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a b s t r a c t
Hypothesis: Thin liquid films are important in many scientific fields. In particular, films with both the surface layers exposed to a different fluid phase, known as freestanding films, are relevant in the ambit of
foams and emulsions. Hence, there is a great interest in developing novel techniques allowing to form
large and stable freestanding liquid films and to follow their dynamics.
Experiments: We develop a novel opto-mechanical tool allowing to perform and study the preparation
and the capillary leveling flow of axisymmetric bare freestanding liquid films. The tool is composed by a
customized motorized iris diaphragm and by an innovative joint imaging setup combining digital holography and white light color interferometry that enables real-time measurement of film thickness over a
large field of view. The dynamics of films made of a model Newtonian fluid, i.e., high-viscosity silicone oil,
is studied. Direct numerical simulations and a hydrodynamic model based on the lubrication theory are
used to support the experimental results.
Findings: Iris opening induces the formation of large circular freestanding films with a stepped profile.
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Once iris opening is stopped, the films undergo a capillary leveling flow tending to flatten their profile.
The leveling flow follows the theoretical scaling given by Ilton et al. [1]. We prove through numerical simulations that an equi-biaxial extensional flow occurs at the film center. Furthermore, we observe the formation and dynamics of dimples in bare freestanding films for the first time.
Ó 2021 Elsevier Inc. All rights reserved.

a hydrodynamic model based on the lubrication theory support
the experimental results

1. Introduction
Thin liquid films are of interest in many scientific fields ranging
from polymer physics to physiology, biophysics, micro-electronics,
surface chemistry, thermodynamics, and hydrodynamics
[2,3,4,5,6,7,8,9,10]. In particular, freestanding films, i.e., films with
both the surface layers exposed to a different fluid phase (most
commonly, a gas), are relevant in the field of foams and emulsions.
These were first studied in the form of soap bubbles by Newton
[11] and Gibbs [12], yet their formation, stability and break-up
are still key issues in the scientific literature [13,1,14,15]. Capillary
pressure gradients arise from the local curvature of the free surfaces, leading to liquid rearrangement. If the film is constrained
between Plateau borders, the local curvature causes liquid drainage and drives film thinning [16,10]. When the film thickness

2. Materials and methods
2.1. Material
All the experiments are carried out on a pure model Newtonian
liquid, namely, silicone oil (PDMS) [14], Dow Corning 200 Fluid,
with density q ¼ 976 kg m3, kinematic viscosity m ¼ 6  102
m2 s1, and surface tension c ¼ 21:5 mN m1 at room temperature
(25 °C). No surfactants, particles, salts, solvents or other polymers
are present in the liquid, so the films can be considered completely
bare. Since no concentration or surface tension gradients are
expected in the freestanding films, we henceforth consider fully
mobile interfaces. Moreover, the fluid is stable at room temperature and has a very low vapor tension, thus hindering evaporation.
Heating up of the films can be also considered negligible because
the light source used for the interferometric measurements is weak
enough to avoid it [23].

goes below Oð102 Þ nanometers, van der Waals or electrostatic
forces generate the so-called disjoining pressure [17], which may
drive the film either to break or to find a stable configuration.
Destabilization can be triggered by thermal corrugations of the
surface layers, which are relevant for very thin films [18,19]. The
possible presence of surface-active materials adsorbed on the surface layers strongly affects film dynamics by imparting viscoelastic
properties to the interfaces or even leading to surface immobilization [20,21]. On the other hand, surface tension can also smooth
out small interfacial perturbations, eventually ‘healing’ the surface
[22]. Recently, capillary leveling flows mediated by viscosity have
been analyzed by Ilton et al. [1] on planar freestanding polystyrene
films with an initially stepped profile. They prepared a polystyrene
film in the glassy state below the glass transition temperature, T G ,
and then, upon heating at T > T G , they observed the surfacetension-driven flow of the liquid. They measured the leveling
dynamics, i.e., the evolution toward a film of uniform thickness,
through atomic force microscopy (AFM) upon cooling the film
below T G . Several heating/cooling cycles for flow at T > T G and
AFM imaging at T < T G were performed to reconstruct the film
thickness dynamics. The most adopted device to form freestanding
films and investigate their dynamics under different conditions is
the so-called Sheludko cell [16], where a fluid is withdrawn
through small tubes at the cell side to form a thin film connected
with Plateau borders to a solid wall. Upon cessation of withdrawal,
the film freely evolves, draining until break-up or, alternatively,
reaching an equilibrium state. In such a device, films with a radius
usually around 1 and thickness in the range 50–500 can be formed
and studied [10,20].
In this paper, we present a novel opto-mechanical tool combining a customized motorized iris diaphragm and an innovative joint
imaging setup complementing digital holography and white light
color interferometry that allows to prepare large axisymmetric
freestanding liquid films and study their leveling flow. In particular, we form bare (i.e., without surfactants) freestanding circular
liquid films with an initial stepped profile made of silicone oil, then
we report on liquid leveling flow measured real-time with the
aforementioned imaging technique. The film leveling determines
equi-biaxial extensional flow conditions at its center. We also
show that, during the leveling flow, the formation of dimples can
occur at the center of the film. Direct numerical simulations and

