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Liquid foams are nearly indispensable in daily lives, in nature, as well as in numerous 

industrial processes. The stability and lifetime of foams is closely correlated with the drainage and 

stability of thin liquid films between adjacent gas bubbles. Free-standing thin liquid films (foam 

films) containing micelles, nanoparticles, polyelectrolyte-surfactant complexes or smectic liquid 

crystals undergo drainage in a discontinuous, step-wise fashion termed stratification. The 

oscillatory disjoining pressure, which originates from the layering of the aforementioned 

supramolecular structures under the thin film confinement, stabilizes the foam film at discrete 

thicknesses while destabilized it at thickness in between. 

The stratification via layer-by-layer removal of the supramolecular structures displays rich 

patterns and dynamics, involving the coexistence and evolution of domains and nanostructures of 

discretely different thickness. We developed novel Interferometry Digital Imaging Optical 

Microscopy (IDIOM) protocols by combining the principle of interferometry, optical microscopy, 

and digital image analysis techniques. IDIOM is used to characterized the topography of stratifying 

free-standing foam films made from sodium dodecyl sulfate (SDS) micellar solutions with high 

spatial (1 nm in thickness and 0.5 μm laterally) and temporal resolution (1 ms) for the first time. 

We constructed exquisite thickness maps of the film, recognized and followed the emergence and 

growth of nanoscopic ridges, mesas and craters during foam film stratification. In particular, the 

formation and evolution of craters (thinner domains) and ridges are analyzed. 

SUMMARY 



 

xv 

We find two distinct regimes in the expansion dynamics of a single thinner domain. 

Initially, the domain radius increases as 1/2R t , with a constant apparent diffusivity (Regime A),  

after the domain comes in contact with the Plateau border surrounding the foam film, the boundary 

between the thinner domain and the rest of the film expands linearly over time, i.e. R t , with a 

constant apparent contact line velocity (Regime B). For isolated domain, a similar transition could 

occur when a topological instability sets in at the domain boundary, which also leads to formation 

of white spots around the growing domain. The change in dynamics observed after domains 

contact with the Plateau border is reported and analyzed for the first time, and the similarities 

between two regime transitions, brought out by domain coalescence with the Plateau border and 

topological instability around isolated domain, are recognized and discussed. 

Though the domain expansion dynamics and the scaling transitions are proposed 

theoretically to be linked to the existence of a ridge formed around the growing domain, 

experimental evidence of ridge formation is lacking in the literature. By utilizing IDIOM protocol, 

we visualize and characterize the nanoscale ridge formation and growth for the first time. The 

axisymmetric ridge formed has a highly asymmetric cross-sectional profile, with a sharp build-up 

from the thinner domain, and a slow decay from the ridge peak to the outside unperturbed film. 

The total width of the ridge exhibits the same time dependence as the domain radius evolution, i.e. 

0.5,R W t , while the maximum thickness of the ridge grows logarithmically, i.e. max logh h t  . 

Using lubrication-based thin film hydrodynamic equation and scaling analysis, two types of 

asymptotic behavior are recognized for different parts of the ridge profile. The ridge shape in the 

build-up part is time independent, with nearly constant apparent contact angle (~ 0.2°), while the 

SUMMARY (Continued) 



 

xvi 

leeward part of the ridge shows a self-similar profile, and can be fitted by an approximated 

analytical asymptotic solution. A topological instability within the ridge can set in and lead to 

formation and growth of white spots (much thicker circular regions). The formation of white spots 

is found unlikely to be through Rayleigh-type instability of the ridge, but rather driven by the 

supramolecular structural disjoining pressure. The oscillatory nature of the disjoining pressure 

leads to rapid thickness jump during white spot growth, the range of which correspond to the 

unstable region of the disjoining pressure isotherm. On the other hand, the regions of the ridge 

unperturbed by white spot formation cease to grow in width and thickness after instability.  

To gain more insight in the dynamics of foam film stratification, and to better understand 

the contribution of supramolecular structural disjoining pressure, we model the formation and 

evolution of ridges during domain growth with the thin film hydrodynamics equation. Using a 

semi-empirical estimation of the supramolecular structural oscillatory disjoining pressure, and no-

slip boundary condition for the film interfaces, the thin film equation is solved numerically. The 

numerical results of ridge evolution, its concentration and thickness dependence, and instability at 

later stage, are all in quantitative agreement with experimental observations. Conversely, part of 

the experimentally resolved ridge shape can be fitted to the numerical thickness profiles to obtain 

values of decay length in the oscillatory disjoining pressure isotherm, which provides a valuable 

measure of the strength and range of the structural disjoining pressure, and cannot be determined 

accurately through direct equilibrium measurement. 
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CHAPTER 1.  

INTRODUCTION AND LITERATURE REVIEW 

1.1 Background 

Liquid foams are nearly indispensable in daily lives, in nature, as well as in numerous 

industrial processes. Foams with varied stability are desirable for different applications: slow 

draining, more stable foams are desired in in firefighting [1], mining industry [2], certain foods 

and beverages (e.g. beers) [3] and cosmetics [4,5], while rapid draining, less stable foams are 

preferred in champagnes [6] and for undesirable foams created by pollution in water bodies [7,8]. 

Understanding, and therefore controlling the stability and lifetime of foams, is a longstanding 

challenge, and one of the underlying motivations for this study. 

Foams are colloidal dispersions of gas bubbles in a continuous liquid phase, where gas 

bubbles are separated by liquid thin films (foam films). In an absolute sense, all foams (as well as 

other colloidal dispersions like emulsions and colloidal sols) are thermodynamically unstable and 

will eventually phase separate [9]. The foams break down via three main processes: coalescence 

of gas bubbles resulting from the thinning and eventual rupture of foam films, drainage of bulk 

liquid through the foam structure, and disproportionation of bubbles due to gas diffusion between 

neighboring bubbles [10]. Practically however, these destabilization mechanisms can be 

significantly delayed to make foams relatively long-lived (timescale of minutes to hours to years), 

both by thermodynamic means (e.g. addition of surface active agent) and by hydrodynamic means 

(e.g. increasing liquid viscosity or modifying interfacial rheology).  
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Figure 1.1 Structure of foams on different length scales. (a) Foams can be treated as continuum 

fluid or porous media in the macroscopic level. (b) Local foam structure consists of gas bubbles 

separated by thin liquid films, and a network of Plateau borders and nodes. (c) Single foam film 

keeping two gas bubbles from coalescing, the film is connect to the thicker Plateau border around 

it. (d) The drainage and stability of a foam film can be modified by the addition of surfactants. 

 

The thermodynamic and hydrodynamic properties of foams, and their evolution over time 

can be studied on multiple length scales (Figure 1.1). Macroscopically, at a length scale much 

larger than the bubble size (Figure 1.1a), foams appear homogenous and can be modeled as a 

flowing continuum with complex rheological properties, including viscoelasticity, yielding/ 

jamming and thixotropy [11–13]. Conversely, the foams can be modeled as porous media to study 

the macroscopic flows through it [13,14]. On the length scale of a few bubble diameter (Figure 

1.1b), foam structure comprises of an assembly of gas bubbles. The gas pockets are separated by 

thin liquid films, Plateau borders where three films meet, and vortices or nodes where four borders 
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meet. These structures undergo deformations and topological rearrangements in response to an 

applied outside stresses, in order to minimize the free energy of the system. The collective motion 

of these structures is related to the macroscopic rheological properties [15]. At the length scale of 

single bubble (Figure 1.1c), the basic building block of foam structure is two gas bubbles separated 

by a single liquid thin film in between. The thinning and stability of this foam film controls the 

rate of bubble coalescence, therefore is greatly correlated with the lifetime and stability of the 

macroscopic foam [16]. Capillary pressure originates from the two curved gas-liquid interfaces of 

the foam film. The gradient of the pressure drives liquid to drain from the foam film to the adjacent 

Plateau borders, and the film thins and eventually ruptures. Rheological properties of the thin 

liquid film (both interfacial and bulk rheology) affects drainage kinetics, and the lifetime of the 

foam [16,17]. When the thickness of the film approaches molecular length scales (typically < 100 

nm), film drainage can be further enhanced or suppressed by contributions from surface forces 

(see Section 1.4 for a review). Fundamental understanding of the nature of these surface forces 

and their manifestation in drainage dynamics of single foam film, is crucial to further our 

understanding of their effects on the stability of the macroscopic foams, as well as all the other 

colloidal systems [18]. It is one of the main objectives of this study to gain insights of the surfaces 

forces in foam films, through both experimental characterizations and theoretical modelling of the 

film drainage process. 

Apart from the significant role played in foam, emulsion and other colloidal systems, the 

stability and dynamics of liquid thin films are also widely studied in many other contexts. The 

flow and dynamics of either free-standing films (e.g. foam film) or supported films (e.g. film on a 

solid substrate) are encountered in phenomena like liquid wetting/dewetting [19], film rupture [20] 
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and tears of wine [21], and are found in industrial applications like coating [22], printing [23] and 

nano-device fabrication, as well as in biological systems like lungs [24] and tear films [25–27].  

  

 

Figure 1.2 Surfactant used in this study. (a) A schematic representation of surfactant molecule. 

The “head” is hydrophilic group while the “tail” is hydrophobic. (b) Molecular formula of ionic 

surfactant sodium dodecyl sulfate (SDS). 

 

Foams are often formed with solutions containing amphiphilic surface-active agents, or 

surfactants (Figure 1.2). At the molecular level (Figure 1.1d), the surfactants adsorb to the gas-

liquid interfaces, and reduce the surface tension [28]. During thinning of the foam film, the 

presence of surfactants affects both the capillary pressure and surface forces, and could also alter 

the rheological response of the interfaces as well as the bulk fluid [14,29,30].  

Above a threshold value of surfactant concentration, known as critical micelle 

concentration (CMC), surfactant monomers in the bulk solution self-assemble into supramolecular 

structures (micelles) [9]. The micelle assembly gives rise to extra supramolecular structural 
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contribution to the surface forces in stabilizing the foam films.  The manifestation of such structural 

forces in foam film drainage is a non-monotonic, step-wise thinning (called stratification), instead 

of a monotonic thickness observed in surfactant solution below CMC. The same stratification 

phenomenon also occurs in thin films (both foam and emulsion films) with nanoparticles, 

polyelectrolyte-surfactant mixtures, smectic liquid crystals, etc. (see the following sections for a 

detailed review). During the stratification process, rich and complex dynamics, including 

formation and evolution of various transient nanoscopic structures, can be observed [31]. Although 

the phenomenon of stratification has been reported for over a century and significant progress 

made in understanding its origin [32], the dynamics involved in the process are not yet fully 

explored and have many unresolved questions (outlined in Section 1.6). This thesis study attempts 

to further our knowledge of the hydrodynamics and thermodynamics involved in stratifying foam 

films, and address some of the unresolved problems in stratification dynamics.  

 

1.2 Stratification of thin liquid films 

1.2.1 Early studies on thin films and discovery of stratification phenomenon 

The study of thin liquid films, their shapes, colors, as well as their dynamics and stability, 

have fascinated generations of scientists. Hooke [33] and Newton [34], in their pioneering work 

on optics and mechanics, discussed colors and patterns observed in soap films. In the Opticks [34], 

Newton related the color reflected from the thin film to its thickness and the refractive index of 

the medium, which is the underlying principle of modern day interferometry techniques for film 

thickness determination. He noted that the thinnest film appears “very black”, since it’s so thin 
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that all visible light interferers destructively. Today the thinnest (typically less than 7 nm), steric 

stabilized foam films are therefore named after him as Newton black film (NBF).  

After one and a half century, Plateau [35] examined the thinning dynamics of soap bubbles 

and the formation of the black films on the top of the bubble. He estimated the thickness of the 

black films to be less than 100 nm. Suggesting the formation and stabilization of the black films 

is a result of molecular interactions between the two interfaces, he quoted half of the thickness as 

“the upper limit of the radius of significant activity of the molecular attraction.” Reinold and 

Rucker [36,37] later improved Plateau’s estimation with both optical and electric resistance 

measurements. They found the thickness to be < 20 nm, and concluded that the black film is 

spatially uniform, with a sharp thickness transition and a distinct boundary to the rest thicker region 

of the film. Moreover, they reported the observation that  “two different shades of black are … 

frequently seen in a film” [37]. These findings led them to suggest the possibilities for molecular 

interactions to stabilize multiple film thicknesses while destabilizing films with thickness in 

between. 

Johonnott [38,39] , at the turn of the 20th century, used the interferometer developed by A. 

A. Michelson, and quantified the thickness of “first” and “second” black film to be about 12 nm 

and 6 nm, respectively. In modern terms, the two films are likely to correspond to the 

electrostatically stabilized common black film (CBF) and the sterically stabilized Newton black 

film (NBF). Johonnott observed a total of five different shades of black film beyond these two 

thickness layers, and therefore speculated that molecular forces alternate between attraction and 

repulsion as the thickness pass through different layers of black films. This forms the first report 

of foam film stratification. 
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The formation and coexistence of multiple black films was first documented as 

photographs by Stansfield [40] in a vertical, rectangular soap film in 1906, and later by Lawrence 

[41] in a horizontal circular film (Figure 1.3). These photographs clearly shows different shades 

of black or grey film, with distinct, mostly circular boundaries. The layers with different film 

thicknesses form complex mosaic patterns during the thinning process. Figure 1.3a captured the 

stratification taking place, with a circular, thinner (darker) domain growing on a thicker film. 

Around the darker domain, multiple white circular spots formed adjacent to the domain boundary. 

In this study, we found that these white spots are nanoscopic mesas. The formation of these white 

spots and their effects on dynamics of stratifying foam films are studied in detail, both 

experimentally and theoretically 

 

 

Figure 1.3 Early photographs of stratification in foam films. (a) and (b) are reprinted from ref [40] 

(public domain), (c) is reprinted from ref [41] (public domain). 
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The next major contributions to the study of the stratification phenomena in soap films 

were made by Perrin [42], among others [43–45]. The thickness difference between layers was 

found to be a multiple of the same elementary thickness. Their studies suggested that stratification 

is a result of layer-by-layer removal of the lamella phase formed by surfactants. In his 1926 Nobel 

Prize lecture, Perrin included stratification as an evidence for molecular reality, and discontinuous 

and periodic structure of matter [46]. Numerous studies, e.g. ref [47–49], continued to investigate 

the stratification of thin films formed with smectic liquid crystals. Recent advances in this topic 

summarized in an extensive reviewe by Oswald and Pieranski [50]. In this study we focus on 

stratifying foam film with isotropic systems containing supramolecular structures (e.g. micelles).  

 

1.2.2 Modern view on thin film stratification 

The studies on surfactant concentration dependence of stratification phenomena, both in 

foam films [51,52] and emulsion films [53], showed the step-wise thinning phenomenon at 

surfactant concentrations below the concentration at which liquid crystalline phase forms in the 

bulk solution. Lyklema and Bruil [51] hypothesized that the confined environment imposed by the 

film surfaces promoted the lamella structure to form in thin films. However, the experimental 

[54,55] and theoretical work [56] done by Wasan, Nikolov and coworkers in the late 1980s 

demonstrated the stratification phenomenon in foam films made with particle suspensions, and 

revealed the fundamental role of laying of self-assembled supramolecular structures (e.g. micelles 

in surfactant solutions). They argued that the spherical micelles or nanoparticles form ordered 

structures under confinement, and give rise to the non-DLVO oscillatory structural disjoining 

pressure [56]. The pressure is an oscillatory function of film thickness, and stabilizes the foam film 

at discrete thicknesses while intermediate thicknesses are unstable, as shown schematically in 
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Figure 1.4. The layer-by-layer removal of these supramolecular structures results in the 

macroscopic step-wise thinning of the film. 

 

 

Figure 1.4 Illustration of spherical micelles form layered structure in a stratifying foam film. 

 

This explanation is supported by various experimental and theoretical evidences. In non-

ionic systems, the thickness change of each step in stratification was found to correspond to the 

diameter of the micelle or colloidal particle [54]. The ordering of micelles or particles during 

stratification is also probed through scattering methods [57,58] and direct transmission electron 

microscopy (TEM) imaging of vitrified foam films [59]. The vitrified film made with micellar 

solutions showed “no bilayer (lamella structure) are present in the neighborhood of the film surface 

in the (tested) concentration range” [59]. This observation suggested the stratification is indeed 

due to the layered ordering of spherical micelles instead of surfactant bilayers.  

In addition to the observations of ordering of micelle or colloidal particle, the oscillatory 

structural disjoining pressure resulted from the supramolecular ordering were also directly detected 

and measured. A brief review of the experimental and theoretical studies of this non-DLVO, 

structural disjoining pressure is provided in Section 1.4.2. 
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The stratification phenomena is universal in thin liquid films containing supramolecular 

structures [32]. It is observed not only in horizontal films (for most studies cited above), but also 

vertical film where the driving force of the film drainage is gravity [60]. Besides foam films, 

stratification is also reported in emulsion films [53,61], asymmetrical films (film with one gas-

water interface and one water-oil interface) [62] and films supported by solid substrate [63]. In 

addition to surfactant micelles (both ionic and non-ionic) and colloidal particles, stratification also 

occurs in foam films made with protein aggregates [64], amphiphilic diblock copolymers [65], 

worm-like micelles [66], and polyelectrolyte-surfactant mixtures [67–70].  While certain proteins 

and copolymers form self-assembled near-spherical structures which can play a similar role as 

micelles formed with ionic surfactant, transient network structures formed in solutions of worm-

like micelles and polyelectrolyte can also lead to film stratification [67,71]. The thickness steps in 

such systems match the correlation length found in neutron scattering of the bulk solution [72]. 

The extensive research on polyelectrolyte stabilized foam films is summarized in review by 

Kristen and von Klitzing [71]. 

 

1.2.3 Models for dynamics of stratifying films 

While many studies have focused on the equilibrium thickness steps and the corresponding 

equilibrium disjoining pressure isotherm in stratifying foam films, the dynamics of stratification 

is not fully characterized and understood. During foam film stratification, the thickness transition 

proceeds through nucleation and expansion of single or multiple thinner, circular domains within 

the thicker film (cf. Figure 2.5). The growth dynamics of a single isolated domain is first 

characterized by Kralchevsky et al. [73] for micellar solution, they reported that the area the 

domain increases linearly over time, A t   (i.e. radius is proportional to square root of time, 
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1 2R t  ). Similar diffusive-like scaling is later reported for colloidal particle suspensions [74,75] 

and polyelectrolyte-surfactant mixtures [69,76,77]. Sonin and Langevin [78] first reported that an 

alternative linear scaling, R t , is observed in some films, after the growing domain reaches a 

certain “critical size” and one or multiple white circular spots appear around the domain. The white 

spots have been termed lenses, pancakes, droplets and globules in the literature [10,75,76,78,79], 

and they appear white and brighter due to their much larger thicknesses compared to the rest of 

the film.  

 

 

Figure 1.5 Illustration of the diffusive osmotic mechanism of domain formation and growth. (a) 

A three-layered vacancy site is formed after one micelle has left the four-layered thin film. (b) The 

vacancies aggregate to form a thinner domain containing three layers of micelles. Reprinted with 

permission from ref [73]. Copyright © 1990 American Chemical Society. 

 

There are two models describing the domain growth dynamics. Kralchevsky et al. [73] first 

proposed that the formation and growth of the thinner domain occurs through a “diffusive osmotic 

(DO) mechanism”. They argued that the micelles inside the thin film keep diffusing out to the 
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surrounding meniscus (Plateau border), due to a gradient of chemical potential (osmotic pressure). 

“Vacancies” are then formed in place of the micelles which have left the film, as shown 

schematically in Figure 1.5a. The vacancies are free to move within the film through self-diffusion 

of the micelles. After reaching a critical concentration, the vacancies starting to aggregate to 

minimize the free energy of the film, and therefore nucleating a thinner domain (Figure 1.5b). The 

further growth of the domain is driven by the constant influx of vacancies created by micelles 

diffusing out of the thin film region: 

 2

2

l

d R
J

dt


                                                      (1.1)                                                   

where 2

l  is the area of one vacancy (shown in Figure 1.5a) and J is the constant total flux of 

vacancies (number of vacancies per time). Equation (1.1) can be easily integrated to recover the 

diffusive growth scaling of 1 2R t .  

After white spots appear and the scaling transition occurs, additional term is needed to 

account for the vacancy flux generated by white spots formation [78]. However the origin of these 

fluxes and the transition from diffusive to linear scaling cannot be understood using the DO 

mechanism. Moreover, Heinig et al. [77] demonstrated experimentally that growth rates of 

multiple domains growing on the same film are the same and unaffected by each other. In contrast, 

Equation (1.1) predicts a decrease in growth rate when additional domains form, since the total 

vacancy flux is shared by multiple domains. More recently, Lee et al. [80] built upon this 

mechanism and suggested a model in which the local vacancy concentration gradient across the 

domain boundary is responsible for the diffusive-like growth dynamics. However, this model does 

not explain some of our experimental observations presented in this study, including growth 
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dynamics of domain in contact with the Plateau border (Chapter 3, ref [81]), ridge formation 

(Chapter 4 and 5), and dynamics of topological instability and white spots formation (Chapter 4). 

Bergeron et al. [79] proposed a “hole sheeting” model for the formation and growth of 

thinner domain in stratifying films. In this lubrication based thin film hydrodynamic model, a 

governing equation of thickness evolution was derived. The formation and expansion of the thinner 

domain is driven by the gradient of disjoining pressure and dissipated by viscous forces. Their 

numerical calculation of thickness evolution is shown in Figure 1.6. As the flat thinner domain is 

established, a “rim” or “ridge” with larger thickness is formed in front of the thinner domain, 

resulted from the accumulation of liquid drained from the expanding domain.  

 

 

Figure 1.6 Time evolution of the radial thickness profile, h vs. r, during domain nucleation and 

growth. A thicker ridge is formed between the thinner domain and outside film. Reprinted with 

permission from ref [79]. Copyright © 1992 American Chemical Society.  
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de Gennes [82] fist theoretically described the formation and growth of similar ridges 

during growth of dry spots in thin films supported by solid substrate. Beltrán and Langevin [76],  

and Heinig et al. [77] subsequently proposed a similar model for the ridge formed in free-standing 

stratifying foam films. Their model showed the thickness evolution within the ridge is diffusive-

like, which results in the diffusive scaling of domain growth.  

Although lubrication-based thin film models have been widely used in various thin film 

hydrodynamic problems [83,84], especially in understanding the dynamics of spreading/dewetting 

of supported films (a comprehensive review is provided in Section 1.5), there are only countable 

few papers applied of such model to the stratifying foam films [76,77,79,85]. The experimental 

detection and characterization of the shape and shape evolution of the ridge and white spots during 

domain growth is completely absent in the literature. The difficulty lies in the lack of reliable 

experimental method to spatially resolve the ridge, which we show later is only a few nanometers 

higher than the outside film. When the experimental measured growth rates of domain are 

compared with the predictions from the hydrodynamic model, quantitative discrepancies are 

significant. In polyelectrolyte-surfactant systems, Langevin and co-workers [76,77,85,86] found 

that the thin film viscosity value needed to be substantially different from the bulk fluid viscosity, 

in order to match the model predicted domain growth rate with experimental measurements. The 

needed viscosity values varied from 60 times larger than the bulk viscosity to 10 times smaller, 

depending on the polyelectrolyte-surfactant mixture.  

At the later stage of domain growth, white spot formation has been attributed to instabilities 

and breakup of the ridge. This process is thought [76,79] to be akin to Rayleigh-like instability, 

which describes the breakup of liquid jets into individual droplets [87]. However, the recent studies 

[88,89] on Rayleigh breakup of a toroidal shaped liquid drop showed little resemblance to the 
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white spot formation observed in our experiments (cf. Figure 3.6). More detailed experimental 

characterizations of the topological instability and the dynamics of white spot formation are needed 

to fully understand this process. Our investigations on shapes and thickness evolution of the white 

spots, their spatial distribution and their effects on domain growth dynamics, are presented in 

Chapter 4. 

 

1.3 Experimental methods for foam films 

The stability and drainage of a single foam film are studied in two typical cases: (i) small 

film formed horizontally, where the driving force of film drainage is capillary pressure originated 

from surface curvature, and (ii) large film formed vertically, where drainage is mainly gravitational. 

In this study, we focus on the former case with horizontal foam film smaller than capillary length 

( c g   , around 2 mm for water), so that gravity effect is negligible. For the latter case, an 

extensive review of the fundamentals is provided by Mysels [90].  

The experimental setup to investigate drainage and stability of horizontal foam film is 

typically comprised of two main parts: the thin film apparatus that creates and holds the foam film 

in place, and the characterization system that records film evolution (most importantly thickness 

evolution) as the film drainage takes place. 
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1.3.1 Thin film apparatus 

Many different apparatuses for forming and controlling foam films have been developed 

in the literature. Based on the way the thin film is held in place, we can categorize the apparatuses 

into two types: bubble holder (Figure 1.7a&b) and film holder (Figure 1.7c-e).  

 

 

Figure 1.7 Different types of thin film apparatus. (a) Thin film between two bubbles, (b) curved 

film between bubble and liquid surface, (c) Scheludko cell, (d) porous plate cell, (e) Bike-wheel 

cell.    

 

In the typical bubble holding apparatus (Figure 1.7a), the foam film is formed by pushing 

two gas bubbles against each other, while the bubbles are held on two nozzles or plates. The force 

exerted on the bubbles can be measured very precisely, by attaching the one of the bubbles to an 

atomic force microscopy (AFM) cantilever [91]. However, the direct visualization of the film is 

obstructed by the nozzle/plate, so direct film thickness measurement is not available. In the AFM 

setup, the thickness can only be inferred from models accounting for the distance of the two 

nozzles or plates, size of the bubbles, and their deformation [92]. An alternative setup is introduced 
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by Derjaguin and Titijevskaya [93], which uses all glass plates to allow direct film visualization 

and interferometry thickness measurement (reviewed in Section 1.3.2). However, such glass 

apparatus is difficult to miniaturize to obtain small (~ 1 mm) bubbles ideal to form thin film with 

size comparable to that in a real foam.  

