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Hypothesis: Bubbles oscillating near a free surface are common across numerous systems. Thin liquid films (TLFs) 
formed between an oscillating bubble and a free surface can exhibit distinct morphological features ifluenced 
by interfacial properties, evaporation, and deformation history. We hypothesize that a continuous film presence 
throughout oscillation results in a wimple morphology, whereas intermittent film presence leads to a dimple 
formation. Additionally, we propose that the thickness of a wimpled film depends solely on the capillary number 
𝐶𝑎, whether the bubble oscillates toward and away from the free surface or is pressed against it in two consecutive 
motions.
Experiments: Using dynamic film interferometry, we investigate the morphology and drainage of TLFs formed 
with BSA and SDS surfactants. Controlled bubble oscillations allow us to test various deformation histories, and 
a lubrication theory-based model aids in interpreting the experimental findings.
Findings: Experiments cofirm that film morphology is heavily ifluenced by deformation history, with 
continuous film presence throughout the entire deformation process leading to wimple formation. A modfied 
lubrication-theory-based scaling captures the universal behavior of film thickness as a function of the capillary 
number across different morphologies. Our model aligns well with observed transitions between wimple and 
dimple shapes, offering valuable insights for the design of nanostructured surfaces.
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1. Introduction

Thin liquid films (TLFs) are ubiquitous in a diverse range of systems 
and applications, including foams [1,2], emulsions [3], coatings [4], 
healthcare [5,6], optics [7], biosensors [8,9] and solar cells [10,11]. 
Free-standing films, situated between two fluid phases, can be investi
gated using tools such as a Sheludko cell or similar apparatus [12--14]. 
TLFS patterning plays a critical role in applications involving surface 
dewetting. Extensive research has been conducted to understand the 
fundamental principles that govern their behavior [15,16].

In the case of free-standing films (i.e., those situated between plateau 
borders in a foam), studies have shown that intricate TLF morpholo
gies, characterized by non-uniform thickness, can significantly reduce 
film drainage time and thus foam lifetime [17--19]. The morphology of 
TLFs can be actively controlled during their formation. Various shapes 
of films have been documented and discussed in the literature, including 
pimple, dimple, wimple, and ripple [20,21]. In addition to the well-studied 
dimple shape, which has been extensively covered by numerous studies 
[1,22,23], research efforts have also focused on gaining a fundamental 
understanding of the wimple formation and evolution [24--26].

A well-established technique for creating free-standing TLFs and in
vestigating their dynamics is the rising bubble experiment. In this ap
proach, a single bubble that rises through a bulk liquid creates a TLF 
between its apex and the surrounding air-liquid interface [27]. The bub
ble may either rise freely within the bulk [2,28] or be pinned to a moving 
capillary to maintain a specific velocity [22,24].

The latter technique has been recently adopted to create the first 
example of free-standing film with a wimple morphology [24]. This 
was achieved by pressing an air bubble against an air-water interface 
through two consecutive motions at constant velocity, separated by a 
pause. During the first motion, a small film formed, and during the sec
ond motion, the film radius increased, resulting in a curved wimpled 
film. These experiments demonstrated that for a given ℎ0∕𝑅, there ex
ists a critical capillary number, 𝐶𝑎𝑤 ∼ (ℎ0∕𝑅)2, beyond which a wimple 
forms. Here 𝐶𝑎𝑤 = 𝜂𝑉 ∕𝛾 , and 𝜂 denotes the liquid bulk viscosity, 𝛾 the 
surface tension, 𝑉 the bubble approach velocity, ℎ0 the thickness of the 
initial thin film, and 𝑅 the bubble radius. The wimple was observed only 
in films with interfacial stresses, such as those containing surfactants or 
surface active molecules.

While the two-step technique yields accurate and reproducible re
sults, it does not capture the complexity of natural phenomena. In real
ity, bubbles often display dynamic behaviors, such as growth or oscilla
tion near a free surface, that deviate from the idealized conditions of the 

two-step method. For example, bubbles near a free surface in foam can 
contract or expand due to sudden pressure changes, significantly affect

ing foam structure [29]. Bubbles may also grow and oscillate near a free 
surface due to rainfall [30], underwater explosions [31], or the use of 
air guns in seabed exploration [32]. In healthcare, ultrasound-oscillated 
nano- or microbubbles can destroy cancer cells, enabling non-invasive 
cancer therapy [33]. Oscillating bubbles are additionally employed in 
interfacial dilatational rheometry, where a change in bubble volume 
compresses or dilates the interface [27]. In laboratory settings, bubbles 
can also contract due to accidentally induced pressure fields [34]. There

fore, a film forming between an expanding bubble and a free surface is 
more realistic.

As a bubble expands toward a free surface, a liquid film can be 
trapped between the bubble and the free surface. Subsequently, the 
pressure within the film increases, causing its deformation. Conversely, 
when the bubble retracts from the free surface, the film experiences a 
decrease in pressure, potentially leading to the entry of liquid and film 
disappearance. Similar dynamics, for free-standing TLFs, has been ex

plored using a thin film balance, where oscillatory pressure prfiles are 
applied at the film boundaries to mimic the approach and departure of 
two bubbles [35]. Nevertheless, the behavior and morphology of TLFs 
formed between an oscillating bubble and a free surface remain unex

plored, both experimentally and theoretically.

This study aims to investigate the behavior of a free-standing film 
formed by an oscillating bubble near a free surface. We hypothesize that 
if a thin liquid film (TLF) remains present throughout the oscillation cy

cle, a wimple will form at the end of the process, whereas intermittent 
film presence will lead to dimple formation. Furthermore, we propose 
that wimple thickness depends solely on the capillary number, 𝐶𝑎, mea

sured during film formation, regardless of whether the film is created 
with an imposed velocity (two-step method [24]) or by iflating the 
bubble against the interface. To test these hypotheses, we conducted 
experiments where a bubble was iflated and dflated against a free 
surface to simulate oscillation, then compared the resulting film with 
that formed using the two-step method. A comprehensive experimental 
set allowed us to assess the relevance of existing models to our system 
and provided fundamental insights into wimple-shaped film formation. 
A model based on lubrication theory was applied to interpret the exper

imental findings, enhancing our understanding of this phenomenon.
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Fig. 1. (1a) Sketch of OFI setup. (1b) Sketch of bubble volume oscillation mechanism (not to scale), the insets show the bubble shape recorded from the side-view 
camera. Note that step ii) is omitted for brevity.