2.2. Freestanding film preparation
The formation of a freestanding liquid film with the proper
shape to induce leveling flow is a key issue per se. We use a stainless steel motorized iris diaphragm (MID), Edmund OpticsÒ, with
16 leaves with thickness 0.2 , vertically oriented symmetry axis,
external diameter 70 mm, and maximum aperture 50 mm, operated by a DC gear motor controlled by a programmable circuit
board via a pc. The final radius of the iris hole and MID opening/closing velocity can be fixed at will between 0.5 and 17.5 mm
and between 1 and 10 mm s1, respectively. The film formation
(see Fig. 1a) consists in the manual pipetting of a liquid droplet
at the center of the closed MID, which has an initial hole radius
around 1.1 mm, then, after a resting period of 1–2 min to allow
drop shape smoothing, the iris is opened at a constant radial speed
up to the desired final hole radius. All the experiments are run at
room temperature with final radius R0 ¼ 8 and opening radial
velocity v ¼ 1:5 mm s1. It should be remarked that the film radii
achievable with this device are one/two orders of magnitude larger
than those of the circular films studied so far in the literature
[10,20]. Typically, the film thickness at the end of MID opening
ranges from 0.15 to 10 depending on the size of the deposited drop.
It should be also remarked that the large films formed through the
MID have shown to be stable for a sufficient time to observe the
leveling phenomenon described below, which is in the order of
102. Early film rupture has been never observed except in some
rare cases due to the occurrence of external disturbances.
By exploiting the necking induced by the imposed extensional
flow [24,25], the MID opening produces a film with a stepped configuration, as qualitatively sketched in Fig. 1b. Some relevant geometrical features are: the thickness hT ðtÞ of the thinner part at the
center of the film, the thickness hS ðtÞ of the thicker outer region of
the film, and the slope mðtÞ of the step, i.e., the intermediate region.
In what follows, subscript 0 will denote values of quantities evalu-
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the Supporting Information (SI), and A ¼ 4:4  1020 J the Hamaker
constant for PDMS [26].
2.3. Interferometric measurement of film thickness
During both the film formation and the leveling flow, the film
thickness is measured by an innovative joint imaging method
merging digital off-axis holography, based on a Mach-Zehnder
interferometer, with white-light color interferometry that allows
for the real-time quantitative characterization of freestanding
films with high spatial resolution over large areas. The digital
holography optical setup is schematized in Fig. 2a and can be
described as follows. A laser beam (HeNe emitting at 632.8 nm,
exit power 5 mW) is filtered and expanded by the spatial filter
SF combined with the lens L1, then it is divided into object and reference beams by the beam splitter BS1. The object beam passes
through the film and normally illuminates it, then it is demagnified by the lenses L2 and L3 to fit the aperture of the digital
camera CCD (UI-3000SE from IDS). The saturation of the CCD image
sensor is avoided by controlling the power of the laser beam with
the half-wavelength plate HWP1 together with the polarizing
beam splitter PBS. A second beam splitter BS2 allows the interference between reference and object beams in front of the CCD camera. BS2 is slightly tilted so that the two beams overlap with a
small angle, which can be controlled in order to adjust the period
of the interference fringes. The contrast of the fringes is tuned by
polarization and intensity of the interfering beams by using the
second half-wavelength plate HWP2, placed into the reference
arm of the interferometer, and the variable neutral density filter
NDF, placed into the object arm. A color interferometry setup
(schematically represented in Fig. 2b) is added. The light of a fluorescent lamp impinges on the film at a 67°-angle and it is reflected
towards the second camera CIC (Logitech C920 HD Pro Webcam,
1280x1024px, 30fps). When the film thickness falls into the wavelength range of visible light, a colored region appears (see Fig. 2c).
Each color recorded by the webcam corresponds to a thickness of
the film through the mathematical relation given by Eq. (2) in
Ref. [27]. CCD records digital holograms at 10fps during MID opening and film leveling flow to keep track of the whole process. The
field of view (FOV) of the holographic tool is 80 mm2 around the
center of the MID hole. Simultaneously, CIC captures color images
like those reported in Fig. 2c and Fig. 5a. Digital holography and
white light interferometry ‘acquire’ the same area of the film and
their complementary characteristics are the base of the fusion
thickness calculations. More details on such technique are given
in Sec. 2 in the SI and in the very recent paper by Ferraro et al. [27].