Nikolov and Wasan [94] developed a different bubble holding thin film apparatus, where 

the foam film is formed between one gas bubble and the plane liquid surface (Figure 1.7b). This 

setup allows easy film visualization and interferometry thickness measurement from the top, while 

partially retains the control over driving force for film drainage, by monitoring the size of the 

bubble and its deformation [94], or by monitoring the pressure in the bubble with a pressure 

transducer [74,75]. However, gravitational drainage and curvature dependent disjoining pressure 

are likely introduced due to the fact that the film is curved. Indeed Nikolov and Wasan [94] found 

experimentally that the curved stratifying micellar foam films thins faster than the plane-parallel 

film with the same composition. 

The other type of thin film apparatuses is designed to hold the foam film in place and 

manipulate its size and the pressure applied to it. Figure 1.7c shows one of the simplest version of 

the film holder. The foam film is formed in a small (several millimeters in diameter) cylindrical 

glass cell, and the film size is controlled by changing the fluid volume in the cylinder through a 

side arm. This design is often referred to as Scheludko cell [95] or Scheludko-Exerowa cell [96]. 

It allows good control over the formation and size of the foam film (emulsion or supported film 

alike), and easy thickness measurement using interferometry methods. Due to its simplicity and 

versatility, many researchers adopted this type of film holder to investigate various thin film 

systems [54,97–100].  
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In the Scheludko cell setup, the capillary pressure applied on the plane-parallel film can be 

varied by changing the film size. However, for typical millimeter size Scheludko cell, the pressure 

accessible is low and the range is limited (about 10-100 Pa). Velev et al. [101] fabricated a 

miniaturized cell, which was able to access capillary pressure up to nearly 1000 Pa. However, the 

design was not widely adopted, due to difficulties in the micromachinery fabrication of the cell, 

and in the visualization and thickness characterization of the miniaturized foam film.  

Another widely used film holder is the porous plate holder (Figure 1.7d), which uses porous 

glass cylinder instead of solid glass used in Scheludko cell. It is first developed by Mysels and 

Jones [102], and later refined by Exerowa and Scheludko [103], Bergeron and Radke [104], and 

Dimitrova et al. [105]. The porous plate is soaked with the test solution, and the foam film is 

formed and controlled either by controlling the surrounding air pressure [102–104], or by 

controlling the volume of fluid in the plate [105]. Given its large accessible capillary pressure 

range (depending on porosity of the plate and detailed geometry of the holder, typically 102 - 104 

Pa), the film holder is often connected to a pressure transducer or barometer to measure the 

pressure difference across film interfaces. Together with interferometry thickness measurement, 

the setup is often referred to as the thin film balance (TFB) [66,97,104,105], as it enables the 

measurement of disjoining pressure isotherm of the film. 

The foam film disjoining pressure, as well as many other film interfacial properties, are 

sensitive to contaminates in the solution. The reusability of the porous plate film holder suffers 

from the difficulty in thoroughly cleaning the plate with typically < 100 µm porosity. To overcome 

the disadvantages of both Scheludko and porous plate setup, Cascao Pereira et al  [106] developed 

the bike-wheel cell setup shown in top view in Figure 1.7e. The foam film is formed at the center 

hole and the fluid flows through the multiple small channels (~ 20 µm). The small dimension of 
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the channels ensure high maximum pressure, and the range of accessible pressure is about 10 - 104 

Pa, comparable to that of the porous plate setup. The bike wheel cell was used in disjoining 

pressure measurements in foam film made with surface-active protein [107], and recently, in study 

of millimeter sized lipid bilayer film [108].    

The advantages and disadvantages of each thin film apparatus are summarized in Table I. 

In this study, we use two film holding cell for the experiments with stratifying foam films, one 

Scheludko-type cell and one porous plate cell. The two setups complement each other and allow 

us to fully explore the dynamics of foam film stratification.  

 

Table I Advantages and disadvantages of thin film apparatuses 

Setup Advantage Disadvantage 

Two bubbles Build-in force measurement (AFM) 
Thickness measurement 

Requires AFM or glass fabrication 

Bubble-

surface 

Thickness measurement  

Control of film pressure 
Curved film 

Scheludko 

Simple fabrication 

Thickness measurement 

Easy control of film size/pressure 

Low accessible pressure 

Significant evaporation  

Porous plate 
Same as Scheludko cell 

+ Large range of accessible pressure 

Cleaning 

Possible pore blockage 

Bike wheel 
Thickness and pressure measurement 

Large range of accessible pressure 

Requires photolithography fabrication 

Possible channel blockage  
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1.3.2 Thickness characterization of foam films 

In order to study the drainage dynamics, stability and particularly stratification dynamics 

of foam films, the film thickness needs to be characterized and followed over time.  The ideal 

thickness measurement method for studying stratifying foam films should have the following 

features: (i) non-intrusive, (ii) nanometer level accuracy, and (iii) high spatial and temporal 

resolution. Due to the lack of solid substrate in free standing foam films, many widely-used 

thickness characterization methods for supported films, including surface force apparatus (SFA), 

fluorescence imaging, atomic force microscopy (AFM), total internal reflection microscopy, 

ellipsometry, and electron microscopy, are not suitable for free-standing films. The suitable 

techniques for foam films are optical methods (interferometry and spectroscopy) and electrical 

methods (resistance/conductance measurement). While the electrical resistance/conductance 

measurement has been deployed in some foam film studies [38,109], it only measures average 

thickness over the entire film, and it is more appropriate for large films, where the Plateau border 

region is relatively small. UV-vis spectroscopy is used to measure foam film in a handful of papers 

[110,111], however it is also more suitable for larger films, its time resolution is limited by the 

spectral scanning time, and the film dynamics are not visualized. Interferometry is the most used 

method in the literature for foam film thickness measurement, owing to its high accuracy (sub-

nanometer), non-intrusiveness, and instant measurement time. The interferometry can also be 

easily accompanied by direct visualization of the foam film, in order to investigate pattern 

formation and evolution during film drainage or stratification. 

Interferometry utilizes the interference between two light rays reflected from the two gas-

liquid interfaces (or liquid-liquid interfaces for emulsion films) to obtain film thickness (see Figure 

1.8). The intensity or color of the interfered light is used to back calculate the interference path 
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length, therefore the thickness of the film [95]. This principle and its application to film thickness 

measurement dates back to Newton [34], who described the colors of thin films under natural light 

and recorded the corresponding thickness. For thick foam films (thickness 0.1 to 1 µm), the 

thickness can be measured by matching the color reflected under white light illumination to the 

standard interference color chart [112]. For thinner films (< 100 nm), the light in the entire visible 

wavelength range is interfered destructively, therefore the film seem colorless (gray or black) even 

under white light illumination. Nevertheless, the light intensity is still modulated by thin film 

interference, and it can still be used to provide a measure of film thickness, even for black films 

that are only a few molecular-layers thick.  

 

 

Figure 1.8 Illustration of the interference between the light reflected from two gas-liquid 

interfaces. The thickness of the film determines the phase difference between the interfering 

light. 

 

In most interferometry measurement (e.g. ref [55,95,96,104]), the film is illuminated with 

a monochromatic light source such as laser or filtered light. The light intensity reflected from a 

spot size of 1-100 m are tracked over time using a photodetector, in order to compute the film 
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thickness. This method allows non-intrusive, nanometer accuracy thickness measurement, but it 

lacks the spatial resolution of the thickness measured, which is particularly crucial for study of 

dynamics and pattern formation in foam films. Manev et al. [113] used rapid scan over the film 

area to obtain spatial distribution of film thickness, however the temporal resolution was 

compromised as each scan took seconds to complete. More recent advancement in digital imaging 

technology saw the use of digital camera to substitute for the photodetector [114–118]. The images 

taken were then processed to determine the thickness of the film with spatial resolution. So far the 

digital image analysis method has not reached nanometer resolution for thickness measurement, 

and it was therefore mostly applied to thicker films [114,116–118]. In this study, we introduce the 

interferometry digital imaging optical microscopy (IDIOM) protocol, which combines the 

conventional interferometry principle with digital filtration and image analysis, to obtain 

nanometer accuracy for thickness determination, while having high spatial and temporal resolution. 

This method is ideal for the study of dynamics of stratifying foam films. 

 

1.4 Disjoining pressure in foam films 

A foam film consists of two interfaces between the gas and liquid phase. The interfacial 

regions are thin transition regions with their thermodynamic properties deviating from those of the 

two bulk phases [119]. When the thickness of the foam film becomes comparable to the thickness 

of interfacial regions, the properties of the entire film are no longer the same as the bulk properties. 

The deviations give rise to thickness-dependent Gibbs free energy of the foam film,  fG h . At 

constant temperature T, pressure P, film area A and mole numbers of each component Ni, the 
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derivative of  fG h  with respect to the film thickness h, gives the thermodynamic definition of 

disjoining pressure [18,120,121]:  

  
, , ,
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h

A dh

 
   

 
  (1.2) 

Disjoining pressure is a measure of the repulsive (positive  ) or attractive (negative  ) 

macroscopic surface forces generated by the overlapped the two interfacial regions. Mechanically, 

the disjoining pressure is defined by Derjaguin and Churaev [122] as the difference at equilibrium 

between the normal pressure at the interface and the bulk pressure. During foam film drainage, the 

thickness-dependent disjoining pressure contributes to the driving force of the drainage flow. For 

plane-parallel foam films, when the disjoining pressure satisfies the criteria   ch P   and 

0d dh  , the further drainage is completely stopped and the foam film becomes stable [123,124]. 

The drainage dynamics and stability of thin foam films are greatly influenced by the disjoining 

pressure, including its magnitude and thickness dependence. 

 The disjoining pressure isotherm of a thin foam film,  h , is given by the sum of the 

contributions from Multiple intermolecular and surface forces [18]: 

 ...vdw el steric os        (1.3) 

Here the subscripts represent different contributions including van der Waals attraction (vdw), 

electrostatic double-layer repulsion (el), steric repulsion (steric) and specifically for stratifying 

foam films, supramolecular structural oscillatory forces (os). We now briefly review the disjoining 

pressure contributions listed in Equation (1.3) individually, with an emphasis on the 
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supramolecular structural forces, since it is specific to stratifying foam films. More comprehensive 

and exhaustive reviews are available in the literature [18,125].  

  

1.4.1 DLVO and steric forces 

The combination of van der Waal and electrostatic contributions constitutes the classical 

DLVO theory [126,127]. It has been applied to many colloid systems to understand the interactions 

and stability [9]. The DLVO forces combined with short-ranged steric forces describe the stability 

of thin foam film in absent of supramolecular structures like micelles. 

The van der Waals dispersion forces (also referred to as London–van der Waals forces) 

originate from the interactions between instantaneously induced dipoles. The van der Waals 

contribution to the disjoining pressure isotherm can be calculated by 

   36

H
vdw

A
h

h
     (1.4) 

  where HA  is the Hamaker constant. At large film thickness, the electromagnetic retardation effect 

(delayed response of the induced dipoles) can become important. This effect can be taken into 

account by let the Hamaker constant depend on film thickness, i.e.  H HA A h  [128]. 

Nevertheless Equation (1.4), as well as the scaling of  
3

1vdw h   have been widely adopted in 

studies of hydrodynamics of thin film involving van der Waals forces [79,129–132]. 

When a foam film contain ionic surfactant, the electrostatic disjoining pressure arises from 

the overlapping of the electric double layers developed at the two charged gas-liquid interfaces. 

This repulsive interaction is screened by a diffuse electric double layer of counter-ions due to 
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neutralization of charged surface. The characteristic length of the diffuse layer is given by the 

Debye length, 1   , where 2 8 B eL c  . Here BL  is the Bjerrum length, and it equals to 0.72 nm 

for water at the room temperature of 298 K. ec  is the total charge concentration in molar units.   

The electrostatic double layer forces can be computed by solving the Poisson–Boltzmann 

equation. The precise expression for the repulsion force depends upon the assumptions about the 

distribution of counter-ions, and about the electrical boundary conditions of the interfaces. Under 

the assumptions of constant surface potential, large separation between interfaces, and small 

surface charge and potential, the electrostatic double layer disjoining pressure is given by: 

  0 2 02
64 tanh  exp -
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el B

B

e
k Tn h
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  (1.5) 

Where Bk  is the Boltzmann constant, 0n  is total number density of ions, e  is elementary charge, 

and 0  is constant surface potential. Equation (1.5) shows the electrostatic disjoining pressure 

decays exponentially with increasing film thickness h, and the decay length is given by Debye 

length 1  . 

At very small film thickness (h < 10 nm), the strong steric repulsion forces arises as the 

surfactant molecules adsorbed at the interfaces ultimately approach each other. This type of forces 

has very short, molecular length scale range, and very sharp increase in strength as the electron 

clouds of molecules in the two interfaces starts overlapping. The detailed, quantitative nature of 

the forces is still an active area of research [125], nevertheless the steric disjoining pressure is 

known to be responsible for the stability the ultrathin Newton black film. 
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Figure 1.9 Schematic illustration of a typical disjoining pressure isotherm   vs. h (shown in black 

solid line). It includes contributions from van der Waals (red), electrostatic (blue) and steric (purple) 

forces. The disjoining pressure can balance the applied pressure cP (black dash dot line) at two 

thicknesses corresponding to the common black film (CBF) thickness and the Newton black film 

(NBF) thickness. 

 

 In fact, the combination of DLVO and steric forces is sufficient to explain the two stable 

thicknesses often observed in foam films containing ionic surfactant (without micelles). As 

illustrated in Figure 1.9, the DLVO forces form the first local maxima in disjoining pressure 

isotherm, at around h = 15 nm, while the steric forces arise at h < 10 nm to form a large barrier. 

The foam film with capillary pressure of cP  therefore meets the stability criteria (   ch P   and 

0d dh  ) at two different thicknesses. The DLVO stabilized thicker film is referred to common 

black film (CBF), while the steric stabilized one is Newton black film (NBF) [18]. When the foam 

film contains supramolecular structures like micelles, additional disjoining pressure contribution 

is needed to account for the multiple stable thicknesses observed during stratification. 
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1.4.2 Supramolecular structural oscillatory disjoining pressure 

In stratifying foam films containing supramolecular structures like micelles or colloidal 

particles, the ordering of these structures under thickness confinement gives rise to additional non-

DLVO contribution to the disjoining pressure. The structural disjoining pressure isotherm is 

oscillatory in nature, corresponding to the layered ordering of the structures.  

 

 

Figure 1.10 Disjoining pressure isotherm in foam film made with 100 mM SDS. Only the region 

  ch P   and 0d dh   is accessed. Arrows indication the direction of pressure scans. 

Reprinted with permission from ref [104]. Copyright © 1992 American Chemical Society. 

 

Richetti and Kekicheff [133] first measured the oscillatory forces between two mica 

surfaces submerged in ionic surfactant micellar solutions, using the surface force apparatus (SFA) 

[134]. They found the supramolecular structural forces to resemble the oscillatory solvation forces 

manifested in pure solvent under molecular length scale confinement [125]. In free-standing 
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stratifying foam films, Bergeron and Radke [104] first quantified the structural oscillatory 

disjoining pressure directly, with the porous plate thin film balance (TFB) (see Section 1.3.1). 

Since the TFB can only measure the film disjoining pressure at equilibrium, only stable parts of 

the disjoining pressure isotherm are experimentally accessible. Nevertheless, the multiple discrete 

stable branches and the thickness jumps between them clearly indicated the layer-by-layer 

supramolecular structural contribution to the disjoining pressure (Figure 1.10). 

Theoretically, the structural disjoining pressure in non-ionic surfactant micellar solution or 

uncharged particle suspension was modeled as hard sphere suspension. The disjoining pressure 

isotherm was quantified by both statistical mechanics calculations [135,136] and Monte Carlo 

simulations [137,138]. The simulation showed that the hard spheres display oscillatory density 

distribution under the confinement of two surfaces, and it gives rise to the structural oscillatory 

disjoining pressure. The period of the oscillation corresponds to the sphere diameter. Kralchevsky 

and Denkov [135] proposed a semi-empirical explicit expression of the disjoining pressure in hard 

sphere suspension, which takes the form of a damped oscillation function. This estimation of 

disjoining pressure showed good agreement with the experimental measurements in non-ionic 

micellar systems, carried out with both TFB [97] or colloid-probe atomic force microscopy (CP-

AFM) [139].  

For charged systems (e.g. ionic surfactant micelles, charged particles or polyelectrolyte), 

the electrostatic interactions and counter-ions distributions were included in density function 

theory calculations (DFT) [140] and numerical simulations [141] to model the oscillatory 

disjoining pressure. The period of oscillation was found to decrease with increasing 

supramolecular structure  concentration, which agrees with experimental observation [99,128] that 

stratification step thickness decreases with increase in concentration of ionic surfactant. However, 
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Pollard and Radke [140] found quantitative discrepancies between DFT calculation and the TFB 

measurements of disjoining pressure in stratifying foam films. They noted that in the DFT 

calculation the two film surfaces were modelled by two charged, rigid wall, while the real gas-

liquid interfaces in foam films are deformable in response to stresses. Local thickness variations 

results in nucleation and growth of thinner domains, and therefore the foam film is destabilized at 

a lower pressure than model prediction with two rigid walls. We posit that study of the dynamics 

of free-surface flows in the stratifying foam film is needed for better understanding of the effects 

of free surfaces to the stability of the film. 

 Unlike the uncharged systems, a reliable theoretical expression of the oscillatory 

disjoining pressure is not yet available [142] for charged systems. Nikolov and Wasan [55] first 

proposed to treat charge micelles as hard spheres with effective micelle radius being the micelle 

radius plus Debye length. Analogous to the uncharged systems, the period of the oscillatory 

disjoining pressure was then related to the effective micelle diameter. However, recent 

measurement [128] of the step thicknesses in stratification showed that the oscillation period is 

more closely correlated to the mean distance between micelles in the solution, which is larger than 

the effective micelle size. In this study, we modify the semi-empirical disjoining pressure 

expression for uncharged systems proposed by Kralchevsky and Denkov [135], and account for 

the correlation between oscillation period and mean micelle distance, in order to explicitly estimate 

the oscillatory structural disjoining pressure in ionic surfactant micelle solution.  
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1.5 Thin film hydrodynamics 

The hydrodynamics of thin liquid films are of importance in understanding the dynamics 

of stratification, as well as various other phenomena include film rupture, drop spreading and 

dewetting. Thin liquid films, both supported and free-standing ones, often display rich and 

complex hydrodynamic pattern formations and instabilities. In thin films that contain one or two 

free gas-liquid interfaces, the flows within the films are coupled with flows and deformations of 

the interface(s), and the dynamics are greatly affected by the interfacial properties as well as bulk 

rheology. The hydrodynamics can be further coupled with mass and/or heat transfer, since possible 

concentration gradient of surfactant or temperature gradient can induce Marangoni flows on the 

interfaces. In addition, the dynamics are often modified by various thickness-dependent surface 

forces, especially when considering thin films with nanoscale thicknesses, 

One effective approach to reveal the physics underneath the aforementioned complexity is 

to apply lubrication approximation to the basic governing hydrodynamic equations, since the 

lateral size of the thin film ( 100 mR  ) is usually much larger compare to the thickness of it 

( 1 mh  ). Furthermore the thickness variations along the film are very gradual ( 1dh dx ). 

This approach simplifies the system of coupled partial differential equations (PDEs) to a single 

nonlinear PDE describing the thickness of the film as a function of space and time (  ,h h x t  in 

the case of one spatial dimension as discussed therein). Lubrication based thin film models had 

been developed for different geometry, boundary conditions, surface forces and/or other coupling 

effects. An extensive review on the development and manifestations of these models is provided 

by Oron et al. [84]. Reviews or books on more specific topics are also available: on wetting and 

spreading dynamics of supported films by de Gennes [143] and Bonn et al. [144], on dewetting of 
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soft matter supported films by Kalliadasis and Thiele [145] and Mukherjee and Sharma [146], and 

on free-standing foam film drainage by Ivanov [16] and Karakashev and Manev [147].  

In the context of the drainage of foam films (free-standing films), two main scenarios are 

investigated extensively [148]: (i) two deformable drops approaching each other to form relatively 

small (radius ~ 10 µm), thick (thickness > 1 µm) film with non-uniform thickness in between 

(Figure 1.11a), and (ii) at later stage of drainage, a larger (radius >100 µm) and thinner (thickness 

<100 nm) plane-parallel film is formed (Figure 1.11b). 

 

 

Figure 1.11 Different geometries in thin film drainage. (a) Relatively thick film formed between 

two slightly deformed gas bubbles. The film can be curved to form dimples. (b) Thinner film 

formed between largely deformed bubbles. The film is almost plane- parallel mainly due to the 

effect of disjoining pressure. (c) Flat film on a solid substrate, which has a similar geometry as the 

free-standing one in (b). 

 

The first scenario corresponds to films in a wet foam (water volume fraction ~ 20%-35% 

[149]), where the gas bubbles are mostly spherical and the thicknesses of the films are large. 

Approaching bubbles can deform slightly under the influence of hydrodynamic and intermolecular 
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interactions. Various curved shapes that can appear in the film region are categorized as “dimple”, 

“pimple”, or “wimple”. The drainage of the thin film is affected by the formation and shape of 

these structure [150], theoretical and experimental progresses were summarized in an extensive 

review by Chan et al. [151]. In foam films containing surfactants, the aforementioned shapes are 

quickly driven out of the film through hydrodynamic instability due to Marangoni effects [152]. 

After the thicker dimple drains out, the foam film left is near plane-parallel with thickness around 

100 nm and much thicker meniscus region surrounding it. For films containing the supramolecular 

structures, the oscillatory structural disjoining pressure then becomes significant and the 

stratification phenomenon is observed. The present study will focus on the dynamics of such thin 

films. 

The plane-parallel films connected with the Plateau border is more similar to the actual 

thin films in a dry foam (water volume fraction <5% [149]) , where the gas bubbles are polygonal. 

The large lateral size (~ 300 µm in this study) of the film indicates that the dissipation and flows 

in the surrounding meniscus region are mostly insignificant compare to those within the film 

region. The meniscus also has much larger volume than the film, therefore can be considered to 

remain unchanged during film drainage. The film drainage is driven by the capillary pressure 

difference the flat film and the curved meniscus. At small film thickness, this capillary pressure 

difference can be balanced by the thickness-dependent disjoining pressure in the film thus the 

drainage is impeded.  

As illustrated by Figure 1.11b&c, the geometry of the nearly plane-parallel foam film 

appears similar to the geometry of thin films supported by solid substrate. In the following sections, 

we will present the derivation of lubrication based thin film model that describes the 

hydrodynamics of both free-standing and supported films, and thereafter discuss the possible 
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boundary conditions, and showcase the effects of surface forces on pattern formation and 

instabilities in thin films.  

 

1.5.1 Thin film hydrodynamic equation  

The foundations of the lubrication theory were laid by Reynolds [153]. In his pioneering 

work, he applied the Navier–Sokes equations to describe the slow, viscous dominated flow of 

liquid squeezed out of a small gap between two solid surfaces, where the gap size is much smaller 

that the lateral size of the solid surfaces. Due to the success of this method in many fluid dynamics 

problems, derivation and analysis is presented in many text books [83,154]. Here we show the 

application of lubrication theory to thin film drainage by considering the geometry shown in Figure 

1.12.  

 

Figure 1.12 The free-standing thin film geometry used for deriving the thin film equation. 

 

The plane-parallel thin film is symmetrical about the x-axis, with z = 0 corresponds to the 

middle plane of the thin film, and 2z h   being the two gas-liquid interfaces. The assumptions 

used for using lubrication approximation includes: (1) inertia and body forces (e.g. gravity) are 



 

34 

negligible in comparison with the viscous forces; (2) the bulk fluid is Newtonian and 

incompressible; (3) the interfaces are nearly parallel and the film thickness is much smaller than 

the lateral extent of the film, i.e. ~ 1
f

h

R
 ; (4) the velocity in z-direction, uz, is much smaller 

than that in x-direction, ux, i.e.  ~ 1z

x

u

u
 ; (5) variation of xu  with x is much smaller than that 

with z, i.e. ~x xu u

x z


 

 
. 

The Navier – Stokes and continuity equations simplify to the following: 
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Where P is the pressure and η is the bulk viscosity. The boundary conditions include: symmetry 

at film mid-plane 0z    

 0x
z

u
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  (1.9) 

And velocities at the film interfaces 2z h   satisfies: 

  ,x su U x t   (1.10) 
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In order to keep the derivation more general, xu at the interfaces is left to be sU , where 

 ,s sU U x t  is determined by the specific surface conditions discussed in the following section.  
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Integrating Equation (1.6) with boundary condition Equation (1.9) and (1.10) leads to: 
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  (1.12) 

Substitution Equation (1.12) into continuity Equation (1.8) and then integration with Equation 

(1.11) leads to:  
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which is the governing evolution equation of the thickness of the thin film  ,h x t . 

 

Figure 1.13 The geometry of thin film supported on a solid substrate. 

 

Analogous result to Equation (1.13) can be derived for thin film supported by a planar solid 

substrate (Figure 1.13). Assuming no tangential stress on the gas-liquid interface ( 0xu z    at

z h ) and a general “slip velocity” on the solid-liquid interface ( x su U  at 0z  ), the evolution 

of film thickness is given by:  
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Which only differs from Equation (1.13) by a pre-factor. Noted that here the surface velocity sU  

is defined at the solid-liquid interface ( 0z  ), while in free-standing film it’s defined at the two 

gas-liquid interfaces ( 2z h  ). 