2. Materials and methods

2.1. Oscillatory fluid film interferometry setup

The oscillatory film interferometry (OFI) setup (Fig. 1a) consists of 
a custom black Polylactic Acid (PLA) chamber with a volume of 5.5 
mL, and a 17-gauge stainless steel needle with a blunt tip (1.067 mm 
I.D.; 1.473 mm O.D.) on which the bubble is generated. The bubble 
is generated by a custom-made syringe pump [36] set in motion by a 
stepper motor (11 20-02D-AMT112S, NEMA, USA). A LED ring lamp 
(LAV-80SW2, CCS Inc, USA) is used to produce rflection interference 
at the fluid film interfaces, a top-view camera (Imaging Source DFK 
33UX178) equipped with a telecentric lens (Edmund 0.6x TML Silver) 
captures interferometry images, and a side-view camera (ThorLabs sC
MOS Camera) equipped with a telecentric lens (Edmund 2x TML Gold) 
is adopted for geometric bubble measurement. Black PLA was chosen to 
avoid undesired light rflections. The chamber was built with two lat
eral slots to accommodate two glass slides permitting the side view. A 
compartment at the bottom is used to place a rubber seal to avoid liquid 
leakage.

The chamber is fixed to a micrometric translation stage to control 
the distance between the needle and the air-liquid interface. The blunt 
needle is connected via high-pressure tubing (IDEX PEEK 1/16 OD′′

× 0.030′′ ID 1533L) to a 1 ml syringe assembled on the pumping 
system. The length of connections is kept as short as possible to min
imize dead volume and reduce the effect of air compressibility [37]. A 
script was developed to allow complete automation of the entire experi
ment and minimize human error. The stepper motor running the syringe 
pump, connected to a microcontroller board (BIGTREETECH SKR Mini 
E3 V3.0), is controlled by a custom-made Matlab script to achieve an 
oscillation of the bubble toward the interface.

2.2. Surfactant solutions

Bovine Serum Albumin (BSA) and Sodium Dodecylsulfate (SDS) were 
chosen as surfactants for our experimental campaign. Previous studies 
suggest that interfacial stresses, and thus the presence of surfactants, are 
essential for wimple formation [24]. SDS is a largely studied anionic sur
factant with no detectable interfacial viscosity [38,39], but interfacial 
stresses may arise due to surface tension gradients. Such stresses can 
trigger solutocapillary Marangoni flows and disrupt film axisymmetry 
[40]. Conversely, BSA is a protein known for its interfacial viscoelastic
ity [41]. When dissolved in water, this protein adsorbs at the air-liquid 
interface, forming a multilayer network [42,43]. While viscoelasticity 

itself does not affect film shape or drainage dynamics [34], the non
zero interfacial viscosity is a primary source of interfacial stress. At 
BSA-covered interfaces, the entanglement of protein molecules prevents 
Marangoni flows, thereby reliably preserving film axisymmetry. We con
ducted experiments with both surfactants to investigate the variances in 
wimple formation via bubble oscillation within these two systems.

BSA with a molecular weight of 66 kDa was acquired from Sigma 
Aldrich (catalog number: A7906, CAS: 9048-46-8, purity ≥98%). To 
achieve a solution concentration of 20 mg/mL, BSA lyophilized pow
der was dissolved in deionized water (PBS 1x from Corning Cellgro, 
catalog number: 21-040-CV). SDS obtained from Invitrogen Life Tech
nologies was utilized to prepare a 20 mg/mL solution by dissolving it in 
deionized water. After gentle stirring, the BSA solution was aged for 30 
min, i.e. until the rheological properties of BSA interfaces stop changing 
significantly [34,44].

Surface tension measurements for the BSA and SDS solutions at 
the specfied concentrations resulted in 𝛾 = 47 mN/m [44] and 𝛾 = 32
mN/m [22] respectively. The bulk viscosities (𝜂) of the BSA and SDS so
lutions under scrutiny are about 1.2 mPa ⋅ s [34,45,46] and 1.1 mPa ⋅
s [47,48] respectively. All experimental procedures were conducted at 
25 °C.

The Boussinesq number for the BSA solution, given by 𝐵𝑞 =
𝜂𝑠∕(𝜂𝑅𝑓 ) [49], is on the order of 𝑂(103), indicating significant inter
facial viscosity, where 𝜂𝑠 represents the interfacial viscosity [41] and 
𝑅𝑓 the TLF radius. In contrast, for the SDS solution, the Boussinesq 
number is approximately 𝑂(10−2), suggesting negligible interfacial vis
cosity.

2.3. Experimental procedure

An air bubble with radius 𝑅 = 1.46 ± 0.07 mm is generated from 
the needle tip. The bubble volume is monitored for several minutes to 
ensure a steady state before measuring the distance between the apex of 
the bubble and the air-liquid interface 𝑑0 which is varied in the range 
0.08-0.3 mm. Eventually, the oscillation protocol begins. The following 
six steps in series are imposed:

i) Iflation of the bubble occurs at a flow rate 𝑄𝑖𝑛𝑓1 for a duration of 
𝑡𝑖𝑛𝑓1, establishing a liquid film between the interfaces.

ii) A very short pause for a duration of 𝑡𝑝𝑎𝑢𝑠𝑒1 ≪ 𝑡𝑖𝑛𝑓1.
iii) Dflation of the bubble at a flow rate 𝑄𝑑𝑒𝑓 for a period of 𝑡𝑑𝑒𝑓 .
iv) The syringe remains steady for a duration of 𝑡𝑝𝑎𝑢𝑠𝑒2.
v) A second iflation at a flow rate 𝑄𝑖𝑛𝑓2 for a time 𝑡𝑖𝑛𝑓2.

vi) The syringe is maintained steady until bubble coalescence.
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Steps iii) and v) are executed with two different policies: one resulting in 
significant separation between the air-liquid interfaces at the end of step 
iii), denoted as Large Dflation (LD); the other, conversely, resulting in 
a smaller separation between the two interfaces, termed Small Dflation 
(SD). Essentially, these approaches vary in the duration of bubble dfla
tion and second iflation. Specific parameter values are provided in the 
SI. The standard oscillation procedure is depicted in Fig. 1b.