Fig. 1. a: Schematic of material deposition on the iris, iris aperture, and liquid film
leveling. b: Qualitative sketch of the side-view profile of the film at the beginning of
the leveling flow.

ated at the end of MID opening. This film shape induces a capillary
leveling flow driven by surface tension and slowed down by liquid
viscous resistance. Such flow conditions hold true until the Plateau
border effects come into play, i.e., the outer Plateau borders must
be far enough, at least during the initial stages of the leveling
phase, to avoid their influence on the dynamics, otherwise, instead
of beginning to thicken, the film would carry on thinning even after
the end of MID opening, until breaking-up. Furthermore, hT ðtÞ
should be large enough to avoid film destabilization and breakage
induced by disjoining pressure (see below) or thickness
fluctuations.
We exclude gravitational effects by evaluating the Bond number Bo ¼ Dqgh =c < 105 , with Dq the density difference between
the two phases (in our case, Dq  q, i.e., the polymer density), g the
gravity acceleration, and h the average film thickness at the end of
MID opening. A further check on the irrelevance of gravity is been
done by performing numerical simulations by taking gravity into
account, whose results are exactly the same as those without gravity reported in Sec. 3. We also exclude inertial effects by evaluating
the Reynolds number: during MID opening, this can be defined
2

3. Results
3.1. Film formation dynamics
Fig. 3 shows the film thickness dynamics during MID opening
for a sample with a volume of about 0.52 ml: the extensional flow
stretches the liquid and induces the formation of a film with a thinner central region, where the surface curvature is generally small.
It should be remarked that the experimental thickness profiles
refer to the central region of the film falling into the FOV of the
optical setup and are obtained by averaging each datum over a
70-mm-long radial range. At the end of MID opening, the film central portion has a similar shape to that sketched in Fig. 1b. The film
thickness profile can be tuned by changing the initial amount of
fluid or/and MID opening radius.
Since the experimental thickness profiles are limited to the film
central region, direct numerical simulations are implemented to
investigate the complete thickness profile induced by the MID

‘conservatively’ as Re ¼ qv R0 =l 103 , with l the dynamic viscosity
of the liquid, whereas, during the leveling phase, it is
Re ¼ qðc=lÞh=l < 106 , with c=l the capillary velocity [1].
Disjoining pressure effects are also negligible since: i) electrostatic
contributions are absent as silicone oil molecules are non-polar; ii)
short-range interactions are relevant on the scale of tens of
nanometers, but the films never attains such small thickness values in our experiments; iii) by comparing Van der Waals interactions
Pr
and
capillary
pressure
PW , one obtains
P r =PW ¼ ðr=jÞ=ðA=ð6ph ÞÞ  103 , with j the characteristic curvature, i.e., a time-average of the values calculated through Eq. 5 in
3
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Fig. 2. a: Setup for thin liquid film thickness holographic measurement (SF: spatial
filter; M1-M4: mirrors; HWP1-HWP2: half-wavelength plates; PBS: polarizing
beam splitter; BS1-BS2: beam splitters; L1-L3: lenses; NDF: neutral density filter;
MID: iris diaphragm with the polymer inside; CCD: digital camera). b: Schematic of
the color interferometry setup. c: Typical image observed by CIC during the
experimental campaign.