 

1.5.2 Boundary conditions at gas-liquid or solid-liquid interfaces 

The boundary conditions at the gas-liquid or solid-liquid interfaces are affected by many 

factors including fluid slippage on solid substrate for supported films, adsorption/mass transfer 

dynamics for surfactant-laden films, Marangoni effects, interfacial rheology, etc. The different 

mobility of the interface is reflected in the thin film equations mainly by having different forms of 

surface velocity sU .  

Case (i) immobile surface. The no-slip boundary condition is applied to the thin film 

equations, when the gas-liquid interfaces of free-standing foam films are immobile and able to 

withstand the surface shear stresses generated by the drainage flow. The resulting thickness 

evolution equation is obtained by setting 0sU   in Equation (1.13) to give: 

 31
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  (1.15) 

For a draining plane-parallel thin film with thickness ( )h h t  and radius Rf , the drainage 

velocity can be obtained by integrating Equation (1.15) twice (in cylindrical coordinates for 

circular films). The results are referred to as Reynolds equation/velocity: 
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where    0 fP P P R    is the pressure drop from the film to the adjacent Plateau border.  

In his seminal paper on foam films, Sheludko [95] recognized that surfactant (both small 

and large molecule surfactants) adsorption can immobilize the gas-liquid interfaces of free-

standing films. Flow on the surfactant-laden interfaces induces concentration gradient of the 

surfactant, which results in concentration driven Marangoni effect that act against the surface flow. 

Moreover, surfactant adsorption can also increase interfacial shear viscosity or yield stress of the 

gas-liquid interfaces, especially with large molecule surfactants. Both the Marangoni and 

rheological effects can contribute to the immobilization of the interfaces.   

In the case of stratifying foam films containing surfactant micelles, the surfactant 

concentration is well above critical micelle concentration. The high surface concentration of 

surfactant might lead to higher surface viscosity (i.e. less surface mobility) [155]. Experimental 

measurements of surface shear viscosity of SDS have shown vast disagreement among the 

literature, with results range from 10-3 to 102 µN·s/m [156]. And the most recent work by Zell et 

al. [157] put the value on the lowest end, suggesting the interface is effectively inviscid. 

The adsorption of surfactant promotes concentration driven Marangoni effect. Scheludko 

[95] estimated the surface tension gradient needed to withstand the surface shear stress during 

drainage is ~d hdP , which can be satisfied with high surface concentration of surfactant, small 

film thickness and relatively low driving pressure. These criteria are usually met when studying 

stratification in micellar foam films, therefore the simple no-slip condition is often assumed in 

hydrodynamic studies of stratifying films [76,77,79,104]. This assumption is examined in detail 

later in Section 5.3.2. 
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The drainage of thin film containing surface active protein [107,158], high molecular 

weight polymeric surfactant [159], or polyelectrolyte-surfactant mixture [85], also agree 

reasonably well with Equation (1.15), mainly due to their large surface viscoelasticity immobilizes 

the adsorbed gas-liquid interface. However, more complex rheology of these interfaces, often due 

to significant surface aggregation and gelation [160,161], may lead to very solid-like and 

heterogeneous surfaces, drastically alter the dynamics of the drainage [67,107,162].  

Case (ii) completely mobile surface. As the opposite of the completely immobile surface 

in case (i), here the condition assumes that the gas-liquid interface can withstand no shear stress. 

This is usually the case for gas-liquid interface without any surface active species. The flow in the 

drainage of thin films therefore becomes plug-like: 

  ,x su U x t   (1.17) 

Equation (1.13) then becomes: 
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which does not provide the tangential velocity  ,sU x t . The lack of closure of this equation is 

resolved by retaining the higher order terms in lubrication approximation [130]. The resulting set 

of governing equations comprises of Equation (1.18) and: 
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where ρ is the liquid density.  
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This model was mainly applied to study the dynamics of surfactant-free foam films, 

specifically the film rupture driven by van der Waals forces [130,132]. The model was also 

extended to study rupture of thin films of non-Newtonian power law fluids [163]. Recently, a 

model similar to Equation (1.18) and (1.19) was also derived to study capillarity-driven levelling 

of step thickness in free-standing polymeric films [164]. In our study, we contrast the results from 

this model with those from the immobile surface model and from surfactant-laden model 

(discussed later), in order to showcase the effects of surface mobility on the stratification dynamics.  

Case (iii) partially mobile surface: surface slippage. Between the aforementioned 

limiting cases of completely immobile (no-slip) and the completely mobile (no-stress) surface, 

partial mobility of the gas-liquid or solid-liquid interface can be introduced, either by 

phenomenological slippage models (often used in wetting/dewetting of supported films), or by 

relating the mobility with heat/mass transfer (in problems involving Marangoni effect). We here 

review the results from both approach.  

 

 

Figure 1.14 Navier slippage model. The extrapolation to zero velocity defines the slip length β, 

and surface velocity is given by Equation (1.20). 
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In modelling spreading, wetting, or dewetting dynamics of thin films supported by solid 

substrate, the classical no-slip boundary condition for the solid-liquid interface appears to fail at 

the three-phase contact line [165,166], leading to a stress singularity at the contact line. The 

singularity can by relieved by allowing some form of slippage (surface mobility) in the proximity 

of the contact line. The Navier slippage model (illustrated in Figure 1.14) assumes the extent of 

slip velocity sU   is proportional to the wall shear stress at the solid-liquid interface: 

 x
s

u
U

z






  (1.20) 

Where β is the slip length, which is a phenomenological parameter characterizing the extent of 

slippage. Combined with Equation(1.12) and Equation (1.14), the resulting film thickness equation 

reads: 
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Which includes the slippage term 
2h . The whole pre-factor,    3 21 1

3
M h h h



 
  

 
, is often 

referred to as the mobility function [145,167].  

The significant role of slippage played in the dewetting dynamics of supported films, 

especially polymeric thin films, has been studied experimentally and theoretically extensively 

[168]. The magnitude of slippage, characterized by the slip length β, is related to the magnitude of 

viscous dissipation during dewetting [169,170].  The dynamics of growth of circular dry patch 

[171,172], formation and shape of ridge formed at the dewetting front [173–175], and ridge 

instabilities are all affected by the slippage [176–178].  
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For free-standing foam films containing surfactants (e.g. stratifying foam film), the surface 

mobility is a result of surface adsorption of surfactants. Models coupling surfactant mass transfer 

and thin film hydrodynamics are developed (discussed in Case (iv)), nevertheless the Navier slip 

model (Equation (1.21)) can serve as the useful starting point, emulatingthe  studies of supported 

films regarding growth dynamics, pattern formation and instabilities.  

Case (iv) partially mobile surface: surfactant-laden.  The effect of surfactant adsorption 

on the mobility of gas-liquid interfaces of the draining free-standing films is multi-fold. First, the 

convection on the gas-liquid interface generates surface concentration gradient of surfactant, 

inducing Marangoni effect which reduces the mobility of the surface. Second, surfactant 

adsorption modifies interfacial rheology of the gas-liquid interface, increases surface 

viscosity/elasticity and hence reduces the mobility of the surface. Lastly, for ionic surfactants (e.g. 

SDS), charge transport on the surface during drainage also affects the mobility.  

One general approach to study the surfactant effect is to solve the system of thin film 

equation (Equation (1.13)), coupled with the mass balance of the surfactant, and stress balance on 

the interfaces [16]. Under the assumption of uniform film thickness, the resulting drainage velocity, 

V dh dt  , is compared with the Reynolds’ velocity given by Equation (1.16) to obtain a 

mobility factor, Ref V V . Since Reynolds’ velocity is obtained with a completely immobile 

surface, the mobility factor is usually larger than unity. 

Equation (1.13) is re-written for cylindrical coordinates to obtain: 
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The surfactant mass balance in the bulk solution is given by: 
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where c is the bulk concentration of the surfactant. The convective and time dependent terms are 

neglected due to small Péclet number in the slow flowing thin film system. Mass balance is also 

applied to the surfactant at the gas-liquid interfaces to obtain: 
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where Γ is the surface excess of adsorbed surfactant at the interfaces, D and Ds are the bulk and 

surface diffusivity of the surfactant, respectively. Again, the convective and time dependent terms 

are neglected. The shear stress on the interface due to surface flow is balanced by Marangoni stress 

and surface viscous stress: 
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The second equality is from Equation (1.12). The relations between c, Γ and σ are assumed to be 

linear, as their deviations are small from the equilibrium values: 
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where  0 0
c     is the adsorption length,  0 0

lnE       is a measure of surface 

elasticity (often referred to as the Gibbs elasticity).  

The set of Equation (1.22) to (1.27) has been solved analytically with various 

approximations and additional assumptions by several authors [148,179–183]. A brief summary 

of the resulting formulas for the mobility factor Ref V V  is provided in Table II. All formulas 

are rewritten using consistent notations and dimensionless groups for better comparison. f  

becomes progressively complicated as more realistic assumptions are used. In zeroth order 

approximation, f  is related to the mobility function in thin film equations (see Equation (1.21))  

by   3 12M h fh  . Interestingly, the model by Radoëv Dimitrov and Ivanov [179] has very 

similar mobility function form to the Navier slippage model for supported film: both follow the 

3 2Ah Bh  format, with the former reads      3 2

0 0 01 12 4 2sM h D E h D E h    , while the 

latter is      3 21 12 4M h h h    .  
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Table II Summary of mobility factor calculated for drainage of thin film containing soluble surfactant 

Reference Assumptions Mobility factor, Ref V V  

[179] Zero surface viscosity 1 D DsN N   

[180] 
Maximum surface velocity (i.e. 

0sU r    at fr R ) 
 

  

1
2

4 2
1

11 2

16 1 1

k D Ds

k k D Ds k

N N N

N N N







 






  
 

    
  

[181] 
Zero shear stress at fr R  

Surface viscosity only 

 
   

3 2 1 2

0

1 2 1 2 1 2

1 0

1

8 2

N N

N N N

 

  

 

  



  
 

[182] 

Maximum surface velocity (i.e. 

0sU r    at fr R ) 

Included radial mass convection 

 
   

   

1
2

1 0
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Considered flow in the surrounding 
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b N N
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Included surface velocity gradient in 

calculation driving force 
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k  is the kth root of the zero order Bessel function of first kind, i.e.  0 0kJ   . I0 and I1 are the modified Bessel function of the first kind. 
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Karakashev and coworkers [98,183,184] surveyed the experimental thin film drainage 

results with a few surfactant solutions (both ionic and non-ionic) and compared with a series of 

theoretical models. They found that the most of the models are in reasonable agreement with 

experiment results of non-ionic surfactant, while ionic surfactant film drain significantly slower 

than predicted [184]. Subsequently, models are developed to account for charge transport effect in 

drainage of thin film containing ionic surfactant [185–187].  

For stratifying micellar foam films, the conventional wisdom has been to apply no-slip 

boundary condition on the gas-liquid interfaces, arguing that high surface concentration of 

surfactant immobilizes the interfaces [79,95,104]. In this study, we examine the proper boundary 

condition for modeling stratifying foam films in detail, by contrasting experimental results with 

model calculations with three boundary condition: immobile, mobile and surfactant-laden 

(specifically the model by Radoëv et al. [179]).  

 

1.5.3 Structures and patterns formed during dewetting of supported thin films 

The dynamics of dewetting of supported thin film have been studied extensively [145,146]. 

During the dewetting process of the thin film with uniform thickness initially, microscopic or 

nanoscopic structures and patterns with varying thickness form and evolve, under the influences 

of capillarity, surface forces, fluid rheology, etc [146]. Reviewing the understanding of dewetting 

dynamics is beneficial to studying dynamics of free-standing stratifying foam films, due to the 

similarities of the film geometry and the underlying hydrodynamics. 

The rupture of a flat homogenous thin film and development of the dry patches can take 

place either through nucleation and growth of holes in the film, or through spinodal dewetting 
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[188,189]. The morphology is dependent on the functional shape and magnitude of the surface 

interaction (or interfacial potential, disjoining pressure) [190–192]. Many different combinations 

of stabilizing or destabilizing functions of thickness are used to quantify the disjoining pressure 

isotherm. One commonly used interfacial potential function (sometime referred to as Sharma 

potential [193,194]) comprises of the power law (
3h  ) function accounting for the van der Waals 

interaction and an exponential function (  exp h  ) for the electrostatic interaction. The 

structural oscillatory disjoining pressure is not discussed in the context of stability and rupture of 

supported thin films. 

After the thin film ruptures and dry spots are developed, the dry circular holes grow over 

time. Redon et al. [171] showed that the hole radius grow linearly over time, i.e. R t , when 

viscous dissipation at the solid-liquid contact line is the dominating dissipation mechanism, and 

the thin film slippage on the substrate is negligible ( h ).  When the surface slippage becomes 

non-negligible ( ~ h ), as for many polymeric films on passive, smooth substrate [169], the time 

dependence of hole radius changes to 2 3R t [170–172,175]. Exponential hole radius scaling,  

tR e , was also reported [195–197], but only in highly viscoelastic polymer films and at the early 

stage of hole growth, where the rheological properties of the film play a significant role. The 

similarities between the growth of dry holes during dewetting and the growth of thinner domains 

in stratifying foam films was first suggested by de Gennes [82], and later used by Langevin and 

co-workers [76,77,85] to model stratification of foam films with polyelectrolyte-surfactant mixture. 

However, despite the similarity in the geometry, growth kinetics of the dry holes and thinner 

domains are not identical. In stratifying foam films the thinner circular domain grow as 1 2R t  

without topological instability around the contact line [73,76–78]..  
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Figure 1.15 Formation, shape and instability of the ridge formed during thin film dewetting. (a) 

The experimental characterization of the ridge, using optical microscopy and atomic force 

microscopy. Reprinted from ref [198] with permission. (b) Ridge instability (A-H) and the detailed 

droplet formation (I-N). Scale bars: 10 µm in A, B, I-N and 25 µm in C-H. Reprinted from ref 

[176] with permission. 

 

For dewetting films, the growth of the dry hole is accompanied by a ridge (or rim) formed 

at the liquid front, due to the accumulation of the fluid removed from the dry hole. The cross-

section of the ridge typically has a symmetrical, circular profile [178,199], similar to shown in 

Figure 1.15a. The shape of the ridge is circular, with the height of the ridge comparable to its width, 

so that near uniform Laplace pressure is maintain within the ridge. At the region where the region 

merges into the flat unperturbed thin film, Seemann et al. [200] found that the ridge thickness can 

drop below the unperturbed film thickness, resulting in a trough and a damping oscillation shaped 

ridge. The growth of the trough can eventually lead to nucleation of satellite holes around the 

primary hole [189]. The shape of the ridge becomes asymmetrical when significant surface 

slippage is present [174]. In fact, the shape and evolution of the ridge characterized experimentally 

can be utilized to determine the slippage length [173]. The shape of the ridge is also sensitive to 
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many other film properties, including surface forces (disjoining pressure isotherm) [190], 

viscoelasticity and residual stresses in glass transition [198,201].  

At dewetting continues and ridge size increases, small thickness fluctuations on the ridge 

can amplify and eventually leads to a Rayleigh-type instability and ridge breakup [176–178]. 

Figure 1.15b shows a montage of ridge instability. The retreating contact line undulates in snapshot 

D and E, then the cylindrical ridge breaks up to form periodically distributed droplets (snapshot 

F), which are left behind the retreating contact line in the dry region (snapshot I-N).   

For stratifying foam films, the ridge formed during thinner domain growth has only been 

proposed theoretically (see Figure 1.6) [77,79]. So far no experimental detection and 

characterization of the ridge shape and its evolution is available. The formation of white spots at 

later stage of domain growth was thought to be akin to the Rayleigh-type instability of the ridge in 

dewetting film [79], however detailed, experimental analysis on the evolution and morphology of 

the white spots is still lacking.    

 

1.6 Objectives of this study 

The stability and lifetime of foams depends on the hydrodynamics and thermodynamics of 

the thin liquid films separating the gas bubbles. Ultrathin foam films (usually <100 nm) containing 

micelles, nanoparticles, polyelectrolytes-surfactant complex, and semectic liquid crystals exhibit 

film stratification as the aforementioned supramolecular structures is drained out from the film in  

layer-by-layer fashion. The oscillatory surface forces originated from these structures contribute 

to the stability of the foam film and often prolong its lifetime. Upon reviewing the literature, 
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several unanswered questions are recognized in the current understanding of the dynamics and 

stability of the stratifying foam films: 

i) Is it possible to develop an experimental technique to characterize the thickness 

evolution, complex pattern formations and instabilities in stratifying foam films, 

with the required high spatial and temporal resolutions to help in better analysis and 

deeper understanding of the stratification process of free-standing ultrathin (< 100 

nm) foam films? 

ii) What is the mechanism underlying the formation and growth of thinner circular 

domains within the thicker film during stratification? The two proposed theories in 

the literature (i.e. diffusive osmosis mechanism [73] and “hole sheeting” [79]) are 

incompatible with each other, and do not capture all the experimental observations. 

iii) What is the effect of the Plateau border on the dynamics of domain growth? Only 

growth of single, isolated domain has been investigated in the literature.  

iv) Does a nanoscopic ridge form around the growing thinner domain during 

stratification? Such structure has only been theorized before [77,79] without 

experimental detection and characterization. 

v) If the ridge is formed, how is its shape and evolution involved in the dynamics of 

thinner domain expansion and the stability/instability of the ridge? 

vi) Can a comprehensive thin film hydrodynamic model be developed, which is 

consistent with all the experimental observations of domain expansion, ridge 

formation and instabilities during stratification? The model needs to consider the 

free surface flows, the surface curvature driven flows, the effects of the 

supramolecular structural oscillatory disjoining pressure, among other things. 
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This study is aimed to answer all these questions, with the chapters organized as follows: 

Chapter 2 introduces the experimental technique of Interferometry Digital Imaging Optical 

Microscopy (IDIOM) [31]. This technique combines interferometry principles with digital 

imaging and image analysis to characterize the thickness profile and variations in stratifying foam 

films. Unlike conventional interferometry methods, IDIOM retains the thickness information of 

the entire film area with high spatial and temporal resolution, therefore allows detections and 

detailed analysis on the nanoscopic structures formed during film stratification, including ridges, 

mesas, craters and terraces.  

Chapter 3 discusses the dynamics of thinner, circular domains growing within thicker film 

during film stratification [81]. An image object tracking scheme is used to discern two distinct 

regimes of the time dependences of domain radii. While an isolated domain grows with its radii 

proportional to square root time initially, after a section of the expanding domain coalesces with 

the Plateau border, the radii increase linearly with time. A similar scaling transition also takes 

place when topological instability sets in at the contact line between the expanding domain and 

the rest of the film, and leads to formation of mesa-like white spots. A comprehensive theoretical 

framework is proposed to explain these observations self-consistently. 

Chapter 4 reports the first experimental detection and characterization of a ridge formed 

around the growing domain during stratification, using the protocol of IDIOM. The shape and 

evolution of the ridge, both before and after the white spot forming topological instability, are 

examined and compared with a newly developed thin film hydrodynamic model. Asymptotic 

solutions to the ridge are recognized with scaling analysis. The underlying mechanisms of the 

topological instability and the subsequent white spots growth are discussed. 
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Chapter 5 presents results of numerical solution to the thin film hydrodynamics model for 

domain growth and ridge formation, and compares them with the experimental characterizations. 

In order to quantify the contribution of structural oscillatory disjoining pressure, an explicit semi-

empirical formula is outlined to estimate the disjoining pressure isotherm for ionic micellar 

solutions. The model predictions are mostly in quantitative agreement with the experimental 

observations.  

Chapter 6 concludes the fundamental insights gained through the experimental and 

theoretical explorations of the dynamics of stratifying foam films, and provides perspective for 

future studies.  
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CHAPTER 2.  

CHARACTERIZATION OF STRATIFYING FOAM FILMS USING 

INTERFEROMETRY DIGITAL IMAGING OPTICAL MICROSCOPY 

(IDIOM) 

2.1 Introduction 

Experimental visualization and characterization of the thickness evolution in free-standing 

thin liquid films is crucial to understand their stability, drainage dynamics and pattern formation. 

During stratification of foam films, the film thickness and its spatial and temporal evolution 

embeds rich information about the underlying hydrodynamics and intermolecular interactions 

(surface forces or disjoining pressures). Significant progress in understanding of the structure and 

stability of supported thin films (with at least one solid/liquid interface) has occurred through the 

emergence and advances in several microscopy and force-based experimental techniques, 

including surface force apparatus (SFA), fluorescence imaging, atomic force microscopy (AFM), 

total internal reflection microscopy, ellipsometry, and electron microscopy. However, most of the 

aforementioned techniques are inapplicable to free-standing films, due to the lack of the supporting 

substrate and often fast dynamics (in the order of seconds). It has been a long-standing challenge 

to develop experimental characterization techniques suitable for free-standing foam films, with 

high spatial (thickness < 10 nm, lateral ~ 1 μm) and temporal resolution (< 1 ms).  

Interferometry techniques utilize the interference between reflected light from the two gas-

liquid interfaces of the free-standing film to obtain film thickness. The conventional interferometry 

method uses monochromatic light source and photodiode for light intensity measurement. This 

setup is only capable of measuring average thickness within one sample spot of size 1-100 m, it 
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lacks the spatial resolution needed to gain more insight to the dynamics and pattern formation in 

stratifying foam films. In this chapter, we introduce the novel technique of Interferometry Digital 

Imaging Optical Microscopy (IDIOM), which achieves the desired high spatial and temporal 

resolution for visualizing and characterizing the evolution of stratifying films. The IDIOM 

protocol combines the interferometry principles with digital image filtration and analysis. This 

protocol in this chapter to reveal the complex dynamics and nanoscopic structure formation during 

the stratification of micellar foam films. 

 

2.2 Experimental method  

2.2.1 Materials 

The stratifying foam films studied are made with solutions of sodium dodecyl sulfate (SDS). 

The SDS (anionic surfactant, molecular weight 288.4 g/mol, Sigma-Aldrich Co., L6026, >99.0%) 

is used as received, without further purification. The surface tension of SDS solutions are measured 

using both maximum bubble pressure tensiometry and pendant drop tensiometry. The critical 

micelle concentration (CMC) is measured to be 8 mM, within the reported range of 7 mM-10 mM 

at 25 ˚C. The surface tensions of SDS solutions above CMC remain almost constant at 35 mN/m. 

All solutions are prepared with deionized water with resistivity of 18.2MΩ.  

Impurities in the SDS solutions, in particular small amount of 1-dodecanol resulted from 

SDS hydrolysis, can affect the SDS micellization, surface adsorption and interfacial rheology of 

the solution, and therefore alters the drainage dynamics of the foam films. The concentration-

dependent surface tension of aqueous SDS solutions shows a smooth transition near the CMC of 

8 mM, indicating that the as-made solutions are relatively free of impurities [183]. In order to 
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minimize the effect of hydrolysis of SDS, all the solutions are used in thin film experiments within 

2-3 days after they are made. No electrolytes are added to the solutions in the present study, as 

high ionic strength of the solution is reported to suppress the film stratification [55,104]. 

 

2.2.2 Experimental setup 

 

 

Figure 2.1 Schematic of the experimental setup consisting thin film holding cell, reflected light 

microscope, and high resolution digital imaging.  

 

Drainage and stratification of a single horizontal foam film is visualized and characterized 

with the thin film apparatus and imaging system shown schematically in Figure 2.1. The foam film 

is formed and controlled in a film cell. Two types of film cell geometries are used throughout this 

study: (i) a Scheludko-type cell (Figure 2.2) and (ii) a porous plate cell (Figure 2.3). In both cases, 
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a circular thin film with nearly plane-parallel gas-liquid interfaces is formed at the center of the 

cell, and a syringe pump is used to control the fluid volume contained in the cell. The film is 

surrounded by a thicker meniscus, which is analogous to the Plateau border in real foams (cf. 

Figure 1.1c). The cell is placed within a closed chamber, containing the same surfactant solution 

as used in experiments, in order to minimize the effect of evaporation. 

 

 

Figure 2.2 Schematic of Scheludko-type cell for forming a single thin film and controlling its 

drainage. Adapted from ref [81] with permission of The Royal Society of Chemistry. 

 

The first cell geometry is shown schematically in Figure 2.2. It is similar to the Scheludko 

cell [95] introduced in Section 1.3.1. The cell consists a miniature glass cylinder (inside diameter 

2 mmcd  ) with a small orifice (< 0.1 mm) drilled on the side wall, and a stainless steel needle 

fixed in the orifice to connect liquid in the cell to a syringe pump (New Era NE-1000). The test 

solution is loaded into the cell to form a biconcave drop. A circular thin film is then formed by 

slowly withdrawing liquid from the drop using the syringe pump. Once the desired film diameter, 

fd , is reached, the withdrawal is stopped to maintain a constant fluid volume throughout the film 

drainage process. The drainage is driven by capillary pressure difference between the plane-
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parallel thin film and the curved Plateau border. This capillary pressure difference, cP , can be 

estimated with the assumption that the surfactant solution completely wets the glass cell wall, and 

the contact angle between the thin film and the Plateau border is small. cP  is then given by: [55] 

 
2 2

4 c
c

c f

d
P

d d





  (2.1) 

where σ is the surface tension of the test solution. It has been suggested that the kinetics of 

stratification is influenced by the size of the film [74,75,80]. As a result, we maintain the initial 

size of the film ( 0.6 mmfd  ) across experiments with different surfactant concentrations, in 

order to make meaningful comparisons. The initial capillary pressure in the experiments is

50 PacP  . At later stage of the film drainage, the film reaches small thicknesses, and the micellar 

structural disjoining pressure becomes large enough to completely balance the driving capillary 

pressure and bring the drainage to a halt. Further stepwise thinning is then induced by withdrawing 

more liquid and increasing fd . In an alternative protocol [97,99] emulated for comparison, the cell 

container is opened briefly to allow evaporation, which results in an increase in the capillary 

pressure and consequently in a step transition. 