2.4. Fluid film thickness measurement

Light interference theory is exhaustively described in literature 
[2,12]. Additional information on the theory and calibration used for the 
interferometric analysis of the film thickness is given in the SI. The film 
thickness map reconstruction was manually achieved through a custom 
developed Python software [22]. This manual matching process intro
duces errors in film thickness of approximately ±15 nm, estimated based 
on the spacing between distinguishable color bands in the color map.

2.5. Rate of evaporation measurement

To measure the rate of water evaporation from the OFI chamber un
der our conditions, the water level was recorded over a 30-minute period 
with the side-view camera. Data points were then linearly fitted to de
termine the evaporation rate.

3. Results and discussion

3.1. Effect of deformation history on film morphology

The observed film dynamics are presented in terms of film thickness 
at the center and film radius in Fig. 2b and Fig. 2c, respectively, for 
the BSA/water system. As the durations of steps iii), iv), and v) differ 
between LD and SD, establishing a common time reference is essential 
for comparing experiments. Time is scaled based on the moment when 
the film radius ceases to increase at the end of step v) (Fig. 2c). Positive 
times indicate exclusively film drainage during phase vi).

The progression of the film unfolds as follows, and is schematized in 
the sketch in Fig. 2a. In step i), a dimple forms (observed at early times 
in both Fig. 3a and Fig. 3b) under both forcing conditions. In step ii), the 
dimple remains stable, and because the pause duration is shorter than 
iflation duration (𝑡𝑝𝑎𝑢𝑠𝑒1 ≪ 𝑡𝑖𝑛𝑓1), the film thickness can be assumed to 
stay constant throughout this step. In steps iii) and iv), the two policies 
diverge. Under LD, the separation between the interfaces becomes so 
substantial that the film disappears, and the system returns to its initial 
state (prior to step i)). Subsequent iflation follows a similar dynamic, 
culminating once more in dimple formation (Fig. 3b). Conversely, under 
SD, a small film with a radius of approximately 100μm persists until 
the final stages of step iv). This results in the formation of a wimple 
during step v). It is evident that, in the presence of a wimple, the center 
thickness during steps v) and vi) is significantly smaller than in the case 
of dimple (Fig. 2b). In both cases the film drains until bubble coalescence 
during step vi).

In the SD scenario, interferometry data during steps v) and vi) reveal 
the establishment of a stable wimple, as illustrated in Fig. 3a. In the pres
ence of the wimple, two local thickness minima are evident (considering 
only half of the film extent): one near the film edge and another at the 
center. The film thickness at both these locations steadily decreases un
til reaching a stable value 50 ± 15 nm before coalescence. Interference 
colors corresponding to these regions indicate the presence of a ``black 
film,'' likely predisposing those areas to rupture. Conversely, the max
imum film thickness decreases steadily until bubble coalescence. The 
decrease of the maximum film thickness is also observed for the dim
ple formed after LD deformation, as shown in Fig. 3b. However, in this 
case, only one local minimum near the film edge is present, diminishing 
until stabilizing at the ``black film''. The thickness maximum is located 
at the center and decreases steadily until bubble coalescence.

3.2. Ifluence of evaporation on film morphology

Prior research reported that at long times the wimple turns into a 
dimple as a result of a pressure gradient pushing toward the film cen
ter [24,25]. This is because the liquid flows towards the central region, 
causing a localized increase in thickness. The time taken for this evolu
tion decreases as the capillary number (𝐶𝑎) increases [24].

In the current setup, the chamber remains open, unlike in previous 
studies [24]. As shown in Fig. 3a, we observe that the wimple shape is 
present until bubble coalescence. Since evaporation steadily thins the 
film over time, it causes the central thickness to decrease rather than 
increase, inhibiting wimple evolution into a dimple.

To clarify the effect of evaporation, we examine the minimum film 
thickness (ℎ𝑚𝑖𝑛) over time. Previous analyses have shown that for a liq
uid film between two drops (in the case of a high drop-t-film viscosity 
ratio, 𝜆≫ 1, which corresponds to films with immobile interfaces), the 
minimum film thickness scales as ℎ𝑚𝑖𝑛∕𝑅 ∼ 𝜏−2∕3𝐶𝑎1∕3 [23,50]. Here, 
the dimensionless time is dfined as 𝜏 = 𝑡∕𝑡𝑐 , where 𝑡𝑐 = 𝜂𝑅∕𝛾 is the vis
cocapillary time. This scaling has been validated for free-standing films 
with immobile interfaces [2].

The capillary number (𝐶𝑎 = 𝜂𝑉 ∕𝛾) is determined by the vertical 
component of the velocity at which the bubble approaches the free sur
face (𝑉 ). This is a function of radial position 𝑟, bubble radius 𝑅(𝑡), and 
iflation flow rate 𝑄, which is imposed. In the final stages of motion, 
when the film is formed, the relative change in 𝑅 over time is about 
0.1%, making it negligible. The radial extent of the film amounts to less 
than 30% of 𝑅. By simple geometric analysis, this leads to a maximum 
decrease of 𝑉 across 𝑅𝑓 of approximately 5%. Following these consid
erations, we regarded 𝑉 as invariant with respect to 𝑟 across 𝑅𝑓 .