Fig. 4. a: Sketch of the computational domain for direct numerical simulations of
film stretching and leveling with reference to MID opening start (b1) and stop (b2)
for R0 =Rc ¼ 8. b: Calculated radial thickness profiles of the film during MID opening
for R0 =Rc ¼ 8. c: Numerical and experimental time evolution of the thickness of the
film at its center during MID opening.

time

r [mm]
Fig. 3. Experimental radial profiles of the thickness of the film during MID opening
for a sample with a volume of about 0.52 ml.

h/h0

opening. The motion equations for a Newtonian liquid with fully
mobile gas–liquid interfaces and neglecting inertia (Stokes flow)
are solved with a finite-element method (FEM). The mathematical
model underlying FEM simulations and the details on the numerical technique are given in Sec. 3 in the SI. Fig. 4a1 depicts the geometry considered in the simulations before MID opening is started.
When the MID is ‘closed’, its hole has radius Rc ¼ 1 mm, whereas
the thickness of the liquid drop at the center of the hole is hd ¼ 2
mm. The thickness of the lamellae is hL ¼ 0:2 mm. A cylindrical
coordinate system is used and we impose both axial symmetry
and top-down planar symmetry due to the irrelevance of gravity
suggested by vanishing Bo and expected fast equilibration driven
by pressure [28]. As a further verification of the irrelevance of gravity, some simulations are performed on a complete domain with no
top-down symmetry by taking gravity into account, whose results
overlap completely those without gravity. The lamellae move with
constant velocity v ¼ 1:5 mm s1 until the MID hole reaches its
final radius R0 , as shown in panel a2 for a ratio between the final
and the initial radius of the hole of the MID R0 =Rc ¼ 8. The central
part of the film ‘necks’ during MID opening, thus determining a sigmoidal stepped geometry where the film is thin and almost flat in a
wide region around its center, with thickness h0 , then its thickness
steeply increases in the radial direction approaching the iris lamel-

time

r/h0

10-4

Fig. 5. a: Concentric colored fringes generated by white light interferometry. b:
Thickness map measured with holographic microscopy. c: Experimental thickness
profile evolution during early stages of the leveling flow (see time–values in panel
a) with h0 ¼ 60 nm.

lae. Fig. 4b shows the numerically computed film stretching
dynamics for the geometry shown in Fig. 4a. The qualitative agreement between the numerical and the experimental results in Fig. 3
is remarkable, yet quantitative differences arise that can be attributed to the fact that the experimental initial condition cannot be so
‘clean’ and regular as that considered in numerical simulations. In
addition, the experimental curves only represent the ‘left part’ of
the numerical ones due to the finiteness of the FOV of the optical
tool, which is not an issue in the numerical case. The effect on film
stretching of changing the MID aperture is reported in Fig. 4c,
where we display the temporal history of the thickness at the cen496
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ter of the film, normalized by its initial value, for three values of
R0 =Rc considered in the simulations and for the experimental case
shown in Fig. 3. Of course, since an inertialess Newtonian liquid is
considered, the numerical curves superimpose and stop at increasingly longer time at increasing R0 =Rc . Noteworthy, the agreement
with the experimental data is very good, thus confirming that
our direct numerical simulations can effectively describe the actual
film formation dynamics.
3.2. Leveling flow
The time evolution of the film thickness during the leveling flow
is displayed in Fig. 5. Fig. 5a shows the color fringes: as the thickness of the central part of the film reaches the wavelength of the
visible light, interference colors become visible in white light, then
they change in time following the film thickness dynamics. At early
time (t < 50 s), the colored region is almost circular and the fringes
inside it move from the periphery to the center. At longer time, the
effects of the regions close to the lamellae become relevant and the
axial symmetry is lost (see the fourth snapshot in Fig. 5a). Fig. 5b
reports the maps of film thickness at different times from holography, whereas the film thickness radial profiles are given in Fig. 5c,
showing progressive film flattening. In addition, from both the last
two snapshots in Fig. 5b and the last profiles in Fig. 5c the formation of a dimple at the center of the film is visible (see Sec. 3.3).
The FOV accessible with holography allows for the observation
of the film intermediate region and the quantitative measurement
of its slope m (see Fig. 1b). Fig. 6a reports mðtÞ in log scale at intermediate times for several experiments with different initial
amounts of liquid. This is an example of the intermediate asymptotic behavior of capillary-driven flow in thin films [29]. As it is
apparent, mðtÞ always follows a power-law decay with exponent
1=2, in agreement with the predictions by Ilton et al. [1]. Different positions of the data sets are due to different initial amounts
of liquid from one experiment to another. Fig. 6b reports the slope
values obtained from direct numerical simulations with different
values of R0 =Rc , whose agreement with experiments is excellent.
Like in Ilton et al. [1], the scaling can be validated with a model
based on the lubrication long-wave theory, which makes use of
the Young-Laplace equation in the small-slope approximation with
negligible inertia, constant viscosity and surface tension, and noshear boundary conditions at each liquid–air interface. After
derivation in axisymmetric geometry, given in Sec. 4 in the SI,
the model reads