A porous plate cell is the second cell used in this study (Figure 2.3). The porous plate thin 

film balance is first developed by Mysels and Jones [102], and later refined by several researchers 

[103–105] (see Section 1.3.1). The design used in this study is close to that developed by Dimitrova 

et al. [105]. The cell is made with fritted glass disk (Wilmad-LabGlass) with porosity of 10-15 µm. 

The cell geometry is shown in Figure 2.3a. The film holding hole is drilled at the center of the disk 

with 1 mm diamond-coated drill bit, and tapered with spherical grinding head. The disk thickness 



 

57 

around the hole is reduced to ~0.1 mm. This geometry permits formation of foam film with low 

applied capillary pressure ( ~ 35 PacP ), which is beneficial for probing meta-stability at higher 

film thicknesses when the disjoining pressure is small. On the other hand, the small porosity of the 

fritted disk permits a maximum attainable capillary pressure of ~ 4000 Pa, much larger than that 

in the Scheludko-type cell. In addition, the porous plate cell is connected via Teflon tubing (Cole-

Parmer) to a pressure transducer (Omega, PX409-001G5V) and the syringe pump (New Era NE-

1000). This configuration is often referred to as the thin film balance (TFB) setup [104], which 

allows direct measurement of the pressure difference across the thin film interfaces, therefore the 

equilibrium disjoining pressure. 

 

 

Figure 2.3 Porous plate film holding cell. (a) The schematic showing the side view and its 

connection to a syringe pump and a pressure transducer. (b) The top view photo of the porous plate. 

Adapted from ref [31] with permission. Copyright © 2016 American Chemical Society. 

 

Compare to the Scheludko-type cell, porous plate setup is advantageous in its wider range 

of accessible pressure, and better control and measure of the pressure applied. However, the porous 
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plate cell surfers from difficulties in cleaning, due to its small porous structure. The porous plate 

used in this study are thoroughly rinsed with large amount (liters) of DI water, and then soaked in 

the surfactant solution with same concentration as the test solution overnight, before loading in 

fresh test solution for experiments. In order to prevent contaminations, each cell is only used for 

single type of surfactant, only varying solution concentration.    

 

2.2.3 Interferometry digital imaging optical microscopy (IDIOM) 

The drainage process of the single horizontal foam films formed in the thin film apparatus 

is captured by a reflected light microscope imaging system, consist of precision microscope lens 

system (Navitar Zoom 6000 with 10x microscope objective), and a high resolution high speed 

color camera (FASTCAM Mini UX100). The illumination is provided by a white LED light source 

(Fiilex P360EX) with adjustable color temperature (set to 5100K for most experiments). The 

protocol of IDIOM as described below is also tested with various other cameras and illumination 

light sources, which is discussed in Section 2.4.1.  

The RAW format images/videos, recorded from the reflected light microscope and high 

speed color camera assembly, is analyzed in MATLAB R2014a (or R2015a) with specially 

developed codes. Every color image is loaded as a three-dimensional matrix in which each image 

pixel contains three values associated with the light intensities of red (wavelength 650 nm  ), 

green ( 546 nm  ) and blue ( 470 nm  ) light. The light intensity recorded in each color 

channel is represented as a value in the range of 0-4095 (12 bit depth for the specific camera used). 

Following Scheludko [95], a relatively accurate measure of thickness, h can be obtained by using 

the following equation based on a normalized measure of intensity,    min max minI I I I    , 
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that minimizes the influence of source intensity and background/detector errors. The thickness 

equation reads: 

 
   

2
arcsin

2 1 4 1 1
h

n R R





  
          

  (2.2) 

where h is the film thickness, Imax and Imin are maxima and minima intensities of the last order of 

interference, and    
2 2

1 1R n n    is the Fresnel coefficient of the air-liquid interface. Here n 

is the refractive index of the bulk solution. For the dilute surfactant solutions used in this study, 

water refractive index is used, n = 1.33. 

The value of Imax is determined by tracking the intensity over time and finding its last 

maxima, which corresponds to a bright white color in the images and a film thickness of 80 to 100 

nm. This procedure is typically repeated several times at different region within the thin film area, 

in order to ensure the value obtained is not affected by film thickness (hence light intensity) 

inhomogeneity. The minimum intensity in zeroth order interference, Imin, is reached at zero film 

thickness. After each experiment, the thin film apparatus is removed from the field of view and 

the background intensity is recorded as Imin. Care is taken to avoid stray reflections from the 

apparatus and the container. The gas-liquid interface of the surfactant solution in the closed 

container is kept out of focus at all time to avoid reflection (distance from the thin film >10 cm, 

10 times focal length). 

 The thickness determined from Equation (2.2) is a measure of “equivalent film thickness”, 

assuming the bulk solvent refractive index for the entire thin film, even though the two interfaces 

are surfactant enriched. Three-layer model is available which uses different refractive indices for 

the adsorbed surfactant layers and the aqueous solution in between [202]. However if appropriate 
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values for thickness and refractive index of the adsorbed layer are obtained, the correction 

introduced by the model turns out to be negligible for SDS films [95,203,204].  Equation (2.2) also 

neglects visible light absorption, includes multiple reflections within the film, assumes a near 

normal incidence and considers only zeroth order of interference, which are valid assumptions for 

films with thickness 2h n    (h < 85 nm for the shortest blue wavelength).  

 

 

Figure 2.4 Comparison between (a) conventional interferometry methods and (b) IDIOM. 

 

In the conventional interferometry methods (schematic shown in Figure 2.4a), the film 

thickness is typically computed using a photodetector and a monochromatic light source 

[95,104,205]. The light intensity reflected from a spot size of 1-100 m are tracked over time to 

obtain  I t , and it is converted into the evolution of the average thickness within the sampling 

spot. In contrast, the IDIOM protocols (shown in Figure 2.4b) use a white (with multiple 
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wavelengths) light source and rely on the high quality CMOS or CCD sensors of digital cameras 

for capturing a pixel-wise, spatially-resolved map of reflected light intensity, for three wavelengths 

and at each instant,  , , ,I x y t  . The technique therefore allows mapping the thickness of the 

entire film area, instead of only averaged thickness from conventional interferometry. With the 

aforementioned microscope assembly, the thickness measurement reaches spatial resolution of 0.5 

μm/pixel, and millisecond temporal resolution. Thicknesses are measured simultaneously and 

separately from three color channels, instead of single wavelength measurement in conventional 

setup, and they can then be averaged to further reduce inaccuracy. 

 

2.3 Results 

2.3.1 Observation of stratification in foam films  

Stratification in a foam film made from 50 mM SDS solution ( CMC 6c  ) is visualized 

with the thin film apparatus. Snapshots during the film thinning process from the reflected light 

microscope is shown in Figure 2.5. Immediately after the film is formed, the interference between 

light reflected from the two air–liquid interfaces of the film creates colorful rings, indicating a 

dimple with thicker center and thinner periphery forms. The dimple quickly exits from the film 

through asymmetrical drainage, and the vibrant interference colors disappear as the film thickness 

reaches below h ≈ 100 nm. Various shades of gray then appear within the film, and layers with 

progressively darker shades form and grow in expense of the lighter shaded layers, until the 

thinnest black film forms. The common black film (h ≈ 20 nm) formed after multiple thinning 

events can be stable for hours without rupturing, when evaporation and outside disruption are 

minimized. 
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Figure 2.5 Montage of foam film stratification in SDS 50mM solution. 

 

During the thinning process, distinct regions with different film thicknesses (therefore 

different brightness) co-exist in the film. The film thickness decreases via spontaneous formation 

and growth of one or more thinner (appearing darker), circular domains. The domain boundaries 

are sharp, and expansion of the domain continues as the domains coalesce with each other or with 

the film periphery (the Plateau border), until the thickness of entire film is reduced to the next 
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thickness. This transition takes place multiple times, sometimes simultaneously, until a stable film 

thickness is reached.  

 

2.3.2 Thickness measurement  

The IDIOM protocol is used to measure the thickness of the thinning film in the porous 

plate cell setup with 130 PacP  . In Figure 2.6a, the time dependence of film thickness is 

presented by taking average of the thickness in a 40-pixel size square (~ 20 μm) sampling region 

at the center of the film (square region marked in Figure 2.6b). The time t = 0 is define as the 

instant when zeroth order interference is reached for the shortest wavelength (blue light), i.e. when 

thickness measurement following Equation (2.2) becomes valid. The thicknesses measured from 

three color channels (plotted in their respective colors) are almost identical after 0t  . The 

differences between them are typically < 1 nm. Figure 2.6a shows that the film thins in a step-wise 

fashion, with multiple thickness setups, corresponding to different shades of gray observed in the 

micrographs. Figure 2.6b shows one micrograph at t = 10 s, where the three different shades co-

exist and correspond to three of thickness steps. The transition from thicker to thinner step in the 

h vs. t plot (Figure 2.6a) takes place when the thinner part of the film grows into and occupies the 

sampling region. The step heights between thickness transitions, 1n nh h h    ,  remain almost 

constant throughout the stratification. 
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Figure 2.6 Thickness evolution in the stratifying foam film. (a) Thickness vs. time plot obtained 

by tracking the average thickness within a 40-pixel sampling window. (b) The micrograph showing 

three different shades of grey corresponding to three thickness steps. Adapted from ref [31] with 

permission. Copyright © 2016 American Chemical Society. 

 

The concentration dependence of thickness step height, Δh, for SDS solutions is plotted in 

Figure 2.7. In general, Δh decreases with increasing surfactant concentration, c. This is attributed 

to the increase in electrostatic screening effect as the concentration of charged macromolecules 

(micelles) is increased. The values of step size obtained from IDIOM are consistent with those 

reported in the literature [55,99,128,206,207].  
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Figure 2.7 The step sizes obained by IDIOM compared with conventional interferometry results 

by Nikolov and Wasan [55], and Anachkov et al. [99], as well as theoretical estimates by Patist et 

al. [207]. The dash line shows  1 3h c   scaling, expected for spherical micellar systems. 

Adapted from ref [31] with permission. Copyright © 2016 American Chemical Society. 

 

The step size shows an inverse-cubic-root scaling, 1 3h c  . This scaling for the period 

of oscillatory structural forces is found in many spherical colloidal systems [208], including 

stratifying micellar films [99,128]. It is correlated to the mean distance between the supramolecular 

structures in solution. As illustrated in Figure 2.8, the step size of stratification corresponds to the 

difference between thicknesses at which the applied capillary pressure is balanced by the disjoining 

pressure. As the long range disjoining pressure is dominated by supramolecular structural 

contributions, the step size effectively provides a measure of the period of the supramolecular 

oscillatory disjoining pressure. Anachkov et al. [99] posited that the concentration dependence of 

stratification step size can be further analyzed to determine micelle size, aggregation number. The 
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results show that IDIOM protocol provides measurements comparable to those obtained in 

spectroscopic and scattering studies [55,99,207]. 

 

 

Figure 2.8 Illustration of the balance between applied capillary pressure and disjoining pressure 

at discrete film thicknesses. The disjoining pressure is dominated by supramolecular contribution 

except in short range (h ~15 nm). Adapted from ref [31] with permission. Copyright © 2016 

American Chemical Society. 

 

2.3.3 Rich dynamics of stratifying films revealed by IDIOM  

The plot of thickness versus time shown in Figure 2.6a emulates conventional 

interferometry, for the thickness is computed using the averaged light intensity over a single 

sampling region. Similar datasets have been used for evaluating stabilities of different thickness 

layers [55], calculating effective viscosities in the film [209], and measuring disjoining pressure 

isotherm [16,104]. However, as illustrated in Figure 2.5, the stratification process involves much 
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richer and more complex dynamics, than that captured by the thickness sampled at individual 

regions. For example, the growth of a thinner domain is often associated with formation of white 

spots around the domain (e.g. t = 35 s, 45 s in Figure 2.5). These spots are much larger in thickness, 

hence appears white in the micrograph. The detailed shapes and growths of these spots are 

unavailable with the conventional interferometry methods. The only evidence of white spot 

formation in Figure 2.6a is the small thickness spikes at the transition of thickness steps, which are 

indications of thicker spots sweeping through the sampling region.  

 

 

Figure 2.9 Micrographs showing the stratification of a thin film made from SDS 50 mM solution, 

and the associating 3D thickness maps for the entire film area constructed by IDIOM. Reprinted 

from ref [31] with permission. Copyright © 2016 American Chemical Society. 
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In contrast, IDIOM protocols provide the high spatiotemporal resolution required for 

visualizing and characterizing the complex topography of stratifying films.  Figure 2.9 shows the 

3D thickness maps for the entire film area throughout the stratification process, constructed by 

IDIOM protocols. Coexistence of domains of multiple thicknesses, and complex transition 

dynamics from thicker to thinner layers are clearly visualized. The landscape contains nanoscopic 

shape that resembles mesas, ridges, terraces, and craters. The formation, growth, interaction and 

coalescence of multiple thinner domains can be followed (Figure 2.9b-c), and detailed dynamics 

of domain expansion and instabilities leading to white spot formation are also captured (Figure 

2.9g-j).  

The advantages of IDIOM in analyzing stratification dynamics are showcased in Figure 

2.10, by comparing IDIOM measurement with the conventional interferometry measurement from 

two different sampling regions. As shown in Figure 2.10a&b, the thickness measured only from 

small sampling windows can be misleading, due to the complex dynamics and spatial 

heterogeneity. Significant differences are found between curves obtained from the two sampling 

regions of the same stratifying film.  The thickness variations, onset of stepping, and the duration 

of each step, are all far from consistent. For example, at t = 36 s, a white spot formed around the 

growing domain happens to enter sampling region 2, thus produce a big spike in the thickness plot 

(Figure 2.10a). The white spot formation is completely missed in measurement from sampling 

region 1, where the same thickness stepping appears featureless.  
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Figure 2.10 Comparison between thickness profile measured by conventional interferometry 

methods and IDIOM. (a) Average thickness vs. time of the stratifying thin film of 50 mM SDS, 

by following the thickness variation in two different sampling regions. (b) Two micrographs taken 

during stratification showing the coexistence of different thickness domains and patterns. The two 

square marks show the sampling region measured in (a). (c) IDIOM thickness maps corresponding 

to the micrographs in (b).  

 

These shortcomings of conventional interferometry may lead to potential inaccuracies 

when the hydrodynamics and stability of the stratifying films are discussed. For example, Bergeron 

and Radke [104] presented a “dynamic method” for measuring the disjoining pressure isotherm of 

the stratifying film solely from the interferometry results. The variations of the thickness over time, 

including the stepping and plateauing, are fitted to the thin film hydrodynamic model to obtain the 

magnitude of the pressure. This method could be problematic, since the same stratification process 

could generate different thickness vs. time curves (as the ones in Figure 2.10a), which then result 

in completely different disjoining pressure isotherms.  

On the other hand, construction of thickness maps with the IDIOM method retains the 

complete thickness information (Figure 2.10c). With the capability of resolving detailed 

morphological features and their evolution during stratification, several unanswered questions can 
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be probed and addressed, regarding the hydrodynamics of thin freely standing films and the 

influence of intermolecular and surface forces.  

 

2.4 Discussion 

2.4.1 Applicability of IDIOM  

IDIOM shows universality across multiple imaging systems, as the principles underlying 

IDIOM protocol are not specific to the imaging system used. The thickness measurement can be 

easily realized with a variety of cameras and light sources. To illustrate this, we carried out the 

thickness measurement of stratifying foam films with three different cameras, including a 

commercial, consumer-grade digital camera. The specifications of the cameras are listed in Table 

III. Two light sources are also used: a Fiilex P360EX LED light and a Schott ACE 1 halogen light. 

 

Table III List of cameras tested with IDIOM protocol and their specification 

Camera name Record format 
Bit 

depth 

Pixel 

resolution 

Frame rate 

(fps) 

Photron FASTCAM 

Mini UX100 

High speed movie 

(.mraw) 
12 1280*1024 

Up to 4000 (full 

frame) 

Tucsen ISH1000 CCD movie (.avi) 8 3664*2748 ~3(full frame) 

Nikon D5200 DSLR 

RAW image (.nef) 14 6000*4000 ~1 

Movie (.mov) 8 1920*1080 30 
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Variants of the image analysis routine are developed in MATLAB, in order to 

accommodate the different image/video file formats used in different cameras. In particular, the 

RAW images from Nikon camera cannot be read directly into MATLAB software, instead they 

are first converted to .tiff format with no data compression, using the open source program DCRaw. 

The resulting .tiff images are then analyzed with specially written MATLAB routine.  

In general, the thicknesses of stratification layers are accurately measured using all the 

cameras and light sources. One complication is found when using the movie files taken with the 

customer-grade Nikon DSLR camera. A lossy compression is applied to the movie (.mov) file 

upon recording, resulting in a non-linear relation between output RGB values and the real light 

intensity received by the CMOS sensor. This non-linear compression is taken into account through 

careful intensity vs. RGB output calibration. Figure 2.11a shows the experimental setup for such 

calibration: a photodiode (Hinds Instruments DET-90) is used to measure the absolute light 

intensity (in terms of output voltage) and compare with RGB value recorded by the camera. By 

varying the intensity of the light source, a look-up table (LUT) is produced, relating the RGB 

output to the real light intensity. As shown in Figure 2.11(b), the movie recorded by Nikon camera 

indeed loses the linearity, while the uncompressed RAW format preserves it. In the thickness 

measurement protocol, the LUT can then be used to convert RGB information into absolute 

intensity, before normalizing it for further analysis. In addition, the movie RGB values are found 

to remain approximately linear in the low intensity range, so the non-linear conversion procedure 

is not necessary if the maximum recorded intensity is less than ~150. 
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Figure 2.11 Calibration for camera output RGB values. (a) Schematic of calibration setup. (b) 

Voltage output from the photodiode vs. RGB output from the Nikon D5200 DSLR camera.      

 

Through an extensive literature survey, we were able to find several examples of the use 

of consumer-grade, off-the-shelf DSLR cameras a photometers, spectrophotometers, colorimeters 

and photodiodes in star gazing and astronomy [210–212], contrasting color of polymer 

nanocomposites made with gold nanoparticles dispersed in a polymer matrix [213], detection of 

fluorophores in so-called photoscopy applications [214], forensic investigations [215], and for 

investigation of colors in biology [216–219]. In the present study, we are able to quantitatively 

analyze the nanoscopic topographic structures in freely-standing foam films with a variety of 

cameras. 
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2.4.2 Error estimation 

In this section, we discuss the resolution limits of the IDIOM protocol and the sources of 

error in thickness measurements. In an ideal case, the camera converts light intensity with no signal 

noise, and utilizes its entire dynamic range, i.e., 
max 2 1BitDepthI   , min 0I   in calculating Δ in 

Equation (2.2). The intrinsic minimum measurable thickness and measurement error are then 

results of the quantization of light intensity to integer values as RGB output. With different camera 

bit depth, the available number of integers varies as 2BitDepth . Therefore the theoretical thickness 

resolution and lower limit of the measurement vary. The intrinsic error   associated with rounding 

up the light intensity to integer RGB values can be estimated by 

  
   0.5 0.5

2

h I h I
I

  
   (2.3) 

where  0.5h I   is computed by using Equation (2.2). Due to the non-linear relation between 

light intensity and film thickness (see Equation (2.2)), the magnitude of   is different at different 

thickness, as shown in Figure 2.12 for the 12-bit camera. It approaches maximum when the light 

intensity is close to the interference extrema. For each color channel, the minimum measurable 

thickness is reached when the light intensity is enough to be distinguished from the background, 

i.e. min 1I I  . The minimum measurable thickness (reached in blue channel) and the averaged 

intrinsic error (reached in red channel) are listed in Table IV, for several bit depths for typical 

cameras bit I depths. Even with a low camera bit depth (8-bit), IDIOM method could in principle 

measure thicknesses well below 10 nm with good accuracy.  
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Figure 2.12 The intrinsic error in thickness measurement,   vs. RGB intensity for the high speed 

camera Photron FASTCAM Mini UX100 (12-bit). This error is associated with rounding up light 

intensity to integer values as RGB output. 

 

 

Table IV Ideal minimum measurable thickness and average intrinsic error in IDIOM method 

Bit depth Intensity levels 
Minimum measurable 

thickness [nm] 

Average intrinsic error 

[nm] 

8 0 - 255 3.39 0.192 

12 0 - 4095 0.84 0.0125 

14 0 - 16383 0.42 0.0031 

16 0 - 65535 0.21 0.0008 
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However, the discussion so far is aimed to find the theoretical limits of the IDIOM method 

in ideal scenario. In the real experiments, outside stray light, imperfect lenses and the noises 

inherent to the CCD or CMOS camera sensors can all contribute to errors in determining intensity 

I. In the case of the high speed camera, fluctuations in the recorded RGB intensity are noticeable, 

due to the high sensitive level of the CMOS sensor (ISO is fixed at 5,000). In Figure 2.13, a 

histogram is constructed from a recording of the dark field background. Individual pixel intensities 

in the green channel are counted in a 40×40 sampling region for 50 frames (1 second). A clear 

Gaussian distribution around the mean is obtained with a standard deviation of 26.5. This is 

translates to an average error of ±0.3 nm in thickness measurement, which is introduced by camera 

sensor noise.  

 

 

Figure 2.13 Histogram of background intensity recorded in individual pixels of the 12-bit high 

speed camera. Intensity values are sampled from only the green channel, in a 40×40 sampling 

region at the center of the images, and for 50 consecutive frames (1 second). 
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Other possible error could originate from the digital filtration, since one single averaged 

wavelength value is used for each color channel, while the actual filtered light has a spectrum of 

wavelengths around the averaged value. However, the thickness is linearly proportional to the 

wavelength ( h  , see Equation (2.2)), so an uncertainty in wavelength of ±10 nm would only 

result in a ~2% relative uncertainty (for  = 500 nm) in thickness. Errors can also be introduced 

when determining the interference extrema Imax and Imin. They are therefore measured with care, 

and multiple measurements are taken to obtain the average values. 

On the other hand, light intensity acquired in individual pixels can be averaged both 

spatially and temporally to reduce the noise. Overall, nanometer thickness resolution is readily 

achieved by the IDIOM protocols. Together with ~0.5 µm/pixel in-plane spatial and millisecond 

time resolution, it makes IDIOM the ideal method to study dynamics and pattern formation in 

freely standing thin films. 

 

2.4.3 Nanoscopic structures resolved by IDIOM 

The capabilities of IDIOM in resolving detailed dynamics in stratifying foam film is 

demonstrated by charaterizing the shapes of two nanoscopic structures formed during growth of 

the thinner domain. In Figure 2.14a, a ridge (or rim) formed at the periphery of a growing domain 

in stratifying foam films is detected. The thickness of the ridge, shown in the cross-section profile, 

is only ~ 5 nm larger than the outside film thickness. Such small difference makes the ridge 

indistinguishable in the micrograph image, and its detection absent in the literature so far. The 

detailed shape, thickness profile and evolution of the ridge are characterized experimentally for 

the first time.  
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Figure 2.14 Shape of nanoscopic structures formed during domain growth. (a) Thicker ridge 

around the growing domain, forming a crater-like shape. (b) Shapes of white spots. They are 

possible to have both flat and spherical top, and even have layered terraces within. Reprinted from 

ref [31] with permission. Copyright © 2016 American Chemical Society. 

 

The shapes of white spots formed during domain growth are illustrated in Figure 2.14b. 

The particular image is taken from stratification in film made from 80 mM SDS, and shows the 

diversity of white spots, in size, thickness, and shape. Two distinct shapes are easily recognized: 

one with flat top, resembles the shape a mesa, and the other with a spherical top, resembles the 

shape of a lens or drop. Moreover, terraced nanostructures are observed with thickness 

stratification within individual mesas, often as results of coalescence of two spots, or the expansion 

of the adjacent thinner domain. All these structures are relatively low aspect ratio (thickness in nm, 

radius in microns), and their shape and shape evolution can be better comprehended by 

understanding the underlying interplay of contributions from oscillatory thickness-dependent 

disjoining pressure and curvature-dependent Laplace pressure. We gain much more insights in the 
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dynamics and lifetime of stratifying foam films, by utilizing the IDIOM protocols to characterize 

the formation of these nanoscopic structures and patterns. These progresses are mainly presented 

in the following chapters.   

 

2.5 Conclusions 

In this chapter, the foam film thickness measurement protocol combining interferometry, 

digital imaging and optical microscopy (IDIOM) is introduced. It offers visualization and 

characterization of nanoscopic thickness variation and topological transitions in freely standing 

thin films, with unprecedented spatial and temporal (1 ms) resolution. We utilize this novel method 

to shed new light on the drainage and stratification dynamics in micellar foam films made from 

aqueous SDS solutions. Several characteristic features of stratification are analyzed, including 

discrete changes in thickness, coexistence of regions with different nanoscopic thickness, growth 

of thinner (darker) domains, and topological transitions that create nonflat structures like ridges 

and mesas. The noninvasive imaging and characterization of ridges, mesas, and terraces in freely 

standing thin films will revolutionize the study of nanoscale rheology and of surface and 

intermolecular forces, especially the understanding of non-DLVO, supramolecular oscillatory 

surface forces that underlie stratification. Several new insights gained via IDIOM are the focus of 

the following chapters. 

Owing to its simplicity and wide applicability, the IDIOM protocols can be easily extended 

for many other systems. Efforts in applying IDIOM to smectic liquid crystalline, polyelectrolyte, 

and lipid bilayer systems are currently underway.   We hope that the widespread use of IDIOM 
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protocols will lead to a better understanding of interactions, flows, and self-assembly in biology, 

in chemical physics, and in foams and other colloidal systems.  
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CHAPTER 3.  

DOMAIN EXPANSION DYNAMICS IN STRATIFYING FOAM FILMS 

3.1 Introduction 

The dynamics of foam film stratification are rich and complex. The step-wise thinning of 

foam films containing SDS micelles involves spontaneous creation and evolution of nanoscopic 

structures like craters, ridges, mesas, and terraces, as observed by the IDIOM protocols presented 

in the previous chapter [31]. The dynamics of growth, instability, and coalescence of these 

structures are influenced by a variety of factors, including surface forces (supramolecular structural 

in origin), surface curvature (both local of the nanoscopic structures and the curvature of the 

Plateau border surrounding the foam film), bulk and interfacial rheology and surfactant adsorption 

and micellization.   