The actual flow rate and the motion time may vary slightly from the 
imposed values due to air compressibility and the presence of dead vol
ume in the tubes and capillaries used for bubble iflation, which can lead 
to volume instabilities and iflation delays [37]. As a result, estimating 
𝑉 based solely on the imposed flow rate is challenging. An alternative 
approach is to measure 𝑉 by tracking the bubble prfile from a lateral 
view. Yet, when the bubble surface nears the free surface during film 
formation, the distinction between the two interfaces is made difficult 
by light diffraction, complicating accurate velocity measurements from 
the lateral view. A better method involves indirectly measuring 𝑉 by as
sessing the rate of increase in film radius 𝑅𝑓 during phase v). Under the 
previous assumptions, the bubble may be treated as a sphere advancing 
toward the free surface at velocity 𝑉 , equivalent to the rate of increase 
of 𝑅𝑓 .

The rate of increase in 𝑅𝑓 is determined by the slope of the line fitted 
to data points in Fig. 2c obtained during phase v). Across various exper
iments with different flow rates, the velocity (𝑉 ), during the second 
iflation, ranges from 20 to 200 μm/s due to the variability of 𝑅, lead
ing to 𝐶𝑎 ranging between 7 ⋅10−7 and 7 ⋅10−6. Applying the ℎ𝑚𝑖𝑛 scaling 
allows us to collapse data for BSA in cases of wimple and dimple forma
tion, cofirming the scaling accuracy, as shown in Fig. 4. However, data 
deviates from the −2∕3 power law at around 𝜏𝐶𝑎−1∕2 ≈ 2 ⋅ 107, where 
the film thickness decreases more steeply. In this later stage, data follows 
a power law of approximately −1, which significantly diverges from the 
predicted −2∕3. This behavior, consistent with previous studies [2,51], 
is likely due to the effect of evaporation. A comparison between the 
data obtained under suppressed evaporation conditions and those with 
evaporation is provided in the SI.

Typically, the rate of evaporation is not constant over time as it 
varies with the water mole fraction within the film [52]. Due to the 
significantly larger molecular weight of BSA (6.6 ⋅ 104 g/mol) compared 
to water, at our chosen concentration, the mole fraction of BSA in the 
solution tends to zero throughout most of the drainage process. This ap
plies until the final stages of drainage just before coalescence, when the 
water is almost completely evaporated and the black film becomes vis
ible. At such a thin thickness, around 50 ± 15 nm, the film primarily 
comprises BSA proteins with minimal water content, leading to negligi
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Fig. 2. (2a) Sketch of thin liquid film evolution during the six steps of the experiments (the sketch is not to scale and represents the film centerline). The film 
adopts different conformations depending on whether a film is present before the second iflation. The sketches related to pauses (ii) and iv)) are omitted for clarity. 
Experimentally obtained interferograms for the corresponding cases are shown below. (2b) Time evolution of film thickness at the center for BSA solution for two 
different positions before second iflation. (2c) Radial extent of the thin liquid film as a function of time for BSA solution for two different positions before second 
iflation.

ble evaporation. Thus, the evaporation rate can be assumed to remain 
constant until the final stages of drainage. The experimentally measured 
evaporation rate is approximately 40 nm/s (as reported in the SI).

3.3. Effect of SDS on film morphology

Comparable experiments to those conducted with BSA have been 
executed utilizing SDS. Similarly to the observations with BSA, the pres
ence of SDS during the SD procedure causes the persistence of a tiny 
film in phase iv). This results in the emergence of a wimple structure in 
phase v) which subsequently drains during phase vi). This is in agree
ment with previous observations regarding the ability to induce wimple 
morphology with a molecule like SDS, which lacks interfacial viscosity 
but presents concentration gradients as the source of interfacial stresses 
[24]. In the case of LD, similar to BSA, no film is observed during phase 
iv), leading to the subsequent formation of a dimple in phase v).

The primary distinction between the film morphology formed with 
BSA and SDS is in the film axisymmetry observed during phase vi). In the 
case of BSA, the film maintains perfect axisymmetry throughout phase 
vi) (Fig. 3), whereas a loss of symmetry occurs after the second iflation 
in the presence of SDS (Fig. 5). This phenomenon is attributed to solu

tocapillary Marangoni flows, which, by pulling the liquid toward the 
center of the film, induce abrupt instabilities [24,40]. Detailed quanti
tative results regarding the axisymmetry of the films produced in this 
study are provided in the SI.

3.4. Numerical model

In order to elucidate the mechanism of wimple or dimple formation 
we have utilized a simple 1D model based on the lubrication theory [20] 
and accounting for evaporation. The model is derived applying the con
dition of tangentially immobile interfaces and assuming that the film 
drainage is axisymmetric. The model has been implemented in COM
SOL Multiphysics® and solved using a finite element method. Gravity 
can be considered negligible since 𝐵𝑜 = 𝜌|𝑔|𝑅2∕𝛾 < 1 where 𝜌 is the 
liquid density, and 𝑔 is the acceleration due to gravity. In the experimen
tal system under consideration 𝑅𝑒 = 𝜌𝑉 ℎ∕𝜂 ≪ 1 and 𝑊 𝑒 = 𝐶𝑎𝑅𝑒≪ 1. 
Consequently, inertia is insignificant compared with viscous and sur
face tension forces. The non-dimensional Stokes-Reynolds film drainage 
equation reads as follows [20] (non-dimensional variables are denoted 
with prime):
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Fig. 3. (3a) Interferograms of thin BSA films illustrating the evolution of film thickness with a film present at the start of the second iflation, leading to wimple 
formation. The parameters used in the experiment are: 𝑑0=100 μm, 𝑄𝑖𝑛𝑓1=10 mm3/s, 𝑡𝑖𝑛𝑓1=1 s, 𝑡𝑝𝑎𝑢𝑠𝑒1=0.5 s, 𝑄𝑑𝑒𝑓 =15 mm3/s, 𝑡𝑑𝑒𝑓 =0.5 s, 𝑡𝑝𝑎𝑢𝑠𝑒2=2 s, 𝑄𝑖𝑛𝑓2=10 
mm3/s, 𝑡𝑖𝑛𝑓2=2.5 s. (3b) Interferograms of thin BSA films illustrating the evolution of film thickness without a film present at the start of the second iflation, leading 
to dimple formation. The parameters used in the experiment are: 𝑑0=100 μm, 𝑄𝑖𝑛𝑓1=10 mm3/s, 𝑡𝑖𝑛𝑓1=1 s, 𝑡𝑝𝑎𝑢𝑠𝑒1=0.5 s, 𝑄𝑑𝑒𝑓 =15 mm3/s, 𝑡𝑑𝑒𝑓 =1 s, 𝑡𝑝𝑎𝑢𝑠𝑒2=1.5 
s, 𝑄𝑖𝑛𝑓2=10 mm3/s, 𝑡𝑖𝑛𝑓2=2.5 s. The BSA concentration is 20 mg/ml. The time is shifted so that zero corresponds to when the film radius is no longer increasing at 
the end of second iflation. The radial thickness prfiles are taken along the vertical centerline.