Þr
½ðrhr þ3ru
r þ 2hh r ½ðrur Þr þ ur  ¼ 0:
r

Fig. 6. Time evolution of the slope m of the film intermediate region. a:
Experimental results for experiments with different initial amounts of liquid. b:
Numerical results for three different values of MID hole opening radius (time scale
pﬃﬃ
2h0 l=c). Dashed lines are power laws / 1= t.

t* >@

ð1Þ

>@

ht þ ðrhur Þr ¼ 0;

t* >@

|Tzz-Trr|*

Notice that all the quantities appearing in Eq. (1) are dimensionless, the usual superscript * being omitted for brevity. The
scales are hT0 for lengths and hT0 l=ðce2 Þ for time, with e ¼ hT0 =R.
The dimensionless film thickness h and radial velocity u only
depend on time t and radial direction r. The subscripts t and r
denote derivatives with respect to these variables. The derivation
follows Munch et al. [30] for the free-slip limit, yet with an axisymmetric geometry. Once linearized at the lowest order in the small
parameter hT0 =R, the thickness dynamics obeys a diffusive-like
equation and, at this order, the slope mðtÞ decreases at intermediate times with t1=2 .
In view of the good agreement between experiments and finiteelement simulations, the numerical results can be safely used to
characterize the flow conditions at the film center. Fig. 7a reports
the time evolution of the dimensionless thickness at the center
of the film during the leveling flow. From these data, we compute
the strain rate e_ ¼ k  1=ð2hÞdh=dtk. The stress difference
kT zz  T rr k at r ¼ 0 can be also extracted from the numerically com-

Fig. 7. a: Calculated time evolution of the thickness at the center of the film during
leveling flow (time scale 2h0 l=c). b: Calculated dimensionless stress difference
kT zz  T rr k (stress scale c=h0 ) at the center of the film as a function of the
dimensionless strain rate e_  . The dashed line reports the prediction for equi-biaxial
extensional flow of a Newtonian liquid. In both panels, three values of the ratio
R0 =Rc are considered, as reported in the legend.

puted stress fields. Fig. 7b shows the dimensionless stresses versus
the dimensionless strain rate. It can be observed that, depending
on the extent of MID hole aperture, different ranges of strain rate
497
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are explored at the center of the film during leveling, the more the
MID hole is opened the lower the strain rate during leveling. Furthermore, numerical simulations prove that at the film center the
flow conditions are those of an equi-biaxial extensional flow, as
the data obey the law kT zz  T rr k ¼ 6le_ characterizing the equibiaxial extensional flow of a Newtonian liquid.