In order to decipher the complex stratification dynamics, we first focus on a simpler case 

of nucleation and growth of thinner domain, which spontaneously form and expand at the expense 

of the surrounding thicker film. The thickness of the entire film is reduced to the next metastable 

thickness in this fashion. To the best of our knowledge, the published studies [73,74,77,79,80] 

have focused exclusively on the expansion of an isolated domain, where the outside thicker film 

is assumed infinite in size (see Section 1.2 for a comprehensive review). However, during any 

domain growth process, the domain eventually comes into contact with the surrounding Plateau 

border, and there is a sheer lack of discussion on the effect of Plateau border on the domain 

expansion dynamics. The present study aims to fill this gap of experimental understanding, and 

develop self-consistent theoretical framework to describe the growth dynamics for both isolated 

domain and domain in contact with Plateau border. 



 

81 

3.2 Methods 

3.2.1 Experimental setup 

The materials and methods used in this study are mainly presented in Section 2.2. The foam 

film are formed with SDS solution with concentrations above CMC (8-10 mM), and without any 

additional electrolyte.  

Unless otherwise specified, the results in this chapter are obtained in the Schedluko-type 

cell thin film apparatus (see Figure 2.2). Since the kinetics of stratification is suggested to be 

influenced by the size of the film [74,75,80], the film formation is controlled to maintain similar 

initial film size ( 0.6 mmfd  ) in all experiments. For small film thicknesses, where capillary 

pressure applied (calculated by Equation (2.1)) is not sufficient to drive further thinning, the cell 

container is opened briefly to allow evaporation, which results in an increase in the capillary 

pressure and consequently induces a thickness step transition [97,99]. The cell is quickly closed 

once the thinner domain is formed. 

IDIOM protocol is used for visualizing the domain growth process, and characterizing the 

film thicknesses. In particular, the image system used in this chapter consists of the Nikon D5200 

DSLR, and the light source of Schott ACE 1 halogen light. As discussed in Section 2.4.1, the 

movie recorded from this consumer-grade camera can be used for thickness measurement after 

careful calibration. The maximum intensity recorded is kept low so that the RGB values lies in the 

linear regime in Figure 2.11, therefore avoiding further numerical non-linear conversion. Due to 

the low color temperature (~3200K, appears yellow) of the halogen light source used, the incident 

light intensity in the blue spectrum is relatively low. This leads to much lower light intensity 

recorded in the camera blue channel than the red and green channel, rendering the thickness 
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measurement in the blue channel unreliable. We therefore only report thickness measured in red 

and green channels, or the mean value between the two. 

 

3.2.2 Domain tracking  

 

 

Figure 3.1 Domain tracking scheme to separate regions of domain, film and Plateau borders. 

 

The growth of a thinner domain is followed through a specially written object tracking 

routine in MATLAB R2014a. Due to the interest in studying the dynamics after the domain has 

come in contact with the Plateau border, we implement a double thresholding scheme to detect 

both the Plateau border and the thinner domain. This procedure is illustrated in Figure 3.1. Global 
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intensity thresholding is used for distinguishing different regions, instead of a local gradient-based 

edge detection method, because within each region the brightness is relatively consistent, and the 

boundaries in between are sharp and clear. During the growth of a thinner domain, ridges and 

mesas with larger thickness are likely formed around the domain. A local edge detection method 

would suffer from these nanoscopic structure interfering with the local intensity at the domain-

film boundary.  

The image analysis procedure starts by isolating the brighter “halo” around the whole thin 

film region (from reflection of the Plateau border), with a higher intensity threshold. The region 

inside the bright loop is then selected manually as the region of the thin film. This region is defined 

in a single movie frame, and assumed to remain unchanged throughout the domain growth process. 

A lower intensity threshold is then applied to distinguish between darker domain and brighter 

outside film. The thinner domain region is again selected manually for one movie frame, but then 

automatically tracked for all other frames. Since the domain center does not move fast, the tracking 

is easily achieved by selecting the region whose center is the closest to the center position in the 

preceding frame. The final result of this routine is the distinction of domain, film and Plateau 

border region, for every frame recorded in the movie. 

When the domain is in contact with the Plateau border, it become non-circular in shape, 

and its boundary is comprised of a film/domain contact line and part of the film boundary to the 

Plateau border. Using the two-step procedure, the two parts of the domain boundary are separately 

detected and tracked. Since the Plateau border does not change over the period of domain growth, 

it is beneficial to isolate the film/domain contact line part and track its evolution. 
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3.3 Results 

3.3.1 Stratification observed with customer-grade camera 

 

 

Figure 3.2 Stratification of thin film with 100 mM SDS solution, captured with the Nikon D5200 

camera. (a) Micrographs during the step wise thinning. The scale bars in the snapshots correspond 

to 100 µm. (b) Thickness measurement at the center of the film. Adapted from ref [81] with 

permission of The Royal Society of Chemistry. 

 

Stratification in a foam film made from 100 mM SDS solution (c/CMC ≈ 12) is formed in 

the Schedluko-type film cell, and visualized and characterized using the IDIOM protocols. As 

shown in Figure 3.2a, the features of the step wise thinning are similar to those shown in Figure 

2.5 and Figure 2.9, despite the different thin film apparatus and image system used.  The colorful 

ring interference patterns form initially, but quickly drain out of the film as the thickness reaches 

below ~ 100 nm. Distinct regions with different shade of grey then appear and co-exist in the film. 

Thinner, darker, circular domains form and grow, until a meta-stable film thickness is reached (as 



 

85 

illustrated in Figure 2.8). The applied pressure is then raised by either increasing the film size 

(according to Equation  (2.1), and shown in the snapshot at t = 100 s), or by opening the thin film 

apparatus to allow evaporation.  

 The evolution of film thickness is determined using movies recorded with the consumer-

grade camera. The separate measurements in the red and green channel shows good agreement in 

Figure 3.2b. The thickness steps corresponding to different shades in the micrograph are marked 

accordingly, with subscription number indicating the number of micelle layers contained in a given 

step. The step size is found to be nearly constant with 10.5 0.5 nmh   , and the final black film 

thickness of 0 14.6 0.6 nmh   . Both of the values are comparable to those obtained using other 

cameras listed in Table III, as well as the literature values obtained by conventional interferometry 

[55,99].  

 

3.3.2 Domain expansion kinetics: influence of the Plateau border 

The step-thinning of the film proceeds as thinner, darker domains form and expand in 

expense of the thicker film. In some instances, a single domain emerges and grows, free form the 

influence of other domains, until it coalesces with the Plateau border and occupies the whole plane 

parallel film. We specifically select such single domain growth events from our stratification 

experiments, and a representative example is shown in Figure 3.3, for a thickness jump from 

2 40.3 nmh   to 1 26.2 nmh  in a foam film made of 100 mM SDS solution.  
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Figure 3.3 Domain expansion kinetics in a 100 mM SDS foam film. (a) Domain area vs. time, an 

apparent growth rate increase takes place when domain comes in contact with the Plateau border. 

(b) Domain radii vs. time, the contact with the Plateau border changes the scaling from 0.5R t  to 

R t .  The scale bars in the snapshots correspond to 100 µm. Reprinted from ref [81] with 

permission of The Royal Society of Chemistry. 

 

We find that the domain expansion involves at least two distinct regimes: initially the 

domain expands in isolation (Regime A); then it comes in contact with the Plateau border around 

the film periphery, and expands with part of the domain deformed by the Plateau border (Regime 

B). It is found that the area of the growing domain, Ad, increases linearly with time in Regime A. 

This scaling ( dA t ) has been reported and analyzed preciously in the literature, for stratification 

in various systems including micelles [73,78], colloidal particles [75] and polyelectrolytes [76]. 

However, after the Plateau border is involved, the areal growth rate of the domain (slope in Figure 

3.3a) appears to increase. The apparent linear dependence of dA t  remains unchanged, though 

the areal growth rate changes. However, as Regime B is reported here for the first time, none of 

the existing theoretical frameworks explicitly account for such a sharp growth rate increase in 

domain expansion [73,77,79,80]. Since the linear dependence, dA t , has been thought to be akin 
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to a diffusion-like process [73,77], the acceleration in Regime B, with no change in the scaling 

law, would suggest a faster diffusion with little change in the governing dynamics. The mechanism 

to allow such transition is not at all obvious. The experimental observation, and the advanced 

theoretical framework to explain the kinetics, require further scrutiny. 

Driven to investigate the apparent acceleration of domain expansion rate upon domain 

contact with the Plateau border, we recognized that in Regime B, the domain is no longer circular 

but rather deformed by the Plateau border. As a result, the domain expansion only takes place at 

the contact line between the thinner domain and the thicker surrounding film. Instead of area, we 

plot the radii of the domain vs. time, and a clear scaling transition from 0.5R t  to R t  is 

observed (Figure 3.3b). Here the domain radii in Regime B is determined only by the portion of 

the domain boundary that are in contact with the thicker film (as illustrated in the snapshots in 

Figure 3.3b). The distinction in kinetic scaling laws between the two regimes suggests difference 

in underlying dynamics, and can be distinguished by two appropriate growth rates: an apparent 

constant diffusivity 2 ddA
D dR dt

dt
   for Regime A, and an apparent constant contact line 

expansion velocity V dR dt  for Regime B.  

The difference in domain expansion dynamics is highlighted by the comparison of the 

domain/film contact line shift over time. In Figure 3.4, the line traces obtained by the domain 

tracking scheme show the position of the contact line over time. The time intervals between 

neighboring traces are kept constant, with red arrows indicating the contact line velocity at each 

time points. It is clear that in Regime A the contact line displacement becomes shorter in each 

successive time interval, and the expansion velocity decreases as the domain grows in size. In 

contrast, in Regime B the contact line moves the same amount within each time interval, resulting 
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in a linear growth in domain radii. It is worth noting that we choose to follow the change in radii 

of the domain/film contact line, as a measure of the average expansion rate. Alternatively, the 

growth in Regime B can also be characterized by following the movement of an individual point 

(e.g. the center point) in the contact line, which shows similar linear dependence on time.   

 

 

Figure 3.4 The time evolution of domain boundary in the two distinct regimes. The time interval 

between neighboring line traces is constant 3 st  . (a) Regime A shows the expansion slows 

down over time and (b) Regime B shows constant expansion velocity. Adapted from ref [81] with 

permission of The Royal Society of Chemistry. 
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3.3.3 Domain expansion kinetics: white spot formation 

 

 

Figure 3.5 Domain expansion kinetics in a 25 mM SDS foam film. The radius vs. time shows a 

scaling transition when white spots appear around the growing domain. The scale bars in the 

snapshots correspond to 100 µm. Adapted from ref [81] with permission of The Royal Society of 

Chemistry. 

 

In Figure 3.5, the domain radius is followed over time in foam films made with 25 mM 

SDS solution, as the thickness steps from 1 43.5 nmh   to 0 25.8 nmh  . The scaling transition 

from 0.5R t  to R t  observed here is markedly similar to the time dependent domain growth 

observed in 100 mM solution. Interestingly, the scaling transition in this case occurs even though 

we are tracking growth of an isolated domain itself. Here the transition is triggered by an instability 

developed around the domain/film contact line, which leads to formation of white spots around it. 

These white spots are nanoscopic mesas or lenses that are thicker regions than the rest of the film 

(as shown in Figure 2.14b). The appearance of white spots coincides with the change in the domain 
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growth scaling, indicating that the topological instability that leads to the formation of white spots 

also triggers the change in domain growth dynamics. 

 

  

Figure 3.6 Different types of white spot formation. (a) Symmetrical spots with almost periodic 

spot size, montage from h1 to h0 transition in 50 mM SDS. (b) Asymmetrical spots with aperiodic 

spot size, from h2 to h1 transition in 60 mM SDS. (c) Induced by presence of other domains, from 

h3 to h2 transition in 100 mM SDS. (c) Induced by proximity to the Plateau border, from h2 to h1 

transition in 100 mM SDS. Scale bars correspond to 100 µm. 

 

The domain growth snapshot included in Figure 3.5 shows nearly uniformly sized white 

spots almost periodically distributed around the domain boundary. It is worth noting that this 

symmetrical arrangement of white spots is not universal. An extended range of experiments, with 

different film thickness and surfactant concentration, shows that the white spots formation and 
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growth can be asymmetrical, and the size of such spots can vary considerably, as shown in Figure 

3.6. In some instances, the white spots form only when the growing domain comes in proximity to 

another domains or the Plateau border.  

Bergeron et al. [79] and Beltrán and Langevin [76] proposed that the formation of white 

spots is due to a topological instability within a ridge, which was postulated to form around the 

growing thinner domain. The ridge formation and instability has not been characterized 

experimentally (we use IDIOM protocol to characterize it for the first time, see Chapter 4), 

neverthless the instability is thought to be akin to Rayleigh instability of a liquid column, which 

breaks into the spots (drops). However, the periodicity and symmetry of spots predicted by 

Rayleigh-like instability is inconsistent with the formation of white spots shown in Figure 3.6. 

Moreover, recent studies on Rayleigh-type breakup of static toroidal rings into drops show very 

different evolutions and morphologies [88,89]. Arguably the differences arise as the formation of 

white spots in stratifying foam films involves the structural disjoining pressure, which is absent in 

the micron to millimeter sized toroidal rings. In addition, the topological instability and white spots 

formation occurs near an expanding contact line, instead of a static one in toroidal drops. The ridge 

itself also does not share the same circular cross-section as a toroid (cf. Figure 2.14a). More 

experimental and theoretical efforts are required to fully understand the topological instability in 

the nanoscopic ridge, and the formation of white spot thereafter. 
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3.3.4 Similarities between two kinetic transition 

 

Figure 3.7 Similarities between domain growth with white-spots formed and in contact with the 

Plateau border. Snapshots of domain expansion are captured for (a) with white spots formation, 

from h2 to h1 transition in 80 mM SDS solution, and (b) with domain in contact with the Plateau 

border, from h2 to h1 transition in 100 mM SDS solution. Scales bars correspond to 100μm. (c) and 

(d) are plots of domain radii vs. time. (e) and (f) are plots of contact line velocity vs. time. 

 

Comparing the domain growth kinetics shown in Figure 3.3 and Figure 3.5, it is clear that 

despite of the different geometric constraints, the film Plateau border and the white spots display 



 

93 

similar effects on the dynamics of domain growth. The similarities between the two kinetics 

transitions are summarized in Figure 3.7. In both cases, the domains initially grow with a constant 

diffusivity (Regime A), this results in domain radii scaling with time as 0.5R t , and a contact line 

expansion velocity that decreases over time as 
0.5V dR dt t  . After the topological instability 

that leads to the white spot formation, or after domain contact with the Plateau border, the domain 

growth transitions to a constant velocity mode (Regime B), where the radii increases linearly with 

time, R t , and the expansion velocity rapidly increases to a higher, constant value. The scaling 

change induced by topological instability has been only reported once in the literature for polymer-

free micellar solutions [78], while the similar scaling change induced by coalescence of  domain 

with the Plateau border is being reported here for the first time. While the topological instability 

is suppressed when the film is with higher concentration or more layers of micelle (higher 

thickness), the existence of the surrounding Plateau border is inevitable in foam films. 

The similar effects of topological instability and the contact with the Plateau border are 

further demonstrated, by analyzing the expansion dynamics when both phenomena are involved 

sequentially. In Figure 3.8a, the growing domain goes through topological instability leading to 

the formation white spots, before the domain comes in contact with the Plateau border. On the 

other hand, Figure 3.8b shows the case when the white spot is formed after the domain is deformed 

by the Plateau border. In both cases, domain radii keeps growing linearly with time after the second 

event occurs, and the slopes, i.e. expansion velocity, remain unchanged. Furthermore, the domain 

expansion velocities are found to be similar, both after white spots formation after contact to the 

Plateau border (Table V), implying that similar physics underlies the change of domain expansion 

kinetics in the two cases. 
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Figure 3.8 Domain growth dynamics when both topological instability and contacting the Plateau 

border occur successively. The plots show domain radii vs. time for (a) 32mM SDS, h1 to h0, and 

(b) 80mM SDS, h1 to h0. The scale bars in snapshots correspond to 100 µm. Adapted from ref [81] 

with permission of The Royal Society of Chemistry. 

 

Table V Comparison of contact line velocity with white spots and with contact to the Plateau 

border. Adapted from ref [81] with permission of The Royal Society of Chemistry. 

Concentration 

(mM) 

h1 

(nm) 

h0 

(nm) 

Vw/spots  

(μm/s) 

Vperiphery  

(μm/s) 

25 41.3 ± 1.3 25.2 ± 0.4 31.6 ± 1.2 31.7 ± 3.2 

32 36.5 ± 2.1 21.9 ± 1.4 25.2 ± 3.0 28.3 ± 0.9 

 

 

3.3.5 Concentration dependence 

The constant diffusivities, D, in Regime A, and the constant velocity, V, in Regime B are 

determined from domain expansion kinetics data for a range of surfactant concentrations and three 
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different thickness steps. The results summarized in Figure 3.9 are all measured with stratification 

experiments conducted in the porous plate cell (see Figure 2.3) to ensure good control over film 

formation with a large range of the applied capillary pressure, since pressure variation may affect 

the obtained growth rates. It is found that both D and V measured in the Schedluko-type cell setup 

are not very consistent, especially when evaporation is introduced to induce the thickness transition. 

Evaporation can potentially result in an inconsistency in applied pressure and alteration of the 

solution concentration. The domain growth rates (D and V) are reported in six surfactant 

concentrations, for the last three thickness steps, as long as the film is stable enough to permit well-

controlled single domain growth. 

 

 

Figure 3.9 Concentration dependence of (a) apparent diffusivity D in Regime A and (b) apparent 

contact line velocity in Regime B. The results are collected for last three thickness steps (if 

available) in six surfactant concentrations. 
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Overall, the concentration dependences is very different between Regime A and B. In 

Regime A, a monotonic increase in diffusivity is observed as surfactant concentration increases. 

Comparing data from the same concentration, a monotonic increase in diffusivity can also be found 

as film thickness (or number of micelle layers contained) decreases.  On the other hand, in Regime 

B the concentration dependence of expansion velocity is not monotonic. In general it shows an 

increase in velocity at lower concentrations, reaches a peak (50 mM for h1 to h0, 90 mM for other 

two thicker steps), and then starts decreasing. Through experimental observation, the decrease in 

expansion velocity at higher surfactant concentrations is likely to be associated with the 

suppression of topological instabilities, which becomes more pronounced as concentration 

increases.  

The two regimes of domain expansion are different in both kinetic scaling and 

concentration dependence of growth rates. The overall time one thickness transition takes is 

therefore not trivial to predict. Detailed knowledge on the thermodynamics and hydrodynamics of 

stratifying foam films is needed to better understand the stability and drainage dynamics of the 

film. 

 

3.4 Discussion 

We showed three distinct experimental observations on the dynamics of domain expansion, 

and a self-consistent theoretical framework capable of describing all three observations (listed 

below) is needed. 
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(i) Two distinct growth kinetics: constant diffusivity regime (Regime A) where 

domain radii 0.5R t , and constant contact line velocity regime (Regime B) where 

R t . 

(ii) Transition in kinetics from Regime A to B occurs after an isolated growing domain 

encounters the Plateau border. A similar kinetic transition occurs when a 

topological instability that leads to white spot formation around the growing 

domain.  

(iii) The growth rates of domains in the two regimes, i.e. apparent diffusivities in 

Regime A and apparent velocities in Regime B, show different concentration 

dependence. 

There are two models proposed in the literature to explain the domain growth kinetics in 

Regime A. Kralchevsky et al. [73], and later Lee et al. [80] proposed a diffusive-osmotic (DO) 

mechanism, theorizing that the expansion of the domain is akin to a phase transition. The thinner 

domain formation and growth is related to “vacancies”, which are sites with one less micelle layer 

than the film. The vacancies are generated from the surrounding Plateau border due to the gradient 

in chemical potential (or osmotic pressure) between it and the film region. Once the concentration 

of vacancy within the film reaches a critical level, the condensation of vacancies leads to domain 

nucleation. A constant flux of vacancies from the Plateau border is assumed, which results in the 

constant areal growth rate (see Equation (1.1)). However, the DO mechanism does not predict the 

scaling transition to Regime B. The dynamics of topological instability leading to white spot 

formation, and the effects of coalescence with the Plateau border are not captured.  

Both Bergeron et al. [79] and Heinig et al. [77] argued that the outward flux of fluid from 

domain growth supplies an excess volume of liquid that accumulates around the domain, forming 
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a ridge near the contact line between thinner domain and thicker surrounding film. Drawing 

analogies to earlier works on hydrodynamics in spreading and dewetting by Joanny, de Gennes 

and coworkers [82,131,220], Heinig et al. [77] attributed the 0.5R t  scaling in Regime A to the 

disjoining pressure gradient across the ridge, driving the outwards expansion of the ridge. 

Indirectly, Langevin and coworkers [77,85] examined the domain growth rates predicted by the 

ridge-forming hydrodynamic model, and compared them with experimental measurements in 

stratifying films made of polyelectrolyte-surfactant mixtures. The authors recognized that the 

domain growth rates evaluated from their model do not match with the experimental values, unless 

the viscosity of the fluid confined in the thin film is assumed to be different from the bulk viscosity. 

However, the “effective viscosity” under confinement are very inconsistent, ranging from 60 time 

larger to 10 time smaller than the bulk values, depending on the polyelectrolyte and surfactant 

used. These discrepancies were attributed to the complex rheology of the solutions under thin film 

confinement. In the present study, we use simple surfactant micellar solutions that have Newtonian 

shear rheology, unlike the polyelectrolyte solutions. Furthermore, using IDIOM method, we offer 

the first experimental detection and characterization of the ridge (or rim) (cf. Figure 2.14a), thus 

have the capacity to closely examine the ridge model and its relation with the dynamics of domain 

growth. The detailed investigations are presented in Chapter 4 and 5. 

For the R t scaling in Regime B, two explanations were offered based on the ridge model, 

specifically for the case of topological instability. Beltrán and Langevin [76] argued that the ridge 

breaks down through the instability, and the linear time-dependence of the domain radius results 

from a balance between capillary driving forces and the viscous dissipation at the contact line. 

However, the estimated domain expansion velocities from this balance are nearly three orders of 
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magnitude smaller than experimental measured values, in foam films made with polyelectrolyte-

surfactant mixture. 

Searching for a reconciliation, Beltrán and Langevin [76] then argued that the white spots 

form through Rayleigh-like instability, and considered the driving force for domain growth being 

the gain in surface energy due to topology change from toroid-like (the ridge) to drop-like (the 

white spots). However, the analogy fails to explain the diversity of white spot formation and 

distribution, as demonstrated in Figure 3.6. Moreover, it does not explain the growth dynamics of 

domains in contact with the Plateau border. 

In contrast to the previous studies, we postulate that the domain growth dynamics in both 

regimes can be described under the framework of thin film hydrodynamics and lubrication theory, 

where the basic equation for film thickness evolution reads:  
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   (3.1) 

Here the relevant pressure that drives the process is both the local Laplace pressure term (depends 

on surface tension, σ, and local curvature, K) and the disjoining pressure contributions,   [221]. 

The disjoining pressure in stratifying foam films displays a highly non-monotonic, oscillatory 

behavior, due to the supramolecular structural contribution. The balance between the thickness 

dependence disjoining pressure and local curvature induced Laplace pressure sculpts the shapes of 

domains, ridges and white spots. The manifestation of the balance of pressures and thin film 

hydrodynamics is presented in the following chapters, and the key ideas are summarized next. 
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The ridge formed in Regime A is small in thickness difference, compared to the outside 

film (as shown in Figure 2.14, and ridge shapes shown in the following chapters). So the surface 

curvature is small, and the Laplace pressure is dominated by disjoining pressure in part of the ridge. 

The thickness evolution equation then resembles a diffusion equation: 
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  (3.2) 

Where h  is the outside film thickness. The disjoining pressure gradient, h  , can be assumed 

constant since the thickness deviation from h  is small. This diffusion-like fluid transport results 

in the Regime A kinetics, and the growth of ridge size and thickness.  

Due to the non-monotonic nature of  h , the ridge thickness could reach a critical value, 

where h   changes sign (cf. Figure 2.8). The thickness beyond this critical one is unstable, 

leading to topological instability. The thicker white spots or mesas have large volumes and lower 

disjoining pressures. The fluid flowed out from the thinner domain is collected in these white spots, 

instead of accumulating axisymmetrically in the ridge. The diffusive-like dynamics of ridge 

expansion then no longer controls the expansion of the thinner domain, and the transition to the 

constant velocity regime takes place. Alternatively, before critical ridge thickness is reached, the 

domain can impinge onto the film Plateau border, which acts as reservoirs for the drained fluid. In 

either case, flows are developed within the ridge area towards the reservoir (white spots or the 

Plateau border), as evidenced by the observations of rapid movements of small, newly-developed 

white spots towards bigger ones or towards the Plateau border. 
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The concentration dependence of the apparent diffusivity observed in Regime A (Figure 

3.9a) can be attributed to the concentration dependence of the disjoining pressure gradient, which 

in general increases with increasing surfactant (more precisely, micelle) concentration. Similarly, 

it increases as number of micelle layers in the film decreases, which is consistent with the trend of 

the diffusivity. In Regime B, however, the concentration dependence becomes more complex since 

much more factors may need to be considered in determining the apparent velocity. Development 

of instability, size, thickness and mobility of the white spots, strength of the flows within the ridge, 

and also the magnitude of driving forces of Laplace and disjoining pressure, all could contribute 

to the observed contact line velocity. In addition, Marangoni effects, thin film domain line tension, 

and possible breakdown of the small-slope lubrication approximation when the white spots 

become much thicker than the rest of the film, are all possibly involved, and are still all poorly 

understood. Their roles in the dynamics of domain growth remain elusive, and needs more 

experimental and theoretical efforts to unravel. 