Fig. 4. Minimum film thickness scaled with bubble radius as a function of non
dimensional time rescaled by 𝐶𝑎−1∕2 for BSA experiments. Note that here the 
time is shifted so that 𝜏 = 0 correspond to the start of the second iflation.

𝜕ℎ′
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(
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)
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Here 𝑝′ is the pressure, and 𝐸′ is a Heaviside-like function of film thick
ness ℎ′, based on the assumption that the evaporation rate remains con
stant until the thickness reaches a critical value ℎ′

𝐸′
0
, at which evapora

tion ceases (see Section 3.2). It is dfined as 𝐸′ =𝐸′
∞∕(1+ exp(−𝑎′(ℎ′ −

ℎ′
𝐸′
0
))) where 𝐸′

∞ is the non-dimensional evaporation rate, and 𝑎′ is cho

sen so that 1∕𝑎′ ≪ ℎ′
𝐸′
0

to have a steep decrease in 𝐸′ when ℎ′ = ℎ′
𝐸′
0
. 

Evaporation rate data are reported in SI.
The non-dimensional Young-Laplace equation for two approaching 

bubbles reads:

𝜕

𝜕𝑟′

(
𝑟′
𝜕ℎ′

𝜕𝑟′

)
= 2𝑟′(2 − Π′ − 𝑝′). (2)

The disjoining pressure Π′ is set to zero, as it remains negligible until 
the film thickness reaches approximately 20 nm, for BSA concentra
tions both below and above that used in this work [53,54]. The non
dimensional boundary and initial conditions are the following:

I.C.: ℎ′(0, 𝑟′) = ℎ′0 + 𝑟′
2;  𝑝′(0, 𝑟′) = 0, (3)

B.C.:
𝜕𝑝′

𝜕𝑟′
= 0; 𝜕ℎ′

𝜕𝑟′
= 0 at 𝑟′ = 0, (4)

B.C.: 𝑝′ = 0 at 𝑟′ = 𝐶𝑎−1∕4. (5)

An additional boundary condition is required to dfine the motion his
tory:

B.C. ∶ 𝜕ℎ′

𝜕𝑡′
=

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

𝑉 ′
1 , 0 ≤ 𝑡′ < 𝑡′1

𝑉 ′
2 , 𝑡′1 ≤ 𝑡′ < 𝑡′2

𝑉 ′
3 , 𝑡′2 ≤ 𝑡′ < 𝑡′3

𝑉 ′
4 , 𝑡′3 ≤ 𝑡′ < 𝑡′4

𝑉 ′
5 , 𝑡′4 ≤ 𝑡′ < 𝑡′5

𝑉 ′
6 , 𝑡′5 ≤ 𝑡′ < 𝑡′6

at 𝑟′ = 𝐶𝑎−1∕4 (6)

The derivation of the non-dimensional governing equations, along with 
the initial and boundary conditions, is provided in the SI. The capillary 
number 𝐶𝑎= 𝜂𝑉 ∕𝛾 corresponds to the second bubble iflation.

The scaling parameters used for non-dimensionalization are the fol
lowing: ℎ̄ = 𝐶𝑎1∕2𝑅𝑜 (film thickness), 𝑟̄ = 𝐶𝑎1∕4𝑅𝑜 (radial coordinate), 
𝑡 = 𝐶𝑎1∕2𝑅𝑜∕𝑉 (time), 𝑝̄ = 𝛾∕𝑅𝑜 (pressure). Here, 𝑅𝑜 = 2∕(1∕𝑅1𝑜 +
1∕𝑅1𝑜) is the equivalent bubble radius, with 𝑅1𝑜 being the undeformed 
bubble radius, and 𝑅2𝑜 →∞.

As shown in Equation 6, the implemented motion history unfolds as 
follows: i) the bubble moves toward the surface, ii) a pause follows, iii) 
the bubble retreats from the free surface, iv) another pause follows, v) 
the bubble is once more pushed towards the free surface, and vi) the 
bubble is steady until the end of the simulation. Two distinct scenar
ios have been analyzed, differing only in step iii): small retraction (SR) 
and large retraction (LR). These are the equivalent of the experimental 
procedures SD and LD, respectively.

In both cases the model predicts the formation of a dimple at the 
end of step i) as shown in Fig. 6. In the SR case, the results show the 
formation of a wimple during step v) (Fig. 6a). The wimple is visible 
throughout the entire film drainage phase vi) as in the experiments. On 
the other hand, in the LR case, the results show the formation of a dimple 
in step v) as shown in Fig. 6b.

