydrodynamic regime where Reynolds number Re=

2�wR0vi

�w

�260 and the Weber number We=
2�wR0vi

2

� �44 are both
large. Thus the kinetic energy or the inertia effect over-
whelms energy dissipation and the capillary effect. In the
following we propose a heuristic model that can account for
some key features of our observations.

It is apparent that when a collision takes place, only a
fraction of film mass in the neighborhood of the impact is
involved in the interaction. Thus an effective mass M1 and its
corresponding size R1=�M1 /��wh may be specified. After
the collision, a part of M1, called M2, is transferred to the
water droplet, increasing its mass from m to m+M2. The
emerging droplet travels with velocity �vx ,vy� and the re-
maining mass M1−M2 travels along the film with velocity
�vx� ,vy�� �see Fig. 8�a��. The presence of M2 allows a second
length scale R2=�M2 /��wh to be specified. We treat our
problem as an inelastic collision in which linear momentum
is conserved but not energy.

The linear momentum conservation demands

mvi = �m + M2�vx + �M1 − M2�vx�, �2�

M1VF = �m + M2�vy + �M1 − M2�vy�. �3�

At the moment of separation, when the dressed droplet �m
+M2� becomes detached from the rest of the film, we expect
that vx�0 but vx��0. For the inelastic collision, one also
expects vy =vy� at the separation point. Solving the above
equations, we find

vx =
m

m + M2
vi, �4�

vy = vy� =
M1

m + M1
VF. �5�

The total kinetic energy KEf of the droplet and the film after
collision is given by

KEf =
1

2
�m + M2��vx

2 + vy
2� +

1

2
�M1 − M2��vy�

2�

=
1

2

m

m + M2
mvi

2 +
1

2

M1

m + M1
M1VF

2 . �6�

Neglecting the deformation of the film, this is all the me-
chanical energy of the system �droplet plus the soap film�
that remains after the collision. It is clear that the collision is
inelastic since

�KE��KEi − KEf� =
1

2
m	 M2

m + M2
vi

2 +
M1

m + M1
VF

2
 � 0,

�7�

where KEi=
1
2mvi

2+ 1
2 M1VF

2 is the total kinetic energy of the
system before the collision. Physically, �KE is the amount of
energy ultimately dissipated by the creation of vorticity in
the fluid. Since both M1 and M2 are proportional to h, we
found that energy dissipation vanished when h→0. In other
words, no vorticity can be created in a very thin film so the
physics of tunneling becomes a purely potential flow prob-
lem. For a successful transmission, the energy consideration
therefore requires that the initial energy of the droplet should
be greater than the sum of the energy dissipation �KE and
the film deformation Emin with the result: KEi��KE+Emin
�or KEf �Emin�. This yields

1

2
mvi

2 � Emin	1 +
M2

m

 −

1

2
mVF

2	m + M2

m + M1

 , �8�

or the critical energy of the droplet EC= 1
2mvC

2 as:

EC = Emin	1 +
M2

m

 −

1

2
mVF

2	m + M2

m + M1

 . �9�

This equation predicts that the motion of the film �VF�0�
lowers the energy barrier of tunneling. For a small VF, e.g.,
in our experiment �VF /vC�2�0.15, one may neglect the last
term to obtain,

EC � Emin	1 +
M2

m

 = Emin	1 +

3

4
�2

2 h

R0

 , �10�

where �2=R2 /R0 is a constant. Equation �10� is consistent
with our observation in that EC is linear in h with a finite
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intercept. Using the known parameters of our soap film
�Emin�0.01 erg and R0=26 �m�, we found �2�2.2�0.1.
Interestingly, this value of �2 implies a rather uniform coat-
ing of the penetrating droplet by the film of thickness h, i.e.,
�V�4�R0

2h. In Fig. 4�b� we plot Eq. �9� using a dotted line
and Eq. �10� using a solid line with VF=2.5 m /s. It is seen
that the reduction in EC due to the film motion is rather small
and is hardly distinguishable in the measurements using
static �triangles� and flowing �squares� soap films.

According to Eq. �5�, the emerging droplet will have a
velocity in vertical direction

vy =
M1

m + M1
VF =

VF

1 +
4

3
	 R0

�1
2h

 , �11�

where �1=R1 /R0. This equation yields the correct
asymptotic behavior, ��h���vy /VF�→1 as h→�, as seen in
Fig. 5. Using �1 as an adjustable parameter, a fitting proce-
dure gives �1�4.0�0.4, which is delineated by the solid
line in Fig. 5.

V. CONCLUSION

Using well-controlled micron-sized ballistic droplets gen-
erated by an inkjet cartridge, we have characterized the en-
ergy requirement for tunneling of these droplets through soap
films. The energy barrier EC�h� is found to be linearly pro-
portional to the film thickness h with the result: EC=Emin�1
+�h /R0�. Here the minimal barrier height Emin�� 1

2mvC0
2 �

�0.01 erg and the slope �=3.9 are determined. The mea-
sured Emin corresponds to the creation of an excess surface
area of �14�R0

2, which turns out to be consistent with the
Rayleigh instability condition of pinching off at �max /2. The
observed Emin also implies the existence of a critical Weber
number WeC��2�wR0vC0

2 /���44, when the film inertia is
unimportant, h→0.

A self consistent theory is not currently available, and we
wish that our observations will provide a useful foundation
for such theory. The dynamics is clearly complex in that it
involves multiple length and time scales. We have identified
two such scales, R1 and R2, that are needed to account for the
energy and momentum exchanges between the droplet and
the film. A self consistent theory must deal with additional
length scales, corresponding to early-time or short-length-
scale events, where Re is small, and vorticity production,
hence energy dissipation, is prominent. The physics in this

regime may explain the intriguing observation that the en-
ergy dissipation becomes negligible for some macroscopi-
cally thin but microscopically thick films; i.e., the limit h
→0 must correspond to a film that is still thick enough so
that it can be stretched to the Rayleigh instability limit. An-
other issue of interest is the separation dynamics of a tunnel-
ing droplet from the rest of the film. This is a singular event
that produces discontinuities, such as vx�vx� at the moment
of separation.

This investigation was initially motivated by our desire to
print ink patterns in a turbulent flowing soap film and to
study how different spatial modes of the pattern are dis-
persed by turbulent eddies. This would allow passive-scalar
turbulence to be studied in a controllable fashion with a de-
fined initial condition. Our measurements presented above
give a parameter range for ink droplets to remain on the
surface of a moving film, which is a prerequisite for a suc-
cessful conduct of such measurement. We also found that a
ballistic water droplet is an effective wave generator; we had
no difficulty of observing the antisymmetric waves in the
film and were able to precisely determine their speeds for
different film thicknesses. Curiously, however, the symmetric
waves remain elusive. Unlike antisymmetric waves, the sym-
metric wave is an important attribute of a soap film and
would allow experimenters to obtain useful information
about Marangoni elasticity, which is not readily measured in
a film. The failure to observe such a wave suggests that the
peristaltic oscillations may decay too fast to be seen in our
current experimental setting or a different means of pertur-
bation may be needed. We wish to examine this issue more
carefully in future experiments.

Aside from its academic interest, the ability of small par-
ticles to penetrate a fluid film without damaging it can have
important technological applications such as encapsulation
of solid particles and transmission of genetic materials
through biological cells. The latter is a fascinating applica-
tion of ballistic transmission in biological systems where
gold particles coated with DNA molecules of interest can be
delivered into plant or animal cells �20�. A better understand-
ing of transmission kinematics, such as the one studied here,
may shed new light on its working principle and can ulti-
mately improve the quality of this important technology.
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