 

3.5 Conclusions 

In this chapter, the dynamics of the growth of a single, thinner domain during the process 

of thin film stratification is examined experimentally. IDIOM method is used to visualize and 

characterize the evolution the stratifying micellar film, while specially designed tracking scheme 

is used to track the movement and growth of a thinner domain. 

The radius of an isolated domain grows as 0.5R t  (Regime A), displaying a constant 

apparent diffusivity, in agreement with published studies. After the growing domain comes in 

contact with the Plateau border, the domain radii grows as R t  (Regime B), indicating the 
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contact line between domain and the thicker film moves at a constant velocity. This scaling 

transition is being reported for the first time. For isolated domain, a similar transition could occur 

with a topological instability at the contact line which leads to formation of white spots around the 

growing domain. When varying the surfactant concentration, the variation of the apparent 

diffusivity, D, in Regime A and the apparent contact line velocity, V, in Regime B are very 

different. While D increases monotonically with increasing SDS micelle concentration, the 

concentration dependence of V is non-monotonic. 

We show that a lubrication-based thin film hydrodynamics model, accounting for the effect 

of supramolecular structural oscillatory disjoining pressure, is promising in explaining the two 

distinct kinetic regimes of domain growth, the regime transition through topological instability or 

contact with Plateau border, and the concentration dependence of the apparent growth rates in both 

regimes. It shows that the formation, evolution and stability of the ridge formed around the 

growing domain is of critical importance. Ridge formation and stability, and hydrodynamics of 

domain growth in stratification of foam films will be the focus of the following chapters. 
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CHAPTER 4.  

FORMATION AND EVOLUTION OF A RIDGE DURING DOMAIN 

GROWTH IN STRATIFYING FOAM FILMS 

4.1 Introduction  

The dynamics and stability of stratifying foam film is closely linked to the formation and 

growth dynamics of thinner, darker domains within the thicker film, as demonstrated in the 

previous chapter. Upon examining the growth of a single domain, we concluded that the formation, 

evolution and stability/instability of a ridge adjacent to the thinner growing domain is directly 

involved in determining the growth kinetics and growth rate. Several authors [77,79]  have 

postulated that the liquid drained out from the expanding domain accumulates and forms a ridge 

surrounding the circular contact line between thinner domain and thick film. However, the 

experimental evidence of ridge formation remains indirect. Other authors [73,80] therefore argued 

that the domain expansion is more akin to a thermodynamic phase transition (condensation of 

“vacancies”), without considering the hydrodynamics of ridge formation. We intend to 

demonstrate the importance of the ridge formation, by experimentally detect and characterize the 

ridge, and model its shape and time evolution. 

More generally, in free surface flows, fluid often accumulates near the moving contact line, 

deforms the surface and forms a ridge or rim. Ridges are formed during growth of a dry patch 

when liquid dewets from a solid [200] or a liquid [222] substrate, or during growth of a hole in 

rupturing free standing liquid film [223]. The similarities in dynamics between liquid dewetting 

from a substrate and stratifying free-standing film were first recognized by de Gennes [82] and 

further mentioned by Brochard and Redon [178]. In the last thirty years, dewetting of supported 
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films with one solid-liquid interface has been a focus of extensive studies [167]. Experimental and 

theoretical studies on ridge formation and evolution during dewetting are found to be valuable for 

understanding pattern formation [189], contact line motion [224], intermolecular and surface 

forces [192], and rheological effects [225] in the flow in supported films. In contrast, little progress 

has been made in free-standing films. The characterization of ridge formation in free-standing 

stratifying film is proven rather challenging: due to lack of a solid substrate and shorter time scale 

(on the order of seconds) of the dynamics, some of the widely used techniques in polymer 

dewetting studies (e.g. AFM) are therefore not suitable. The newly-developed IDIOM protocol 

(presented in Chapter 2) has been shown to offer the required spatial and temporal resolution, in 

order to detect the nanoscopic ridge structures that spontaneously appear in stratifying micellar 

foam films (as shown in Figure 2.14a).  

In this chapter, we provide the first detailed experimental visualization and characterization 

of a ridge formed during domain expansion in free standing stratifying foam films made of 

surfactant micelle solution. Features of the nanoscale ridge shape, and dynamics of its development 

and instability are explicitly determined and examined. We develop a thin film hydrodynamic 

model based on lubrication approximation, incorporating the influence of supramolecular 

structural forces.  

We also investigate for the first time the onset and growth of topological instability within 

the ridge that leads to white spot formation. We experimentally resolve the thickness evolution 

and symmetry breaking of the ridge that occurs when the instability sets in. The instability leads 

to formation of white spots in the ridge that continue to grow over time, while other portions of 

the ridge is not perturbed by the instability.  Thickness variations of both the white spots formed 

and the remaining ridge are analyzed. The oscillatory nature of the supramolecular structural 



 

105 

disjoining pressure is found to have significantly role in the dynamics of the instability, and the 

evolution of the thinner domain, the ridge and the white spots.  

 

4.2 Methods 

The stratifying foam films are made with SDS micellar solutions in the thin film apparatus, 

and their thicknesses during stratification are profiled with the IDIOM protocols, as described in 

detail in Section 2.2. The porous plate film holding cell is preferentially used to conduct 

experiments on ridge detection and characterization, as it allows better control over the applied 

driving pressure. Additionally the porous plate thin film balance setup (shown in Figure 2.3) is 

used for measuring the equilibrium disjoining pressure using a pressure transducer. 

The direct disjoining pressure measurement mostly follows the procedure described by 

Dimitrova et al. [105], and is summarized here briefly. The pressure transducer (Omega, PX409-

001G5V) is directly connected to the liquid within the porous plate cell and monitors the pressure 

difference between the liquid thin film and the atmospheric pressure. Special care is taken to ensure 

no air bubble is entrapped in the connection to avoid error in pressure determination. After the 

foam film is formed by withdrawing liquid from the presoaked porous plate, the withdrawal is 

stopped to allow the film to evolve under fixed pressure, until a metastable film thickness is 

reached. The disjoining pressure at this equilibrium state can then be inferred from the measured 

pressure by: 

 c transP P g H       (4.1) 
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where transP  is the pressure measured by the pressure transducer, and ΔH is the liquid height 

difference between the transducer and the thin film. Careful measurement of ΔH is carried out 

before each experiment to accurately account for the hydrostatic pressure difference.  

The measurement of disjoining pressure is accompanied by the simultaneous measurement 

of the metastable film thickness by the IDIOM protocol. By varying the volume of liquid within 

the porous plate cell (and therefore the size of the thin film) using the syringe pump, the applied 

pressure is varied. The procedure allows us to map out the stable branches of the disjoining 

pressure isotherm  h . Due to the relatively small porosity of the plate (10-15 µm), the fluid 

flows inside are associated with considerable viscous drag during pressure change. The 

measurement is therefore only taken after the measured pressure is allowed to relax to a constant 

value. Typically a five minute waiting time after each pressure change is sufficient to ensure 

equilibrium. 

A slightly modified procedure is used for the characterization of ridge formation during 

domain growth. After a metastable film thickness is reached, instead of incremental changes in 

pressure, a continuous pressure ramp is applied until the thickness stepping takes place via domain 

nucleation and expansion. The ramp rate is kept low, by withdrawing liquid from the film cell with 

very small flow rate (on the order of µL/min). This procedure ensures that the thin film is kept 

near equilibrium until the onset of domain nucleation, and it improves the consistency of 

experimental results upon repetition. 
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4.3 Axisymmetric ridge shape and its evolution 

4.3.1 Equilibrium disjoining pressure measurement  

 

 

Figure 4.1 Equilibrium disjoining pressure measurement in stratifying foam film. (a) Oscillatory 

disjoining pressure isotherm,   vs. h, in 50 mM SDS solution. Experimental measurements are 

feasible only at discrete metastable thickness branches (h0, h1, h2), shown in hollow squares. The 

arrows show the pressures at which transitions from thicker to thinner branches take place. (b) 

Snapshots during the transitions between thickness branches. (c) Color coded thickness map of 

micrographs in (b), constructed using the IDIOM method. 

 

The disjoining pressure isotherm measured for a stratifying foam film made with 50 mM 

(~6×CMC) SDS solution is shown in Figure 4.1a. The contribution of oscillatory structural forces 

is evident after the film thickness h  reaches under about 60 nm. Four thickness steps are observed 

during the course of film stratification, and three stable branches of disjoining pressure are 

measured, when the driving force of drainage cP   is counter balanced by the disjoining pressure 

 . Experimentally, the disjoining pressure can only be accessed only when 0h     and 
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  35 Pach P    (minimum of cP  is set by the geometry of the porous plate cell) [123]. 

However the oscillatory nature of the supramolecular structural disjoining pressure can still be 

inferred by fitting the experimental data from the stable portions, as shown by the dash line. The 

damping oscillation period is found to be 13.0 nmh  , close to the stratification step size, 

13.5 nmh  , presented in Figure 2.7.   

At the pressure maxima of each stable branch, the film becomes unstable to thickness or 

pressure perturbations, and transition to the next stable branch occurs via nucleation and growth 

of a thinner, circular domain. The micrographs and corresponding IDIOM thickness maps are 

presented in Figure 4.1b&c. The applied pressure and film thickness at which the nucleation and 

growth of thinner domain occurs shows good repeatability, due to the well-controlled pressure 

ramp protocol.  

 

4.3.2 Ridge shape and evolution 

The growth of an isolated thinner domain during film stratification from thickness branch 

h2 to h1 is shown in Figure 4.2. With contrast enhancement to the micrographs, a “halo” is visible 

around the growing domain in Figure 4.2a. This indicates the formation of a ridge with slightly 

higher thickness outside the domain. The IDIOM method is used to resolve the film thickness with 

high spatial (measurement at every pixel with ~0.5µm/pixel, and thickness resolution of ~ 1 nm) 

and temporal (500 frames per second) resolution. A ridge is detected to form around the flat thinner 

domain. The thickness of the ridge exceeds the thickness of the surrounding film only by a few 

nanometers as shown in the color-coded thickness map in Figure 4.2b. This is the first piece of 

experimental evidence that quantitatively characterizes the ridge formation and growth 
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accompanying domain growth during foam film stratification. The ridge grows in both height and 

width over time, concomitantly with the expansion of thinner domain. At a later stage (shown in 

Figure 4.2b at t = 2.5 s), topological instabilities develop within the ridge region, leading to the 

formation of thicker white spots, or nanoscopic mesas (cf. Figure 2.14b).  

 

 

Figure 4.2 Domain growth and ridge formation during stratification. (a) Experimental montage of 

a growing domain during thickness transition from h2 to h1 under Pc ≈ 50 Pa. Time labeled 

indicates the time after the thinner domain emerges. (b) Thickness maps from using IDIOM 

method. The maps are cut open to show the cross-sections and the thinner domains inside.  

 

The detailed shape of the ridge and its evolution over time is shown in Figure 4.3. Here we 

first discuss only the shape and its evolution of the axisymmetric ridge before the topological 

instabilities. The film thicknesses are averaged circumferentially to obtain the ridge profile as 

thickness, h vs. the distance to the center of the growing thinner domain, r. 
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Figure 4.3 Time evolution of the axisymmetric ridge thickness profile, plotted as thickness vs. 

distance to the domain center. The time interval of successive profiles is 0.1 s. 

 

The thickness profiles, h vs. r, show that the thinner domain reaches a constant thickness 

quickly after initial nucleation, consistent with the observations from the micrographs and IDIOM 

thickness maps (Figure 4.2). The ridge forms and grows in size over the whole period of time as 

the nearly flat thinner domain expands out. The shape of the ridge remains relatively unchanged, 

showing significant asymmetry: the transition from the thinner domain thickness, dh , to the 

maximum ridge thickness, maxh ,  is much steeper than the transition from the ridge peak to the 

outside film thickness, h . A monotonic decay of thickness into h  is observed. In contrast,  the 

ridges formed during dewetting of supported films are often reported (e.g. by Seemann et al. [200]) 

to have thickness undershoots before merging into the outside unperturbed film.  
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It is worth emphasizing that the real foam films have two gas-liquid interfaces, and both 

deform during the domain growth process, as sketched in Figure 4.4a. Care is therefore needed 

when analyzing the thickness profiles measured in Figure 4.3, as the slopes and curvatures in the 

shown profiles originate from both interfaces. Also illustrated in Figure 4.4a, the ridge and domain 

geometry is in fact very “flat”: its lateral span is nearly three orders of magnitude larger than the 

vertical coordinate. The schematic of ridge profiles is drawn far off-scale.  

 

 

Figure 4.4 The shape and its evolution of the ridge formed around a growing domain. (a) A 

schematic representation of the ridge. (b) Time dependence of domain radius R and ridge width W, 

plotted in logarithmic scale. the solid line shows is slope of t0.5 scaling. (c) Time dependence of 

the thickness difference between outside film and thinner domain, dh h   , and the maximum 

thickness of the ridge, maxh h , plotted on a semi-logarithmic scale.  
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The dynamics of the ridge formation and evolution is characterized by following the 

thickness profile of the ridge frame by frame. Figure 4.4b shows the time dependence of lateral 

sizes of the domain and the ridge. The radius of the thinner domain, R, is found to be proportional 

to 
0.5t , in agreement with results in Chapter 3 (for Regime A) and previous reports [73,78]. The 

width of the ridge, W, is found to exhibit the same scaling exponent, i.e. 0.5W t . The width of 

the ridges formed during dewetting of polymeric films has been extensively characterized, and it 

determines the viscous dissipation, and the slippage length [173]. For free-standing stratifying 

foam films, the scaling for growth of the ridge width is determined here for the first time.  

The time-dependent thicknesses of the domain and the ridge is plotted in Figure 4.4c. The 

thickness of the thinner domain over time is reported with regard to the outside film thickness, as 

dh h   vs. t. The thinner domain is established relatively fast, within about 0.1 s after domain 

nucleation. After that the thickness of the thinner domain remains constant for the rest of the 

process. On the other hand, the maximum thickness of the ridge, maxh h , increases throughout 

the process, until topological instability takes place in the ridge. The ridge height growth 

deaccelerates over time, resulting in an apparent logarithmic time dependence, i.e. 

max logh h t  . The maximum relative thickness remains small ( max 5 nmh h  ) compare to 

the total thickness of the film (~50 nm). In contrast, much larger ridges (same order of magnitude 

as the film thickness) were observed in the context of dewetting [189,195,197,200]. The small 

ridges in stratifying foam film can be attributed to the disjoining pressure gradient inside the ridge, 

which reduces the fluid accumulation at the ridge apex and sculpts the much flatter, wider and 

asymmetric ridge.  
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The thickness profiles of the ridge shape can be integrated to obtain the volume of liquid. 

The following equations are used to track the volume drained from the thinner domain and the 

volume accumulated in the ridge:  

  
 

2ridge
R t

V r h h dr


     (4.2) 

  
( )

0
2

R t

domainV r h h dr      (4.3) 

The volumes are set to be relative to the initial flat film with thickness h . Figure 4.5a illustrates 

the regions in the thickness profile to which the two integrations are applied. The time evolutions 

of both volumes and their sum are shown in Figure 4.5b. The volume within the area of growing 

domain, domainV , decreases linearly with time, which is expected for a domain with uniform 

thickness expanding with 0.5R t  (or area A t ). More importantly, the volume inside the ridge, 

ridgeV , increases at approximately the same rate, and the total volume of the system is conserved 

during the domain expansion process. This result suggests that the expansion of the domain is 

indeed a local phenomenon, with outwards flux diminishing far away from the ridge. In explaining 

domain growth kinetic with the diffusive osmotic (DO) mechanism (discussed more in Section 

1.2.3 and 3.4), Kralchevsky et al. [73] argued for a non-local process that the domain grows due 

to a constant flux of “vacancy” from the outside Plateau border. This mechanism seems to be in 

contradiction with our experimentally observed local dynamics.  
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Figure 4.5 Volume conservation during domain expansion. (a) The rim profile obtained 

experimentally at t = 1.5 s. The color marked regions are integrated separately to obtain the fluid 

volume drained from the domain, domainV , and the volume accumulated in the rim, ridgeV . (b) 

The time dependence of domainV , ridgeV  and their sum.  

 

4.3.3 Thin film equation and scaling analysis of the ridge formation  

The ridge formed during domain expansion has an asymmetric, noncircular cross section. 

Such profiles imply that the Laplace pressure, which is proportional to the local curvature of the 

gas-liquid interface, is not uniform within the ridge. In fact, the shape asymmetry of ridge cross-

sectional profile is a manifestation of the balance between the thickness-dependent, long-range, 

oscillatory disjoining pressure and the curvature-dependent local Laplace pressure. 

To better understand the shape and evolution of the ridge, we develop a lubrication-based 

thin film hydrodynamics model for the formation of the ridge. In a free standing thin film with no-

slip boundary condition on both surfaces, the following equation describes the spatial and temporal 

change of the film thickness: 
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The equation is also presented in Section 3.4 as Equation (3.1). The two terms in the parenthesis 

of Equation (4.4) are the contributions from the Laplace pressure arises from the local surface 

curvature, and the disjoining pressure arises from the structural surface forces, respectively. Here 

η ≈ 1 mPa·s is the fluid viscosity (assuming water viscosity), σ ≈ 35 mM/m is the surface tension 

determined by pendant drop tensiometry, and the curvature of the film surface K is given by 
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 denote differentiation. The factor 0.5 comes from the two air-

liquid interfaces in the system (as showing in Figure 4.4a). The approximation is applied due to 

the small slopes in the thin film, i.e. 0rh  .  

The following dimensionless quantities are introduced to Equation (4.4) for scaling 

analysis: 

 , , , 
h r t

h r t
h L  


    
 

  (4.6) 

Here we choose the period of oscillatory disjoining pressure h  to scale the thickness of the film, 

and a characteristic length scale L  in the r-direction, whose magnitude will be discussed in the 

following section. The time is scaled by a stretched visco-capillary time scale, 
324 L   , in 

which the small parameter, h L   , is the geometrical aspect ratio. This time scale is often used 
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in capillary-dominated thin film flows [145]. The disjoining pressure,  h , is scaled by the 

disjoining pressure of the unperturbed surrounding film,  h   . Since the outside film 

remains at an equilibrium thickness during the domain expansion and ridge formation, the 

disjoining pressure there remains balanced by the applied capillary pressure, cP . Therefore 

experimentally   can be estimated by the measurable applied pressure, i.e. cP  . Combining 

Equation (4.4), 4.5 and (4.6), the non-dimensionalized form of thin film equation is:  

 3 31 1
0rrhh

rh rh
t r r r r r r

      
     

      
  (4.7) 

Where the dimensionless number 
22L

h


 


 compares the disjoining pressure ( ~  ) with the 

Laplace pressure contribution (
2~ 2h L ).   has some similarities to a Schedluko’s number 

[226], 
26

HA
S

L
  , which is equivalent to   when the disjoining pressure is dominated by van der 

Waals interaction (with HA   being the Hamaker constant). In such case, the disjoining pressure 

scales as 3~ 6vdw HA h   , which leads to 
4

2 43
2

HA L h S


   . In the present study 

however, the supramolecular structural oscillatory forces make dominant contribution to the 

disjoining pressure.  

  can also be viewed as the comparison between the experimental length scale and a 

critical length:  
2

cL L  , where critical crossover length scale is given by  



 

117 

 
2

cL
h






 

  (4.8)   

which is resulted from the balance of Laplace and disjoining pressure. For small ridge features 

where cL L , we have 1 , and the shapes are controlled by Laplace pressure. Larger features 

( cL L ) are instead controlled by disjoining pressure. In the present study, using value 

13 nmh  , 50 PacP   , and 35 mN/m  , the critical length scale is found by Equation 

(4.8) to be 2 μmcL  .  

 An alternative way for nondimensionlization is to use a disjoining pressure scaled 

characteristic time,  212     . The two choices of time scale is related by the dimensionless 

number  , i.e.  
2

cL L    . The thin film equation non-dimensionalized with   then 

becomes: 

 3 31 1 1
0rrhh

rh rh
t r r r r r r

      
     

       
  (4.9) 

Equation (4.9) is equivalent to Equation (4.7), with the dimensionless parameter 1   in front of 

the Laplace pressure term. The choice of characteristic time scale does not affect the results of 

further scaling analysis.  

 

4.3.4 Asymptotic solutions of the ridge 

Due to the extremely asymmetric ridge cross-sectional shape, as shown in Figure 4.3, the 

choice of r-direction length scale L  vary for the build-up part of the ridge from the thinner domain 
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to the peak of the ridge, and for the leeward part of the ridge from the ridge peak to the outside 

unperturbed film. The ramification of this length scale separation is rather remarkable: comparing 

to the critical length scale 2 μmcL  , in the build-up part the ridge the characteristic length scale 

is close to 1 μm cL L  . In the leeward part of the ridge, the length scale is much larger, 

10 μm cL L . In addition, the characteristic time scale   also vary significantly with L, from 

3

24
0.25 s

L



   in the build-up part, to 32.5 10  s    in the leeward part. These differences in 

length and time scales suggest two asymptotic cases of the ridge profile, which lead to differences 

in ridge shape and its evolution. Indeed, we find that the experimentally resolved ridge thickness 

profiles have different time-dependent properties on either side.   

The build-up part. In this part of the ridge, cL L  and 0.22 ~1 , indicating that both 

Laplace pressure and disjoining pressure are involved in the dynamics. The characteristic time 

scale 0.25 s   is smaller than the experimental observed time scale of domain expansion (on the 

order of seconds). This implies the shape of the ridge in the build-up part should approach a long-

time quasi-steady state solution, where the time dependent h t   term from Equation (4.4) can be 

neglected. After integrating twice with a flat thinner domain boundary conditions 0( 0)h r h  , 

 0 0rh r   , Equation (4.4) becomes:  

 d     (4.10) 

where  d dh    is the disjoining pressure in the flat thinner domain. Equation (4.10) 

resembles the augmented Young-Laplace equation, which is used to study equilibrium shape 
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profiles of deformable bubbles, drops, thin films, and three phase contact lines on a wetted solid 

surface [151,221].  

In Figure 4.6, the thickness profiles in the build-up part of the ridge fall onto a single line 

when shifted to h h  vs. r R . The experimental results show that though the maximum height 

of the ridge increases over time, a constant contact angle between the thinner domain and the ridge 

is maintained during the domain expansion. The angle is measured to be 2φ = 0.2 ± 0.1°, where 

the factor 2 is introduced to account for the two gas-liquid interfaces. This contact angle can be 

derived from the solutions of Equation (4.10) [221,227], as well as from thermodynamics using 

the Gibbs–Duhem equation [120,228], and it is closely related to the thickness-dependent surface 

energy of the thin film. 

 

 

Figure 4.6 The build-up part of the ridge profiles plotted as h h vs. r R . By the lateral shift 

the profiles, it shows that the build-up part of the ridge shape remain unchanged during domain 

growth. 
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The measurement of the contact angle between stratification layers is sparse and often 

indirect in the literature [73,76], due to its small value and dynamic nature. Our results agrees these 

indirect measurements, but come from a more direct approach of measuring spatial variations of 

film thickness. A more quantitative comparison between experimental measurements and solution 

of Equation (4.10) is presented in the next chapter. 

The leeward part. For this side of the ridge, where the thickness decays slowly to the 

outside unperturbed film thickness, we have cL L  and 22 1 . The characteristic time 

scale is 33 10  s   , much larger than the experimental time scale. These estimations indicate that 

the leeward part of the ridge shape is time dependent, and the flow is mainly driven by the 

disjoining pressure, while the contribution from Laplace pressure (the second term in Equation 

(4.7)) can be neglected. The Equation (4.4)  then becomes:  

 31
0

12

h d h
rh

t r r dh r

    
  

   
  (4.11) 

Upon inspecting Equation (4.11), we can treat it as a diffusion equation in cylindrical 

coordinates, with an effective diffusivity that depends on the film thickness and disjoining pressure 

isotherm:  

  
3

,
12

eff eff

h d
D D h

dh


      (4.12) 

The effective diffusion equation with the diffusivity in a power-law form of 

 m

eff effD D h  has been widely discussed, in the context of thin film hydrodynamics (mainly 

spreading or dewetting) [83]. The integer power m varies for specific problems, e.g. m = 2 for 
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Navier-slippage-dominated thin film flows. The particular example of free standing films 

involving supramolecular structural disjoining pressure received little or no attention. Here we 

show that Equation (4.11), with appropriate boundary conditions for the presented domain 

expansion process, leads to a self-similar thickness profile in the leeward part of the ridge. With 

zeroth-order approximation to the effective diffusivity, the equation can be also solved analytically 

to give an asymptotic solution. 

The diffusion problem involves a moving boundary around the growing thinner domain. 

This boundary condition is similar to that found in heat transfer problems involving phase 

transition, specifically at the phase changing front. In this problem, we have shown in Figure 4.5 

that the fluid volume inside the ridge increases at the expense of the liquid volume removed from 

the growing thinner domain, i.e. 

 ridge domainV V     (4.13) 

The two volumes are obtained using Equation (4.2) and (4.3). The integration in Equation (4.3)

can be simplified by assuming the growing thinner domain has a constant uniform thickness dh . 

Experimental observations indicate that this assumption is valid except during the very early stage 

of domain growth (t  < 0.1 s, see Figure 4.4c). The volume change within the thinner flat domain 

then becomes: 

    
2

domain dV R t h h     (4.14) 

Recalling that the radius of the thinner domain follow 0.5R t  in this regime (see Figure 4.4b), the 

integral boundary condition Equation (4.13) can then be rewritten as: 
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    1,
Dt

r h r t h dr C t


    (4.15) 

Where  1 2dC h h D    is a constant, and 
2D dR dt  is the growth rate of the thinner 

domain. The linear time dependence of volume within the ridge is in agreement with experimental 

results in Figure 4.5b. 