The model is particularly useful for visualizing the film shape at 
thicknesses greater than 2 μm, which are not accessible through our in
terferometry technique. Additionally, it offers pressure prfiles within 
the film. In the LD experiments, the bubble surface recedes from the free 
surface until the interference color become no longer visible, indicating 
the absence of a film. This aligns with 𝑡′ = −150 in the simulation re
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Fig. 5. (5a) Interferograms of thin SDS films illustrating the evolution of film thickness with a film present at the start of the second iflation, leading to wimple 
formation. The parameters used in the experiment are: 𝑑0=100 μm, 𝑄𝑖𝑛𝑓1=10 mm3/s, 𝑡𝑖𝑛𝑓1=1 s, 𝑡𝑝𝑎𝑢𝑠𝑒1=0.5 s, 𝑄𝑑𝑒𝑓 =15 mm3/s, 𝑡𝑑𝑒𝑓 =0.5 s, 𝑡𝑝𝑎𝑢𝑠𝑒2=2 s, 𝑄𝑖𝑛𝑓2=10 
mm3/s, 𝑡𝑖𝑛𝑓2=2.5 s. (5b) Interferograms of thin SDS films illustrating the evolution of film thickness without a film present at the start of the second iflation, leading 
to dimple formation. The parameters used in the experiment are: 𝑑0=100 μm, 𝑄𝑖𝑛𝑓1=10 mm3/s, 𝑡𝑖𝑛𝑓1=1 s, 𝑡𝑝𝑎𝑢𝑠𝑒1=0.5 s, 𝑄𝑑𝑒𝑓 =15 mm3/s, 𝑡𝑑𝑒𝑓 =1 s, 𝑡𝑝𝑎𝑢𝑠𝑒2=2 s, 
𝑄𝑖𝑛𝑓2=10 mm3/s, 𝑡𝑖𝑛𝑓2=2.5 s. The SDS concentration is 20 mg/ml. The time is shifted so that zero corresponds to when the film radius is no longer increasing at 
the end of second iflation. The radial thickness prfiles are taken along the vertical centerline.

Fig. 6. (6a and 6b) Radial non-dimensional film thickness prfiles from numerical simulations showing wimple and dimple formation, respectively. (6c and 6d) 
Radial non-dimensional pressure prfiles from numerical simulations for wimple and dimple formation, respectively. The time is shifted so that the zero corresponds 
to the end of the last motion. Note that the pressure never drops to zero, at 𝑟′ = 0, in the case of wimple formation, unlike in dimple formation. The inset shows 
overlapping curves at non-dimensional times of -131 and 0. The values of the simulations parameters are reported in SI.

sults (Fig. 6b), where the minimum distance between the bubble and the 
free surface is quite larger than the thickness of the first formed dimple 
(𝑡′ = −178).

In both scenarios, as shown in Fig. 6c and Fig. 6d, once the film is 
fully formed (steps v and vi), the pressure along the film stabilizes at a 
plateau equivalent to the non-dimensional Laplace pressure within the 
bubble (𝑝′ = 2). Subsequently, the pressure gradually decreases towards 
the bulk liquid pressure 𝑝′ = 0. In the SR scenario (Fig. 6c), exclud
ing the early times when motion begins, there exists a consistent radial 
coordinate where 𝑝′ ≈ 2. This is a necessary condition for film exis
tence. Conversely, if the bubble retreats sufficiently from the free surface 
(Fig. 6d), pressure uniformly reaches zero (𝑝′ ≈ 0), matching the bulk 
pressure, indicating the absence of any film. It follows that when the 
bubble approaches the free surface when a film is already present, a 
wimple forms. While, if the bubble approaches the surface with no pre

existing film, a dimple identical in thickness and pressure, to that formed 
after the first motion is visible.

To compare the simulation results with the experimental data, we 
conducted simulations for SR and LR using the experimental capillary 
numbers: 𝐶𝑎 = 4 ⋅ 10−6 and 𝐶𝑎 = 4.8 ⋅ 10−6, respectively. As shown in 
Fig. 7, there is excellent agreement between the experimental and sim

ulation results. In the case of wimple formation (Fig. 7a), the simulation 
accurately captures the formation of a small dimple at the center, which 
is barely visible in the experiments due to the resolution limitations of 
the interferometric technique. The simulation results also reveal that 
the film shape is radially resolved beyond what the experimental recon

struction shows. The thickness gradient in that region is so steep that 
the experimentally measured thickness quickly exceeds the detection 
threshold for interferometric color measurement.
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Fig. 7. (7a) Comparison between experimental (circles) and computed (lines) film thickness prfiles in the case of wimple formation during the last iflation 
(𝐶𝑎 = 4 ⋅ 10−6). The parameters used in the experiment are: 𝑑0=100 μm, 𝑄𝑖𝑛𝑓1=10 mm3/s, 𝑡𝑖𝑛𝑓1=1 s, 𝑡𝑝𝑎𝑢𝑠𝑒1=0.5 s, 𝑄𝑑𝑒𝑓 =15 mm3/s, 𝑡𝑑𝑒𝑓 =0.5 s, 𝑡𝑝𝑎𝑢𝑠𝑒2=2 s, 
𝑄𝑖𝑛𝑓2=10 mm3/s, 𝑡𝑖𝑛𝑓2=2.5 s. (7b) Comparison between experimental (circles) and computed (lines) film thickness prfiles in the case of dimple formation during 
the last iflation (𝐶𝑎 = 4.8 ⋅ 10−6). The parameters used in the experiment are: 𝑑0=100 μm, 𝑄𝑖𝑛𝑓1=10 mm3/s, 𝑡𝑖𝑛𝑓1=1 s, 𝑡𝑝𝑎𝑢𝑠𝑒1=0.5 s, 𝑄𝑑𝑒𝑓 =15 mm3/s, 𝑡𝑑𝑒𝑓 =1 s, 
𝑡𝑝𝑎𝑢𝑠𝑒2=2 s, 𝑄𝑖𝑛𝑓2=10 mm3/s, 𝑡𝑖𝑛𝑓2=2.5 s. The time is shifted so that zero corresponds to when the film radius is no longer increasing at the end of second iflation. 
The values of the simulations parameters are reported in SI.