3.3. Dimple formation during leveling flow
The film thickness holographic maps and profiles in Fig. 5 show
the formation of a dimple, also known as ‘bump’, namely, a local
thickness maximum at the center of the film that induces a change
of concavity in the film thickness radial profile. According to our
experimental observations, this happens when h0 is below a critical value  250 nm at the end of MID opening. Fig. 8 displays an
example of the two different scenarios appearing in the experiments, i.e., film capillary leveling without dimple formation for
h0 ¼ 650 nm (a) and with dimple formation for h0 ¼ 250 nm (b).
In planar freestanding films, bumps cannot form during leveling
flows [1], whereas, in confined axisymmetric films, mass conservation might cause fluid accumulation near the center of the film
resulting in bump appearance. Film thickness profile at the beginning of the leveling phase is also relevant for the formation of dimples. Indeed, by looking at the initial thickness profiles (the blue
curves) in Fig. 8, it can be seen that, when the dimple does not form
(a), the film thickness increases ‘earlier’ in the radial direction than
when the dimple forms (b), where the almost flat region around
the center of the film has a larger radial extent. As a further proof,
we solve the lubrication model, Eq. (1), by choosing two different
initial sigmoidal profiles and imposing symmetry boundary conditions at r ¼ 0 and u ¼ 0, hr ¼ 0, and hrr ¼ 0 at r ¼ R (so excluding
the Plateau borders from the picture). Consistently with the experimental observations, the dimple is absent in the case where the
initial film profile increases closer to the center (see Fig. 9a),
whereas it readily appears where the flat central region is initially
more extended (see Fig. 9b). The different scenarios might be
attributed to the different ‘graduality’ of the curvature change from
the central to the outer film region. The initial concavity of the profile in the central region is such that the liquid should move
towards the outer region, whereas that in the outer region plays
in the opposite direction: the relative importance of the two contributions determines the observed dynamics. It should be
remarked that, in our lubrication model, the capillary flow does
only depend on surface tension effects, no effect of disjoining pressure being taken into consideration.

Fig. 8. Experimental film thickness dynamics without dimple formation for
h0 ¼ 450 nm (a) and with dimple formation for h0 ¼ 250 nm (b).

Fig. 9. Numerical solutions of the model based on the lubrication theory, Eq. (1). a:
Dynamics without dimple formation. b: Dynamics with dimple formation. The
initial profiles are the blue sigmoidal curves at earliest time. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

The experimental findings are validated through direct numerical simulations and a model based on the lubrication theory in the
same line of the results by Ilton et al [1]. At variance with them, we
have an approximately circular film and, above all, in our experiments the polymer is always well above its glassy transition temperature and the film dynamics is measured real-time without the
need of cooling and annealing. The equi-biaxial nature of the leveling flow field at the film center detected through numerical simulations might open the perspective of using the device to measure
the equi-biaxial extensional viscosity of liquids, a usually quite elusive quantity whose measurement is very difficult to achieve. It is
worth specifying that a direct measurement of stresses is not
mandatory to this aim, since arguments analogous to the ones
underlying the project equation of the Capillary Breakup Extensional Rheometer (CaBER) [31] for uniaxial extensional viscosity
could be exploited to retrieve the value of the ratio between the
surface tension and the liquid viscosity from the observation of
the time evolution of the film thickness profile. (The details of such
analysis go beyond the scope of this paper and will be given elsewhere.) There are, of course, practical limitations on the accessible
strain rates, but the experimental window can be widened by

4. Final remarks
In this paper, we present a novel opto-mechanical tool to generate stable large circular bare freestanding liquid films with a
motorized iris diaphragm (MID) and study their dynamics in real
time with a joint imaging method combining digital holography
and white-light color interferometry that gives detailed timeresolved data on film thickness over a large field of view. After iris
opening, the films attain a stepped profile and undergo a leveling
flow tending to flatten it. The model Newtonian liquid material
used in our experiments, i.e., PDMS, is transparent, which makes
it extremely suitable for digital holography. However, it should
be said that the opacity of many other polymers in their bulk form
would not be a significant experimental issue, because, when thin
films are considered, these are always at least partially transparent
to the visible light. In addition, if the transmitted light intensity is
much weaker than the incident light intensity, the latter could be
properly increased to adjust the signal and obtain a good measure.
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properly tuning MID opening. On the other hand, the manual operation of the MID and the inherent inhomogeneity of the wetting of
its leaves represent a critical aspect of the proposed method and
work has to be done to optimize the tool.
Finally, MID could be also used for analyzing decorated films
and films with deposited particles, which could reveal very useful
in understanding the role of particles in stabilizing foams and
emulsions [15].
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