The other boundary condition is given by flat unperturbed film far away from the ridge, i.e.

 h r h  . And the initial condition is  0h t h  . 

We now assume a similarity solution to Equation (4.11) in the form of    

    , ,  where  h r t h t f r t       (4.16) 

Here ξ is the similarity variable. Combining Equation (4.15) and (4.16) results in: 

  
0

2 1

1 Const.t f d C 


  


      (4.17) 

Where the lower integration limit is 

11

22
0 D t




 

 
  . To keep Equation (4.17) time independent 

requires 1 2 0   and 2 1 0    , thus 1 2   and 0  . The similarity variable then 

becomes:  

 
1 2r t    (4.18) 

By substituting in Equation (4.18) to Equation (4.11), we obtain: 

 
1

0
2

eff

dh d dh
D

d d d




   

 
  

 
  (4.19) 
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Equation (4.19) is indeed independent on r and t. The solution to the diffusion equation is therefore 

self-similar in the form of    1 2,h r t h f r t  ,  regardless of the form effD  takes, 

Equation (4.19) can be solved analytically if a zeroth order approximation is made for the 

diffusivity, assuming the diffusivity is a constant within the, i.e.  
3

12
eff eff

h h

h d
D D h

dh








   . 

This approximation is justified since the thickness in the ridge does not significantly deviate from 

the outside film thickness h . The solution then reads: [229] 

 
 

2

d

c

h h r
h h Ei c

Ei c e c Dt


 

 
    

   
  (4.20) 

where function ( )
u

x

e
Ei x du

u





   is the exponential integral function, and c is a dimensionless 

parameter 
32

34 h heff

D dhdR
c

dtD dh







   .  

The same approximated solution to the ridge shape is also obtained by Heinig et al. [77] in 

studying the domain growth dynamics during stratification with polyelectrolyte-surfactant mixture. 

However, Heinig et al. [77] provided the approximated solution without experimental ridge 

characterization and scaling analysis for the full thin film hydrodynamic Equation (4.4). They 

assumed the local curvature induced Laplace pressure to be negligible. As a result, the shape and 

evolution of the build-up part the ridge is not discussed, and the transition from thinner domain to 

the ridge peak is approximated by an instantaneous thickness jump from dh  to maxh  at r R  (as 

sketched in Figure 2 in ref [77]). The value of maxh  from their solution is then time-independent, 

inconsistent with our experimental observed logarithmic ridge growth (shown in Figure 4.4c).  In 
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addition, they prescribed the self-similarity of ridge shape without proper justification, while we 

here provide the derivation in Equation (4.16)-(4.19). 

The self-similarity of the ridge profiles is confirmed with experimental results by plotting

h h  vs.  
1/2

r Dt ,  as shown in Figure 4.7. The leeward part of the thickness profiles from all 

time collapse into a single line. Deviation is found in the very early stage (t < 0.1s), perhaps due 

to the fact that the thinner domain has not been fully established, which is consistent with the 

thickness evolution shown in Figure 4.4c.  

 

 

Figure 4.7 Rescaled ridge thickness profiles plotted as h h  vs.  
1 2

r Dt . Solid black line 

shows the fit from Equation (4.20) to the leeward part of the rescaled profiles. 
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In order to compare the analytical solution given by Equation (4.20) with the 

experimentally resolved ridge profiles, we obtain values 9.0 nmdh h    and 
2206 μm /sD   

directly from the experiments (see Figure 4.4b&c), and set c as the sole fitting parameter to fit the 

leeward part of the rescaled ridge profiles to Equation (4.20). In Figure 4.7, the solid black line 

shows a very good fit to the leeward part of all ridge profiles, with fitting parameter c = 0.35. The 

value of c can also be estimated through its definition 
3

3 h h

h d
c D

dh







  . Here the outside film 

thickness 43 nmh  , and the first order derivative of disjoining pressure can be estimated as 

15 
0.25

Pa/nmc

h h

Pd

dh h



 


. c then turns out to be ~ 0.52, larger than the fitted value of 0.35. 

This slight discrepancy can be attributed to the high order terms of effD  , inaccuracy in estimating 

h h

d

dh



 , or possible small contribution from the neglected Laplace pressure.  

 

4.3.5 Discussion 

We have shown experimentally for the first time, that an axisymmetric ridge, with small 

thickness (several nanometers), large width (tens of micrometers) and asymmetrical cross section, 

is formed around the growing thinner domain, during the process of domain expansion in 

stratifying foam films. The liquid that drains out of the thinner domain accumulates in the ridge. 

The width of the ridge exhibits time dependence same as the domain radius, i.e.   
0.5,  R W t . In 

the build-up part of the ridge, i.e. the side facing the flat thinner domain, a constant contact angle 

is established and maintained at ~ 0.2° throughout domain expansion. In the leeward part, where 
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the ridge thickness decays to the outside film thickness h , the ridge profiles are found to be self-

similar (  1 2h h f r t   ). The shape and dynamics of the ridge is modeled using lubrication-

based thin film equation (Equation (4.4)), which considers both Laplace and supramolecular 

structural disjoining pressure driving the flow. Through dimensional analysis, the experimentally 

observed ridge shape and evolution is captured by the asymptotic solutions. The leeward part of 

ridge is well fitted by an analytical solution of the model obtained with zeroth order approximation. 

Our results strongly supports the theory that the domain growth dynamics in stratifying foam films 

are modulated by the formation and evolution of the ridge, while the diffusive osmotic mechanism 

[73] fails in accounting for the existence of such ridge. 

We now compare the experimental findings with the existing models that predict ridge (rim) 

formation in stratifying foam films. Bergeron et al. [79] proposed the “hole sheeting” 

hydrodynamic model and numerically solved it to obtain the evolution of thinner domain and the 

ridge. Bergeron et al. [79] predicted that a second maxima manifests itself in the ridge profile at 

late stage of domain expansion (see Figure 1.6), and leads to instability of ridge and formation of 

white spots. However, a thickness profile with a clear second maxima is not observed in our 

experimental results, even right before the white spots emerge. The disjoining pressure isotherm 

used in their hole sheeting model included van der Waals, electrostatic and structural oscillatory 

contributions, but the parameters for calculation are chosen rather arbitrarily, therefore might not 

reflect the real disjoining pressure. Their model also included a drainage flux from the film to the 

surrounding Plateau border, i.e. the surrounding film outside the growing domain is not assumed 

at equilibrium, and having constant thickness h , but rather evolving over time. 
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The other “rim formation” model of is proposed by Heinig et al. [77], in order to explain 

the domain growth dynamics in stratification in films made with surfactant-polyelectrolyte mixture. 

The governing equation of this model neglects any Laplace pressure contribution to the dynamics, 

hence is identical to Equation (4.11). As a result, they reached the same approximated analytical 

solution as Equation (4.20). However the shape and dynamics of the build-up part of the ridge, 

where the surface curvature induced Laplace pressure is non-negligible, are not captured. An 

instant thickness jump from thinner domain thickness dh  to the maximum ridge thickness maxh  is 

assumed at r R , instead of a small apparent contact angle (~ 0.2°) observed experimentally.    

The ridge shape resolved here in stratifying foam film is also compared to the ridge (liquid 

front, rim) formed in liquid dewetting from a solid substrate. Though similarities in the thin film 

geometry and underlying physics are recognized (see review in Section 1.5), many unique features 

are observed in ridges in stratifying foam films: (i) it is small in thickness (serval nanometers) and 

relative to that, large lateral width (serval tens of micrometers); (ii) the shape of the ridge is 

asymmetric with non-circular cross section, and the thickness decay into the outside film thickness 

is monotonic; (iii) the radius of the domain and the width of the ridge grows as 
0.5,R W t . In 

comparison, the ridge in the dewetting case often has larger thickness (more than 100 nm), and has 

circular cross section. When the Laplace pressure is dominating the dynamics, Seemann et al. [200] 

shows that the ridge shape follows a “travelling wave” solution, and the ridge merges into the 

outside film with an undershoot trough. During dewetting, the radius of dry patch (analogous to 

the thinner domain grows linearly with time [178,230].  

Asymmetric ridge shape can arise during dewetting of polymeric films, but they are 

typically results of slippage [173], non-linear friction between film and substrate [231], rheological 
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effect of the dewetting fluid [195],  or presence of residual stresses in polymer film [197]. In the 

stratifying foam film, the film is free of a solid substrate, and is made from Newtonian solution. 

Therefore none of the slippage or rheological effects are responsible to the observed asymmetrical 

ridge shape, as well as the unique square root time dependence of domain radius and ridge width. 

The supramolecular structural oscillatory disjoining pressure plays a crucial role in shaping the 

ridge and determining its growth dynamics. While models for thin film dewetting are developed 

to include effects of several types of surface forces (mainly van der Waals and/or electrostatic 

repulsion interactions) [146,190,192], the oscillatory structural component is absent in these 

studies. Given the rich and diverse pattern formation resulted in the surface forces [188,191], it is 

not surprising that the presence of structural oscillatory forces greatly alters the shape and 

evolution of the ridge in the present study. 

One of the challenges in modeling liquid spreading/dewetting dynamics is the stress 

singularity at the moving contact line [165,166], which has to be alleviated through “precursor 

film” that pre-wets the solid substrate, or local surface slippage at the contact line region [144].  In 

the case of stratifying foam films, this singularity is absent since there is no well-defined solid-

liquid-gas three phase contact line. The contact line present is between different thicknesses of the 

same liquid (thinner domain and the ridge). In fact, the thinner domain can be viewed as equivalent 

to a precursor film whose thickness is determined by the oscillatory disjoining pressure.  The well-

defined, measurable thickness of the thinner domain makes stratifying foam film a potentially 

useful model system for studying precursor film-based hydrodynamic models.  

Overall, the dynamics of formation and growth of the axisymmetric ridge during domain 

expansion in stratifying foam films are valuable not only in the context of foam stability and 

lifetime, but also helpful in better understanding of thin film hydrodynamics, contact line motion 
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and the underlying surface forces. Our experimental characterization of the ridge provides 

unprecedented details of its shape and evolution, which are not available to the existing models 

[77,79]. A more detailed and careful analysis, based on Equation (4.4) and explicitly includes the 

effects of supramolecular structural oscillatory disjoining pressure, is needed for fully understand 

the dynamics. Efforts and progress made in this direction is presented in the next chapter.   
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4.4 The ridge after topological instability 

4.4.1 Formation of white spots within the ridge 

 

 

Figure 4.8 Formation of white spots. The thickness h is plotted against distance to the domain 

center, r, and the rotation angle, θ. The process starts with ridge protruding into the outside film, 

before thicker circular region develops adjacent to the domain contact line. 

 

As the ridge grows in width and thickness over time, topological instability can develop 

within the ridge and eventually form much thicker white spots (mesas). In Figure 4.8, the growth 

of white spots is demonstrated by plotting the spatial distribution of thickness  ,h r   obtained by 

IDIOM protocol against the polar coordinates r and θ. Several intriguing features are observed, 

and reported in the context of the topological instability for the first time:  
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(i) During the formation and growth of white spot, the contact line between the thinner 

domain and the ridge are intact and remain circular (appear straight in the rθ-

coordinates). This is in contrast with typical ridge (rim) instabilities observed in 

spreading/dewetting liquids [178,225,232], where the contact line is significantly 

deformed and the thicker spots (drops) eventually detach from the contact line and 

get left behind in the thinner(dry) patch.  

(ii) Before white spots become visible in the micrographs (at t ≈ 2.5 s), the ridge is 

already deformed. In particular, as shown by the dash line in Figure 4.8a, the ridge 

starts to deform by protruding into the seemingly flat surrounding film. No periodic 

undulation is observed, the deformation is concentrated at the site where the first 

white spot forms later. 

(iii) The white spots (the thicker circular regions) are formed without spatial periodicity 

or temporal simultaneity. 

(iv) The ridge does not break down when white spots are formed, it gets deformed only 

at locations occupied by a white spot. 

Indeed observations (iii) and (iv) show that the white spot formation cannot be attributed to the 

breakdown of the ridge through Rayleigh-type instability [76,79].  

The detailed time evolution of the thickness within the ridge is illustrated in Figure 4.9, by 

plotting the maximum thickness in the ridge (and white spots), maxh , as a function of θ and t. The 

“fingers” in Figure 4.9 show the formation of white spots, how they grow in lateral size and 

thickness over time, as well as their movement along the domain-ridge contact line and eventual 

coalescence. It’s also worth noting that the unperturbed region in the ridge, i.e. locations where no 
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white spot is developed (marked in the white rectangle in Figure 4.9), the ridge shape is preserved 

throughout the domain expansion process. This region can therefore be used in characterizing 

dynamics of the remaining ridge after topological instability, the results of which are shown in the 

next section.  

 

 

Figure 4.9 Time and spatial evolution of maximum thickness maxh  within the ridge region. maxh  is 

shown by the color coding and plotted against time t and rotation angle θ. The formation of much 

thicker white spots over time appears as fingers in the plot. The thickness evolution of two white 

spots and one unperturbed ridge region, within the dash rectangles, are followed in Figure 4.10&11.  

 

We first focus on the growth of white spots. The maximum thickness within the white spots 

is tracked for two different white spots, marked in black and red dash line in Figure 4.9. The time 
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dependences of maximum thicknesses within in the marked regions are plotted in Figure 4.10. 

Both regions showed three growth regimes, and remarkably, the transitions between the three 

regimes correspond very well with the stable/unstable transition of the oscillatory disjoining 

pressure isotherm  h . The isotherm is obtained through equilibrium pressure measurement and 

is fitted with a damped oscillation function is Figure 4.1a. The fitting result is replotted in Figure 

4.10 as h vs. Π for better comparison with the thickness of growing white spots. During the ridge 

and white spots formation, initially the axisymmetric ridge is developed, and h  slowly increases 

as the ridge grows. h  in this regime stays in the stable branch of disjoining pressure isotherm, 

where 0h   . Once the critical thickness is reached, h  enters the unstable ( 0h   ) 

portion of the isotherm. Instability is developed in the ridge, and h  rapidly increases, forming the 

thicker white spots. The rise in h  slows down significantly, after it again enters the stable branch 

of disjoining pressure. The white spots continue to grow, since the magnitude of disjoining 

pressure becomes much smaller after one complete oscillation, and other driving forces (e.g. 

Laplace pressure) may become more significant. 

The quantitative characterizations of the white spots formation and their evolutions, 

strongly point towards a mechanism in which disjoining pressure variation within the ridge is the 

dominating cause of topological instability and white spot growth. The inclusion of oscillatory 

disjoining pressure is essential for better understanding the dynamics within the ridge before or 

after the topological instability.  
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Figure 4.10 Time dependence of maximum thickness in two white spots, maxh . The evolution is 

corresponded to the disjoining pressure isotherm obtained by fitting equilibrium measurement 

(Figure 4.1(a)). The initial ridge goes through instability (indicated by rapid thickness increase) 

when its thickness enters the unstable region of the disjoining pressure isotherm.  

 

4.4.2 Evolution of the remaining ridge after instability  

Both Figure 4.8 and Figure 4.9 illustrated that the ridge surrounding the expanding domain 

does not break down completely after topological instability has taken place. We here characterize 

the changes in shape and evolution of the remaining ridge, with the presence of much thicker white 

spots. 
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Figure 4.11 Distribution of change in liquid volume in different part of the domain growth 

geometry. The dash line shows the time of topological instability and white spot formation. 

 

Extending the integral approach discussed in 4.3.2 in context of axisymmetric ridge (shown 

in Figure 4.5), the distribution of liquid volume drained from the growing thinner domain is tracked 

by directly integrate the IDIOM thickness maps. Since the pixel resolution of the micrographs 

from our image system is 0.5 µm/pixel, the liquid volume in one pixel area is given by 0.25 µm2 × 

h. The pixel volumes then get summed up for different regions distinguished through thickness 

thresholding and image edge detection. The time dependence of liquid volume in each part is 

shown in Figure 4.11. Before the onset of visible topological instability (marked with the vertical 

dash line at t ≈ 2.5 s), the plot is similar to Figure 4.5b, and the liquid drained out from an expanding 

domain all accumulates in the axisymmetric ridge. The white spots are absent and occupy zero 

volume. After the topological instability, the growth of the thinner domain (hence the volume 

drained from it) accelerates, and the volume in the white spots grows rapidly. However, the drained 
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liquid does not completely flow into the white spots: the volume of the ridge still increases. 

However the increase in volume is not due to the cross-sectional growth of the ridge, rather the 

expansion of the thinner domain ( R t ) increases the radius the ridge. In fact, the cross-sectional 

shape of ridge stops changing after the topological instability. 

The ridge shape evolution before and after the topological instability is summarized in 

Figure 4.12, by characterizing the ridge region of –π < θ < -2.8 (marked in white dash line in Figure 

4.9), which remains unperturbed by the formation of white spots. The growth kinetics of the thinner 

domain switches from 0.5R t  to R t  scaling (Figure 4.12a) with the topological instability, 

consistent with results in Section 3.3.3. After the instability, the ridge stops growing and its shape 

becomes unchanged over time, as show in Figure 4.12b by plotting the thickness profiles as h h  

vs. r R . Both the width (Figure 4.12c) and the maximum thickness (Figure 4.12d) of the ridge 

change their growth kinetics (i.e. 0.5W t , max logh h t   ) at the onset of the topological 

instabilty, and become constants afterwards. The experimental results in Figure 4.12c&d apprear 

to fluctuate more than the results from the axisymmetric ridge (e.g. Figure 4.4), due to that only 

the small region (~ 0.3 rad) of thickness data is taken into analysis.  

 



 

137 

 

Figure 4.12 Evolution of the remaining ridge after topological instability (Marked in white 

rectangle in Figure 4.9). (a) Domain radius vs. time, the scaling changes from 0.5R t  to R t  

onset of instability. (b) the shifted thickness profiles of the ridge, h h  vs. r R . The ridge shape 

stops growing after the instability. (c) Ridge width vs. time. It stops growing after instability. (d) 

Maximum thickness of the ridge vs. time. It also stops increasing after instability.  

 

The Regime A domain growth kinetics ( 0.5R t  for domain radius) is a result of the 

diffusion-like growth and expansion of the axisymmetric ridge, and when the kinetics transition to 

Regime B ( R t  for domain radius), the ridge shape stops further growing and no longer controls 
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the dynamics of domain growth. These experimental observations are consistent with the 

discussion on domain growth kinetics in Section 3.4. Indeed, the majority of the drained liquid 

from the expanding thinner domain flows into the white spots, and their growth is influenced by 

oscillatory disjoining pressure isotherm. The ridge does not disappear after topological instability, 

nor does the thickness and width of the ridge show any detectable spatial or temporal undulation. 

These observations show that the white spot formation is not resulted from breakdown of the ridge 

through Rayleigh-type instability. 

 

4.5 Conclusions 

In this chapter, we experimentally visualize and characterize the ridge formed around a 

growing thinner domain during stratification of micellar foam film, using the IDIOM protocol. 

The nanometer sized ridge is detected and analyzed in detail for the first time, thanks to the high 

spatial and temporal resolution achieved through the imaging system and IDIOM protocol. 

An axisymmetric ridge is formed during the domain growth initially. The cross-sectional 

shape of the ridge is found to be highly asymmetrical, with a sharp build-up from the thinner 

domain thickness to the maximum ridge thickness, and a slow decay from the maximum to the 

outside unperturbed film thickness. The width of the ridge has the same time dependence as the 

radius of the thinner domain, i.e. 
0.5,R W t , while the maximum thickness shows an apparent 

logarithmic growth. Through scaling analysis to lubrication-based thin film equation, two types of 

asymptotic behavior are recognized for different parts of the ridge profile. The build-up part of the 

ridge shape is time independent, with a constant contact angle between thinner domain and the 
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ridge directly measured to be ~ 0.2°. The leeward part of the ridge shows self-similarity, and can 

be fitted by an approximated analytical asymptotic solution.  

After the topological instability, white spots (much thicker circular regions) develop within 

the ridge area and change the domain growth kinetics to Regime B. The ridge, however, does not 

break down through the instability, instead its growth in width and thickness cease after instability. 

On the other hand, the formation of white spots is found unlikely to be through Rayleigh-type 

instability of the ridge, but rather driven by the non-monotonic shape of the supramolecular 

structural disjoining pressure. The oscillatory nature of the disjoining pressure leads to rapid 

thickness jump during white spot growth, the range of which correspond to the unstable region of 

the disjoining pressure isotherm.  

The characterization of ridge formation and growth in foam film stratification, yields 

critical insights into the dynamics and stability of foam films, and the effect of supramolecular 

structural forces.  Hydrodynamically, analogies are drawn to the ridge (rim) observed at liquid 

front of thin film dewetting from a solid substrate. However owing to the unique geometry and 

surface forces involved in stratifying foam films,  it also provides new perspective to 

hydrodynamics of free surface flows, in particular, the contact line motion, the precursor film 

model, and the instabilities not only induced by capillarity, but also involves the surface forces or 

disjoining pressure. 
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CHAPTER 5.  

MODELING OF THE RIDGE FORMATION AND GROWTH DURING 

DOMAIN GROWTH IN STRATIFYING FOAM FILMS  

5.1 Introduction 

 Stratification of micellar foam films involves nucleation of thinner domains that grow at 

the expense of thicker surrounding film. The formation and growth of the ridge around the 

expanding thinner domain is characterized experimentally for the first time in this study, as 

described in the previous chapter. The ridge growth displays two regimes: formation and growth 

of axisymmetric ridge in Regime A, and topological instabilities and white spot (mesa) formation 

in Regime B. Before the topological instability sets in, the axisymmetric ridge displays the 

following features captured for the first time using IDIOM measurements: a highly asymmetric 

cross-sectional profile, small thickness (< 5 nm maximum thickness difference from the 

unperturbed film), and time dependence of 
0.5,R W t , max logh h t  . All of these features are 

distinct from the ridge shapes typically observed in thin films dewetting from solid substrates. 

Moreover, the ridge evolution can be described by a quasi-steady-state evolution in the build-up 

part, and a self-similar profile in the leeward part. The shape and dynamics of the ridge are 

modulated by the oscillatory nature of the underlying supramolecular structural disjoining pressure. 

In Section 4.3.3, we described a lubrication-based thin film hydrodynamics model, and shown that 

the asymptotic behavior of the ridge profile can be predicted by scaling analysis. In this chapter 

we carry out a detailed investigation of the thin film equation, including the influence of oscillatory 

supramolecular structural disjoining pressure, and numerically solve the equation for the domain 

growth process in and the associated axisymmetric ridge formation.   
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The driving pressure of the film thickness evolution is the combination of disjoining 

pressure and Laplace pressure induced by local curvature of the gas-liquid interfaces. While 

extensive research has been carried out on the role of disjoining pressure originated from van der 

Waals and electrostatic interactions in thin film flow and instabilities, the effect of structural 

oscillatory disjoining pressure on the hydrodynamics of stratifying foam films remains elusive, 

particularly for charged supramolecular structures (e.g. ionic micelles). In this chapter, we describe 

a comprehensive model for estimating the oscillatory disjoining pressure isotherm in thin films 

containing ionic micelles. This semi-empirical model provides an explicit formula for  h , 

which is then included in the thin film hydrodynamic model. 

The hydrodynamics of thin films depends greatly on the boundary conditions used for the 

two interfaces [84] (see Section 1.5.2). In the case of stratifying micellar foam films, the 

conventional wisdom has been to apply no-slip boundary condition on the gas-liquid interfaces, 

given that high surfactant population on the interfaces immobilizes them significantly [79,95,104]. 

No-slip condition is also used in deriving thin film hydrodynamic equations presented in the 

previous chapters, e.g. Equation (3.1) and Equation (4.4). In this chapter, we examine the proper 

boundary condition for the gas-liquid interfaces in stratifying foam films in detail. We compare 

the ridge shape formed during domain growth, with three different interface condition: no slip, no 

stress [130] and surfactant-laden [179]. We find the no-slip boundary condition to predict the 

identical ridge shape as the surfactant-laden model, demonstrating the validity the no-slip 

condition.     

By combining the thin film hydrodynamic model and the disjoining pressure isotherm, we 

numerically resolve the dynamics of domain growth and ridge shape formed during film 
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stratification, and perform extensive comparisons between the numerical solution and 

experimental observations. We also validate the asymptotic solutions obtained by scaling analysis 

presented in Section 4.3.3 and 4.3.4, and discuss the concentration and thickness dependence of 

the ridge shape and the domain expansion. The model for axisymmetric ridge is also extended to 

study the topological instability and the formation of 1D “white spots” numerically. The 

experimentally observed the growth dynamics after instability of the ridge, white spots, and the 

domain, are captured by the 1D hydrodynamic model. We anticipate that the comprehensive 

theoretical framework that combines the thin film thermodynamics and the hydrodynamics will 

lead to deeper understanding of the rich and complex dynamics in stratifying foam films, and in 

thin film flows in general.    

 

5.2 Model and numerical methods  

5.2.1 Thin film equation 

The thin film hydrodynamics equation is derived from Navier Stokes equation and 

continuity equation, using lubrication approximation. A detailed derivation is given in Section 1.5. 