3.5. Effect of 𝐶𝑎 on film thickness

The theoretical prediction for the mean film thickness ℎ𝑚 as a func
tion of 𝐶𝑎 indicates that ℎ𝑚∕𝑅 ∼ 𝐶𝑎1∕2 [55]. This scaling has already 
been validated in the case of a free-standing film exhibiting a wimple 
morphology [24]. It has also been demonstrated that this scaling holds 
for quasistatic collisions across various experimental systems [56], such 
as bubbles in water interacting with a glass surface, ethanol drops in air 
colliding with a glass surface, and mercury drops in water colliding with 
a mica surface.

The scaling arises from analyzing the pressure within a film situated 
between a sphere and a flat solid surface, as the sphere moves toward 
the surface at a constant velocity 𝑉 . Assuming zero tangential velocity 
at the boundaries, the pressure follows the relation 𝑃 ∼ 𝜂𝑉 𝑅∕ℎ2 [55], 
where ℎ is the minimum distance between the sphere and the free sur
face. As the bubble nears the free surface, the film pressure approaches 
the magnitude of the Laplace pressure, 𝑂(𝛾∕𝑅), causing the bubble to 
deform.

In this scaling, it is implicitly assumed that the entire film volume 
contributes to bubble deformation as the bubble approaches the free 
surface. However, this assumption is not valid in the case of wimple 
formation. In that scenario, a small, flat film is already present before 
the second deformation begins. Since the pressure in the film only in
creases outside the initial film during the second deformation (Fig. 6c), 
the thickness of the newly formed film is not directly related to the liq
uid volume in the tiny film.

Analyzing film prfiles for similar 𝐶𝑎, it emerges that the film thick
ness at the periphery is nearly identical for both the wimple and dimple 
cases. However, at a certain radial position, the two prfiles diverge�-
one increasing in thickness (dimple) and the other decreasing (wimple) 
toward the center. This deviation consistently appears near the location 
of maximum thickness in the wimple. Thus, we can dfine a pinch thick
ness, ℎ𝑝, which corresponds to the maximum thickness at 𝑡 = 0 s in the 
case of the wimple, and to the film thickness at the same position in 
the case of the dimple with a similar 𝐶𝑎. As shown in Fig. 8a, ℎ𝑝 scales 
only with 𝑅 and 𝐶𝑎, independent of the film shape. Therefore, we can 
exclude the contribution of the initial tiny film on ℎ𝑝.

To standardize mean thickness data across different film morpholo
gies and surface-active species, it is possible to use a modfied scaling 
for ℎ𝑚, that accounts for the differences in film shape. Modifying the 
scaling adopted in [24], we dfine ℎ∕𝛽𝑅 ∼ 𝐶𝑎1∕2, where 𝛽 is a shape 
factor dfined as the ratio between the liquid volume in the dimple 

and in the deformed portion of the wimple (i.e. that formed during the 
second iflation), approximating both prfiles as portions of a circular 
arc. As shown in Fig. 8b, considering the arc described by the equation 
ℎ𝑎(𝑟) =

√
𝑅2

𝑓
− 𝑟2 −(𝑅𝑓 −ℎ𝑚𝑎𝑥,𝑑), where the arc maximum value equals 

the maximum dimple thickness ℎ𝑚𝑎𝑥,𝑑 , one can dfine a mean thickness 
by integrating ℎ𝑎. This is done from 𝑅𝑓 to 0 for the dimple, and from 
𝑅𝑓 to 𝑅𝑖 for the wimple, where 𝑅𝑖 is the radial coordinate of the iflec
tion point of the thickness curve between 𝑟 = 0 and the radial position 
of the maximum wimple thickness, 𝑅𝑤. By computing the mean values 
and multiplying each by the base area, the following equation for 𝛽 is 
obtained:

𝛽 =
𝑉𝑤

𝑉𝑑
=

𝜋𝑅2
𝑓
−𝜋𝑅2

𝑖

𝑅𝑓−𝑅𝑖
∫

𝑅𝑓

𝑅𝑖
ℎ𝑎 𝑑𝑟

𝜋𝑅2
𝑓

𝑅𝑓
∫

𝑅𝑓

0 ℎ𝑎 𝑑𝑟 
=

(𝑅𝑓 +𝑅𝑖) ∫
𝑅𝑓

𝑅𝑖
ℎ𝑎 𝑑𝑟

𝑅𝑓 ∫
𝑅𝑓

0 ℎ𝑎 𝑑𝑟 
(7)

A few important points should be noted: First, the wimple is assumed 
to have the same thickness as the dimple from 𝑅𝑓 to 𝑅𝑖, and zero thick
ness for 𝑟 < 𝑅𝑖. Second, 𝛽 is calculated using values from wimple and 
dimple experiments conducted at similar 𝐶𝑎. Consequently, 𝛽 = 1 for 
each dimple experiment, while for the wimple, 0 < 𝛽 < 1. The definition 
of 𝑅𝑖 is guided by the observation that the omitted wimple thicknesses 
for 𝑟 < 𝑅𝑖 are effectively compensated by the arc height surpassing the 
actual wimple thickness within the range 𝑅𝑖 < 𝑟 < 𝑅𝑤 (Fig. 8b). A com
parison of the wimple and dimple volumes, calculated analytically or 
reconstructed from the experimentally measured mean thickness, is pro
vided in the SI.

In order to obtain a scaling for ℎ𝑚 the mean value for 𝛽 in the case 
of the wimple is computed and is 𝛽 = 0.7 ± 0.04. Hence, the mean 
film thickness ℎ𝑚 at the time where 𝑅𝑓 ceases to increase is non
dimensionalized with 𝛽𝑅 and plotted against 𝐶𝑎 in Fig. 8c. Notably, 
data for both film morphologies adhere to the provided scaling. This 
scaling is consistent with both BSA and SDS data, underscoring its gen
erality and indicating the equivalence of these systems in achieving 
wimple or dimple formation.

For comparison, Fig. 8c displays simulation data for both wimple and 
dimple morphologies at different 𝐶𝑎 of the second iflation, alongside 
data generated using the two-motion procedure from [24] without evap
oration suppression. As shown, there is a strong correlation between 
simulations and experiments for both film morphologies. Additionally, 
data obtained through the two-motion procedure exhibit considerably 
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Fig. 8. (8a) Non-dimensional film pinch thickness at various 𝐶𝑎 of the second iflation for BSA and SDS experiments with dimple or wimple morphology after 
the second iflation. The pinch thickness is evaluated at the radial position of the wimple maximum thickness for both film morphologies, as shown in the inset. 
Considering error propagation, the non-dimensional thickness error is estimated at approximately 7%. (8b) Illustration of the arc (red dashed line) approximating 
the dimple prfile used for 𝛽 estimation. Yellow highlighted area corresponds to thicknesses used in the wimple volume approximation for 𝛽 calculation. Green 
highlighted area corresponds to the actual wimple prfile. Note that the green and yellow areas partially overlap. (8c) Mean non-dimensional film thickness at 
various 𝐶𝑎 of the second iflation for BSA and SDS experiments with dimple or wimple morphology after the second iflation. Considering error propagation, the 
non-dimensional thickness error for the iflation method is estimated at approximately 10%. Simulation data and data for BSA wimpled films generated using the 
two-motion procedure are included for comparison. Simulation data are obtained varying 𝐶𝑎 of the second iflation. The values of the simulations parameters are 
reported in SI. Each data point for the two-step method represents the mean value from three repeats at the same imposed 𝐶𝑎 of the second motion, with an error of 
less than 5%. Error bars are omitted for clarity. (8d) Non-dimensional drainage velocity as a function of 𝐶𝑎, film radius, and bubble radius for BSA films exhibiting 
wimple and dimple morphologies, constructed using both iflation and two-motions procedures. The power-law with slope 1 represents the Tsekov scaling for film 
drainage velocity. Data are relative to the second iflation or motion of the bubble. (For interpretation of the colors in the figure(s), the reader is referred to the web 
version of this article.)

less scatter than those produced with the method used in this study, con
firming the former approach’s higher accuracy. Nevertheless, both data 
sets adhere to the same scaling observed in the oscillating bubble setup, 
supporting our hypothesis.

As shown in Fig. 8c, all data follow the same power-law relationship 
ℎ𝑚𝛽𝑅 = 𝑐𝐶𝑎1∕2, where 𝑐 is a constant. The literature reports that 𝑐 is a 
very weak function of 𝐶𝑎, typically ranging from approximately 0.3 for 
𝐶𝑎 ≈ 10−10 to 0.5 for 𝐶𝑎 ≈ 10−4 across various systems [20,56]. In our 
experiments, 𝑐 ≈ 0.35 for 𝐶𝑎 values between 10−6 and 10−4, consistent 
with the range reported in the literature.

3.6. Effect of 𝐶𝑎 on drainage velocity

According to Tsekov theory, the drainage velocity for films with non
uniform thickness scales as [57]:

𝑈 = 1 
6𝜂

5

√√√√ℎ12
𝑚
Δ𝑃 8

4𝛾3𝑅4
𝑓

, (8)

where Δ𝑃 is the pressure drop across the film, which when disjoining 
pressure is negligible, scales as Δ𝑃 ∼ 𝛾∕𝑅. This scaling has been shown 
to accurately describe the transition time from wimple to dimple in the 
absence of evaporation [24]. Therefore, we employ a similar scaling for 
the drainage velocity of films with varying morphologies.

Considering that ℎ∕𝛽𝑅 ∼ 𝐶𝑎1∕2, one can derive the non-dimensional 
scaling as:

𝑈

𝑉
∼ 5

√
𝛽12𝑅4𝐶𝑎

𝑅𝑓
4 (9)

Examining the drainage velocity 𝑈 at 𝑡 = 0 s (when thickness is at its 
maximum and evaporation is negligible) for BSA films with both wimple 
and dimple shapes (Fig. 8d), we observe that, despite some data scat
ter, there is fair agreement with the scaling predicted by Tsekov theory 
(Equation 9). Data generated using the two-motion procedure are also 
included here for comparison, showing good agreement with the pro
posed scaling as well.
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4. Conclusions

This study advances the understanding of thin liquid films (TLFs) 
formed between a free surface and an oscillating bubble by examin
ing the morphology and drainage dynamics of BSA/SDS-decorated films 
through dynamic film interferometry, alongside a lubrication theory
based model [20]. Both experiments and simulations reveal that film 
morphology is significantly ifluenced by the deformation history: a 
wimple forms only if a film remains present throughout the oscillation 
history, while a dimple forms if the film intermittently disappears, con
firming the primary hypothesis. This conclusion is further supported by 
the simulated film pressure prfiles.

A scaling analysis demonstrates that evaporation strongly affects thin 
film dynamics, accelerating drainage [23]. A modfied scaling approach, 
based on the thin-gap approximation [24,55] and incorporating the vol
ume of films with wimple or dimple morphologies, identfies a universal 
behavior of mean thickness as a function of the capillary number, 𝐶𝑎, 
for films with these complex shapes. The lubrication theory model aligns 
well with both analytical scaling and experimental results, effectively 
capturing the transition between wimple and dimple morphologies as 
well as drainage dynamics. Additionally, experiments show that the film 
drainage velocity at the end of the second iflation depends on 𝐶𝑎, film 
radius, and bubble radius, following the scaling law proposed by Tsekov 
for films with non-uniform thickness [57].

A comparison of data from the oscillating bubble method and the 
two-motion technique [24] cofirms that while the two-motion tech
nique offers greater control and precision, both methods are equally 
effective in producing films with these morphologies, as film thick
ness depends solely on the 𝐶𝑎 of the final iflation/motion, cofirm
ing the second hypothesis. The insights from this study contribute to 
the understanding needed to create highly ordered nanostructured sur
faces. Control of film morphology at the nanoscale could facilitate the 
development of hierarchical materials with customized functionalities 
[10,58--61]. This work lays a foundation for future research aiming to 
develop solidfied films with non-uniform morphologies.
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