In the case of the stratifying foam film, the thickness profile ( , )h r t  near an axisymmetric growing 

domain is given by: 

  
1

0
h P

rM h
t r r r

   
  

   
  (5.1) 

This equation is a more general form of the thin film equation presented in Section 4.3.3 as 

Equation (4.4). Here M(h) is the mobility function that is related to the boundary conditions on the 

two gas-liquid interfaces. Various possible boundary conditions for the free surface and their 
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ramifications are reviewed in detail in Section 1.5.2. In the present case of thin (h < 100 nm) foam 

films made with concentrated surfactant solution (> 5×CMC), we mainly consider the assumption 

that the interfaces are immobile and apply no-slip boundary conditions, which leads to: 
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12

h
M h


   (5.2) 

The immobile interface is a reasonable assumption for micellar solutions, given that the air-liquid 

interfaces are densely populated by surfactant monomers. Experimental and theoretical efforts 

were made to more accurately account for the stresses on the interfaces, by including surfactant 

adsorption/desorption and surface diffusion [148,179], surface viscoelasticity [180,233], and ion 

transfer in charged surfactant system [184,187]. The immobile surface assumption, however, has 

been widely accepted in modeling the foam films made with solution over CMC that exhibit 

stratification [77,79,104], and the assumption has shown reasonable agreement with drainage 

experimental results [186]. We here use the no-slip condition as the starting point, while for the 

sake of completeness, the effect of varying boundary conditions are discussed on the resulting 

model predictions of domain growth and ridge formation.   

The driving force of the domain growth is the gradient of pressure P r  , which includes 

two contributions: the Laplace pressure varying with the local interface curvature, and disjoining 

pressure varying with local film thickness:  

 

  P h     (5.3) 
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Where the curvature,  , is calculated with Equaiton 4.5. And the disjoining pressure isotherm is 

assumed to take a damped oscillation form:  

    
 0 0
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2 ( )
exp cosos

h h h h
h h A d

h





   
        

  (5.4) 

The disjoining pressure in micellar foam films originates from contributions by various 

intermolecular and surface forces, including van der Waals attraction, electrostatic repulsion, 

supramolecular structural forces, steric repulsion, etc. [18,125]. Here in the model for stratifying 

foam films, the van der Waals attraction, electrostatic repulsion and steric repulsion between the 

two surfactant populated air-liquid interfaces are neglected, since these interactions are relatively 

short-ranged (< 20 nm, <10 nm for steric). When one or more micelle layers are present in the 

foam film, the film thickness is usually larger, and the longer-ranged supramolecular structural 

force provide the dominant contribution to the disjoining pressure. Therefore in the following 

sections, the disjoining pressure only includes the supramolecular structural oscillatory disjoining 

pressure in the stratifying foam film. Experimentally, the domain growth process recorded and 

characterized are in thin films with at least two layers of micelle (so that 30 nmh  ), in order to 

make meaningful comparison with the model predictions. 

The parameters in Equation (5.4) include the oscillation amplitude A, a pre-factor d0, the 

exponential decay length λ, the final film thickness h0, and oscillation period Δh. The estimation 

of these parameters and their dependence on surfactant concentration will be discussed in the next 

section. 

The following dimensionless quantities are introduced to non-dimensionalize Equation 

(5.1): 
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  (5.5) 

Where the geometric aspect ratio here is given by h L   . The dimensionless thickness is 

shifted so that the dimensionless unperturbed thickness becomes 0h  . In Section 4.3.3, a 

slightly different non-dimensionlization scheme is used h h h   in Equation (4.6). This 

difference does not alter the dynamics but makes comparison among thicknesses and 

concentrations more convenient. In Section 4.3.3, the values for characteristic length scale in radial 

direction, L, were chosen differently for build-up and leeward part of the asymmetric cross-section 

of the ridge, in order to demonstrate the different asymptotic behavior. Here a single value of L (L 

= 1 µm) is used to present the results of numerical solution. 

Combining Equation (5.1) - (5.3) and (5.5) leads to the following dimensionless thin film 

hydrodynamic equation: 
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  (5.6) 

where dimensionless mobility function 
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M h
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 and dimensionless group 

22L

h


 


.  

 

5.2.2 Disjoining pressure isotherm 

In the last few decades, many investigations have discovered oscillatory structural forces 

in various systems under confinement, including simple solvent, micelles, nanoparticles and 

polyelectrolytes [125]. The explicit ( )os h  in micellar solutions of non-ionic surfactant,  
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developed based on hard sphere models [135,136], is successfully applied to experimental results 

in foam films [97] and in colloidal force measurement [139]. For electrically charged particles (e.g. 

SDS micelles), due to the inter- and intra-micellar electrostatic interactions, the oscillatory 

disjoining pressure isotherm ( )os h  and its concentration dependence is only modeled via density 

functional theory calculations or Monte Carlo simulations [137,140]. An explicit theoretical 

expression of ( )os h  in the form of Equation (5.4) is still not available in charged systems [142]. 

As a zeroth-order approximation, Nikolov et al. [56] proposed charged SDS micelles can be treated 

as hard spheres with an effective diameter:  

  12eff cd r      (5.7) 

Where rc is the core radius of the micelle, and 1   is the Debye length, which characterizes the 

size of the counter-ion atmosphere around the micelle. In the case of no additional electrolyte in 

the surfactant solution,   can be calculated by: 

  2 8
2

B SL CMC c CMC


 
 

   
 

  (5.8) 

where Sc  is the surfactant concentration, CMC is the critical micelle concentration, α is the degree 

of micelle ionization, and BL  is the Bjerrum length and equals to 0.72 nm for water at the room 

temperature of 298 K.   

The effective size of micelles , effd ,  are then used to compute the effective volume fraction 

of the micellar solution with: 
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   (5.9) 

where NA is Avogadro constant, and  the Nagg is the aggregation number of the surfactant micelles. 

For SDS micelles, Nagg is well-known to increase with increasing surfactant concentration, mainly 

due to the change in solution ionic strength. Quina et al. [234] found an empirical power law 

relation between Nagg and the total couterion concentration given by: 

  
1

4164 1agg SN c CMC        (5.10) 

This prediction showed good agreement with experimental measurements using a variety of 

techniques over a wide range of concentration [234]. It is used here to estimate aggregation number 

based on surfactant concentration. 

By treating SDS micelles as hard spheres with effective diameter effd  and volume fraction  

eff , we attempt to use the semi-empirical model developed by Kralchevsky et al. [135] to compute 

to required parameters in Equation (5.4): 
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Where 0.741eff eff      and  
 S A

agg

c CMC N

N



  is the number density of micelles. The 

dimensionless decay length, h   , is therefore obtained by taking ratio of Equation (5.12) 

and (5.11): 
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  (5.15) 

 

It is well-documented, however, that Equation (5.11) significantly under-predicts the 

oscillation period Δh measured experimentally. Instead, Δh is found to be very close to the mean 

distance between the micelles in the bulk solution [99,128]: 
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  (5.16) 

In Figure 5.1, the prediction from Equation (5.16) (black solid line) are shown to agree, better than 

that from Equation (5.11) (blue dash line), with the measured Δh from foam film stratification 

experiments using IDIOM protocols. We therefore modify the Kralchevsky et al. [135] model by 

replacing Equation (5.11) with Equation (5.16).  
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Figure 5.1 Comparison between IDIOM measured Δh and h0 with predictions from Equation (5.11) 

and Equation (5.16), as a function of surfactant concentration. The values of Δh and h0 are similar 

and agree more with Equation (5.16). 

   

The final film thickness 0h  denotes the thickness at which micelles are depleted from the 

thin film, and the structural disjoining pressure equals the osmotic pressure of the micelles, i.e. 

 0os osmotich A   . 0h  in a real foam film is controlled by the DLVO interactions between the 

two surfactant monolayers on the gas-liquid interfaces. In the presented model, we assume that 

 0h h    (5.17) 

As shown in Figure 5.1, the simple estimation in Equation (5.17) is supported by the experimental 

measurements by IDIOM, which generally show values 0 3 nmh h   . More detailed, DLVO 

theory based models (e.g. ref [128] ) are developed to predict the value of 0h , however more 

assumptions and parameters are needed to account for effects of charge distribution, surface 
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potential, thickness dependent Hamakar constant, etc. Our further examination shows that the 

numerically solved dynamics of domain growth and ridge formation are not greatly affected by 

changing the exact value of 0h  by a few nanometers, therefore Equation (5.17) is considered a 

sufficient estimation. 

The set of nine equations presented above (Equation (5.7)-(5.10) & (5.13)-(5.17)) provides 

an estimation of all the parameters in the oscillatory disjoining pressure isotherm (Equation (5.4)), 

with only one input variable being the concentration of surfactant solution. 

 

5.2.3 Model setup for domain growth dynamics 

We apply the disjoining pressure isotherm  h  estimated above to the thin film 

hydrodynamic equation (Equation (5.6)) for studying domain growth dynamics and ridge 

formation during thin film stratification.  We numerically solve the equation for a single thinner 

domain growing on the thicker film with thickness: 

  0 1h h n h n h         (5.18) 

Where n denotes the number of micelle layers contained in the unperturbed thicker film. Domain 

nucleation and growth is considered to take place when the thickness of the film is at a local 

maxima of the disjoining pressure isotherm. Further thinning of the film results in unstable 

thickness where 0d dh  , and a thickness jump through domain formation and growth is 

induced (as shown in previously in Figure 2.8 and here in Figure 5.2).  
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Figure 5.2 Illustration of the starting film thickness for domain growth study. The thickness 

transition from n = 2 to n = 1 is induced with the starting film thickness of 0 2h h h    , where 

is the disjoining pressure   is balanced by applied pressure Pc. The inset shows the region 

around h h . The local disjoining pressure maxima is reached at hm, however the difference 

between h  and mh  is negligible. 

 

Strictly speaking, the local maxima in oscillatory disjoining pressure is not yet reached at 

thickness h  calculated by Equation (5.18). The thickness mh , for which the disjoining pressure 

maxima is reached can be calculated analytically by 
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  (5.19) 

In the range of parameters relevant to the domain expansion dynamics (i.e.  ~h   ), 

the difference between h  and mh  is usually small 0.05mh h h    , as shown in the inset of 
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Figure 5.2. Experimentally, it is found that domain growth could indeed occur before mh   is 

reached, due to inevitable thickness and pressure perturbations from the environment (air flow, 

vibrations or fluid evaporation). Therefore the use of the significantly simplified Equation (5.18) 

appears reasonable to calculate the starting film thickness for domain nucleation and growth. 

By applying Equation (5.18), we obtain the explicit expressions for the dimensionless 

disjoining pressure for using in Equation (5.6) :  

    exp cos 2
h

h h


 
   

 
  (5.20) 

Also in Equation (5.6), the dimensionless group   is given by:  
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  (5.21) 

And the expression of dimensionless mobility function with no-slip boundary condition: 

    
3

1M h h n     (5.22) 

Equation (5.6) can now be solved for the thickness profile during domain formation and 

expansion,  ,h r t , with only two input variables: concentration of the surfactant solution Sc , and 

the number of  micelle layers in the starting film, n . All the other constant parameters used in both 

the hydrodynamic model and the disjoining pressure isotherm estimation are listed in Table VI. 
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Table VI Parameters used in the hydrodynamic equation and disjoining pressure estimation 

Parameter Value Source 

Viscosity, η 1 mP·s Assumed water viscosity 

Surface tension, σ 35 mN/m Measured by pedant drop tensiometry 

r-direction length scale, L 1 µm 
Appropriate length scale obtained from 

experimentally resolved ridge profile 

Critical micelle 

concentration, CMC 
8.5 mM Measured by pedant drop tensiometry 

Degree of SDS micelle 

ionization, α 
0.27 Ref [235,236] 

Micelle radius, rc 2.1 nm Ref [237–239] 

 

 

5.2.4 Numerical solving scheme 

The dimensionless thin film hydrodynamic equation (Equation (5.6)) is numerically solved 

for a single domain nucleating at 0r  and growing unboundedly. The boundary conditions 

include symmetry at the film center, 0dh dr   at 0r  , and a flat unperturbed film far away from 

the domain, 2 2 0h dh dr d h dr    at r  . The initial condition is a sinusoidal disturbance 

applied from 0r   to a maximum of 5r   with a small amplitude less than 0.15. Different initial 

conditions are examined to show little effect on the ridge once the flat growing domain is 

established. Here we focus primarily on the formation and evolution of the ridge surrounding an 

established thinner domain, as it appears to control the domain expansion dynamics as well as the 

overall stratification dynamics. 
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The dimensionless thin film hydrodynamics equation (Equation (5.6)), with the appropriate 

dimensionless disjoining pressure isotherm given by Equation (5.20), is solved using a central 

finite difference scheme for spatial discretization, and Crank-Nicholson for time stepping. The 

resulting sets of non-linear equations are solved with Newton’s method in MATLAB R2014a by 

utilizing the fsolve solver. The Jacobian sparsity pattern is defined explicitly for faster convergence. 

The spatial grid is continuously added at large r  to maintain the flat unperturbed film boundary 

condition far away from the rim. Since the ridge shape is found to be significantly asymmetrical, 

the spatial grid density is adjusted according to the slope of the thickness profile, dh dr . This 

scheme generates finer grid at the sharp, steep build-up part of the ridge, while coarser grid is 

adequate for the slower decay of the leeward part of the ridge. Some numerical results are 

reproduced with uniform grid with the highest density, 0.05r  , to ensure the adjustment 

scheme does not alter the solutions. Since the expansion of the thinner domain slows down over 

time ( 1 2R t  in Regime A), the time step t  is also adjusted in the solving scheme, by 

thresholding an estimated maximum error of the thickness [240]: 
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  (5.23) 

E is given a tolerance range (10-3 to 10-4). If E is found less than the lower bound, the time step t  

is doubled; conversely if E is larger than the upper bound, t  is halved. In a typical run, the initial 

time step is chosen to be extremely small at 
910t    (dimensionally corresponds to several 

nanosecond), and it quickly raises to 
2~10t   after the initial domain nucleation.   
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5.3 Results and discussion 

5.3.1 Ridge shape and evolution compared with experimental results  

 

Figure 5.3 Comparison between experimental and numerical ridge profiles and evolution. (a)-(c) 

Numerically resolved ridge shape and evolution, with 50 mMSc  , 2n  , (b)-(f) Experimentally 

resolved ridge shape and evolution, obtained by non-dimensionlization of results presented in 

Figure 4.3 and Figure 4.4. 
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Figure 5.3 shows the domain and ridge formation obtained experimentally and numerically 

for 50 mMSc   and 2n  . The numerically resolved film thickness evolution (Figure 5.3a) 

shows that, after the initial perturbation, the thickness quickly decreases until a stable flat thinner 

domain is formed. Adjacent to the growing domain, a ridge is formed and it grows both in height 

and width over time. The numerical resolved ridges are consistent with the experimental ridge 

profiles (shown in Figure 5.3d), non-dimensionalized from results presented in Section 4.3.2. 

The dimensionless radius of thinner domain, R R L , and the width of the ridge, 

W W L , are found to both grow over time with scaling 0.5,R W t  at approximately 0.1t  , 

which agree very well with the experimental results (Figure 5.3b&e). The early time deviations 

from the 1/2 scaling is attributed to the time taken to establish the flat thinner domain and the ridge 

from the initial perturbation. The dimensionless thinner domain thickness,  d dh h h h    , 

and the maximum ridge thickness,  max maxh h h h   , are plotted against dimensionless time, 

t , in Figure 5.3c&f. The numerical result (Figure 5.3c) shows that the flat domain with constant 

thickness is established after ~ 0.1t . The early time deviation corresponds well with that found in 

Figure 5.3b. On the other hand, Figure 5.3f shows that it takes longer for dh  to reach a constant 

value in the experiment, which is likely due to the fact that the IDIOM thickness mapping of a 

small domain (~ 10 pixels in the micrograph) at small time scale (t < 0.01 s) is less accurate. The 

maximum thickness of the ridge maxh  are better resolved, and both experimental and numerical 

results show an apparent logarithmic time dependence, i.e. max logh t . 

The comparison between experimental and model results is presented in Figure 5.4, for the 

detailed thickness profiles of the ridge at the same thinner domain radius of 20R  . The profiles 
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match very well, especially for the leeward part of the ridge (after 10r R  ). The slight deviation 

in the build-up part of the ridge is probably due to experimental resolution limits, given that the 

thickness varies rapidly (more than 15 nm over ~ 10 pixel length) from the thinner domain to the 

apex of ridge in this region. The overall quantitative agreement of the model thickness profiles 

with experiments shows the applicability of the thin film hydrodynamic model and the validity of 

the approximate form of the disjoining pressure. 

 

 

Figure 5.4 Comparison of ridge shape (at 20R  ) obtained from experiment and numerical 

solution. The dash line shows the thickness of the thinner domain that would be in mechanical 

equilibrium with the applied capillary pressure. 

 

It is worth noting that both the model and the experiment show that thickness of the 

established flat thinner domain is 0.73dh   . This thickness is larger than the equilibrium film 

thickness 0.77eqh   (shown as dash line in Figure 5.4), which satisfies    0eqh  . In 
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dimensional terms, eqh  satisfies    eq ch h P   , so that the applied capillary pressure cP  is 

balanced by the disjoining pressure at this thickness. In a growing domain, however, the domain 

thickness, dh , despite being constant throughout the domain expansion, is not at equilibrium 

(    dh h  ). This pressure difference between inside domain and outside thicker film is 

necessary to drive the outward flow that leads to domain expansion and ridge formation. In reality, 

the domain does not keep growing unboundedly. Once the whole film area is occupied by the 

thinner film, its thickness then further decreases to equilibrate with the outside capillary pressure. 

These findings suggest that caution should be taken, when using the step size between two 

consecutive layers dh h   to estimate the period of oscillatory disjoining pressure, h . This 

method is a common practice seen in the literature [55,69,81,128], but it has to be ensured that, 

not only cP  used is sufficiently small compare to the local disjoining pressure maxima, so that 

eqh h h    , but also sufficient time is given to ensure equilibrium ( eqh h ) is truly reached 

before the thickness measurement. The h  determination reported in our studies followed such 

protocol [31,81]. 

 

5.3.2 Discussion on boundary conditions 

The thickness profiles shown in Figure 5.4a is obtained by solving Equation (5.6) with the 

no-slip boundary conditions in the two gas-liquid interfaces, which results in the mobility function 

given in Equation (5.2), the dimensionless version of which being: 
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As reviewed in Section 1.5.2, the no-slip condition is appropriate for in high concentration 

and/or large molecule surfactant solution, as the gas-liquid interfaces are significantly immobilized 

by adsorbed surfactants [95]. However it is possible to construct models in which surface mobility 

is introduced by considering the surfactant adsorption and diffusion dynamics, as well as surface 

rheology. Many thin film drainage models have been developed to account for the slippage or 

mobility of the interfaces, as summarized in Table II. Here we consider two representative models 

to study the effect of interfacial mobility on domain growth and ridge formation. 

The first model is the model by Radoëv, Dimitrov and Ivanov [179] (refer to as RDI model 

thereafter) for drainage of thin film made from surfactant solution. The drainage flows in the thin 

film lead to spatial variation in surfactant concentration on the interfaces, therefore induce 

Marangoni stresses. The stresses are considered to be modulated by diffusion-limited surfactant 

transportation between the bulk and the interfaces, and the 2D diffusion of surfactant within the 

interfaces. By coupling the thin film equation with mass balances of the surfactant, a mobility 

factor is obtained, comparing drainage velocity result from RDI model with the no-slip Reynolds’ 

velocity. To the zeroth order approximation, this mobility factor is applicable to our study of 

thickness profile during domain expansion, by modifying the mobility function in Equation (5.2) 

to: 
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where D and Ds are the bulk and surface diffusivity of the surfactant, respectively,  0 0
c     

is the adsorption length,  0 0
lnE       is the Gibbs elasticity. The dimensionless mobility 

function is therefore: 
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where 0 03DN D E   accounts for the surfactant adsorption from the bulk, and 

06DS sN D hE   accounts for the surface diffusion. The values of the parameters used for 

calculating the dimensionless numbers are difficult to obtain through experimental measurements 

(e.g. tensiometry, interfacial rheometry, etc.), especially for surfactant solutions with high 

concentrations over CMC. Here we use values reported by Karakashev et al. [184] for SDS 

solutions below CMC, as order of magnitude estimations. The values are: 10 26 10  m /sD   , 

10 29 10  m /ssD   , 7

0 2 10  m    and 0 3 mN/mE  . The resulting estimation for the two 

dimensionless number are 33 10 1DN    and 0.1DSN  , so the contribution from surfactant 

adsorption is negligible.  

As briefly illustrated in Section 1.5.2, when only the surface diffusion term is retained, the 

RDI model becomes equivalent to a Navier slippage model, with the slip length 1 nmDShN  . 

Compared to the film thickness of ~10 nmh , the slip length is very small. It therefore confirms 

that the no-slip boundary condition is a valid approximation. 

While the RDI model results in a small deviation from the completely immobile surfaces, 

we choose the second model to demonstrate the changes in domain expansion and ridge shape at 

the opposite extreme, i.e. with completely mobile surfaces. The model is developed by Erneux and 

Davis [130] (referred to as the ED model thereafter), and as discussed in Section 1.5.2, consists 

two coupled equations, Equation (1.18) and Equation (1.19). The model is adapted to include the 

oscillatory disjoining pressure present in the stratifying foam film. The dimensionless form of the 

equations in polar coordinates is obtained with dimensionless quantities defined in Equation (5.5): 
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where the dimensionless surface velocity is defined as 
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 are the same as before. Equation (5.27) is solved for both  ,h r t  and  ,sU r t  

simultaneously, using the same disjoining pressure isotherm and similar numerical solving scheme. 

Figure 5.5 shows the comparison of the ridge shapes obtained from both RDI and ED 

models, as well as the results shown in Figure 5.4 from no-slip model and experiments. The ridge 

shapes plotted are from the same thinner domain radius of 20R  . As expected, the predicted 

shape from RDI model is much closer to the no-slip model than that from the completely mobile 

surface (ED) model. In fact, given the small values of DN  and DSN , the resulting ridge shape is 

indistinguishable from the no-slip model result. On opposite extreme, the ED model predicts a 

ridge with much smaller thickness and larger width, drastically different from the experimentally 

resolved ridge shape.  
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Figure 5.5 Comparison of ridge shapes solved from different models for boundary condition on 

gas-liquid interfaces. Both no-slip and surfactant adsorption included RDI model (Equation (5.26)) 

agree with experimental results and are identical with each other, while the completely mobile 

surface ED model (Equation (5.27)) shows significant deviation.  

 

Figure 5.5 indicates that the gas-liquid interfaces of the micellar stratifying foam films are 

at least closer to being completely immobile than being mobile. Detailed models accounting for 

the surface mobility can be applied, but their effects on the ridge shape are not significant. The 

simple no-slip boundary condition is found to be sufficient to predict the experimental resolved 

ridge shapes, therefore it is used throughout our further exploration of dynamics of domain 

expansion and ridge evolution.  

 

5.3.3 Force contributions and validation of asymptotic solutions  

The asymmetrical nature of the ridge cross-sectional profile, as discussed in Section 4.3.4, 

led us to choose two different characteristic length scale, L, in r-direction for different parts of the 
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ridge. Apart from the separation of length scales, the build-up and leeward part of the ridge show 

different shape evolutions which are captured by distinct asymptotic behaviors. In the build-up 

part of the ridge, the shape is at quasi-steady state, resulting from the balance of gradient of the 

local Laplace pressure and the thickness dependence disjoining pressure. In the leeward part of the 

ridge, the Laplace pressure contribution is negligible compared to the disjoining pressure 

contribution. The ridge shape is self-similar and follows    1 2,h r t f r t   in this part. These 

predictions are consistent with experimental observed ridge profiles (see Figure 4.6 and Figure 

4.7).  

In the framework of Equation (5.6), we define that the time dependent term as Term I, the 

Laplace pressure term as Term II, and the disjoining pressure term as Term III. The magnitude of 

each of the three terms is determined as a function of r  and t , during the numerical time stepping. 

Therefore the results from dimensional analysis can be validated by directly comparing the 

contributions of the three terms. In Figure 5.6, the absolute values of the three terms are plotted 

with the corresponding ridge thickness profile at 20R  . In good agreement with the dimension 

analysis predictions, two asymptotic regions are identified (marked in different colors). In the 

build-up part of the ridge, Term I remains about two orders of magnitude smaller than Term II and 

III, while after the maximum thickness of the ridge is reached, Term II quickly drops off and Term 

I and III are almost identical in magnitude in the leeward part of the ridge. The numerical 

calculations of the three terms therefore explicitly verify the predictions from scaling analysis.   
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Figure 5.6 Comparison of the magnitude of three terms in Equation (5.6). The thickness profile 

(top) and the corresponding absolute value of the three terms (bottom) are obtained with 

50 mMSc  , 2n  , at the time point when 20R  . The two regions of asymptotes are marked in 

different colors.  

 

The asymptotic solutions of the thickness profiles in the two regimes are extracted from 

the corresponding balances. In the build-up part of the ridge, neglecting Term I and integrating the 

remaining twice with the flat thinner domain boundary condition, i.e. ' '' 0h h   at 

0.73dh h   , leads to: 
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Where  d dh h   . Here we linearized the local curvature and substituted r  with x , given 

that 
2

2

1h h

r rr

 



. Equation (5.28) is a dimensionless version of Equation (4.10), and it is similar 

to a dimensionless augmented Young-Laplace equation, with small slope approximation. In 

presence of a non-monotonic disjoining pressure isotherm, thin film with non-uniform thickness 

could satisfy Equation (5.28). The possibilities of non-flat, yet at equilibrium thin films have been 

explored theoretically [145,221], particularly for films supported by solid substrate. However, 

experimental evidence is still lacking for formation of non-flat structures with such film [221]. The 

ridge shape in free-standing stratifying films modulated by oscillatory disjoining pressure, in 

particular the time-independent shape in the build-up part, can provide valuable insights to the 

augmented Young-Laplace equation. 

 

 

Figure 5.7 Asymptotic solution of the shape of the build-up part of the ridge. (a) The “microdrop” 

geometry obtained by solving the augmented Young-Laplace euqaiton (Equation (5.28)) 
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One of the possible solution of the thickness profile is a “microdrop” (Figure 5.7a) 

geometry [221], obtained by numerically solving Equation (5.28) with the boundary conditions  

  dh x h    and  0 apexh x h  , where apexh  is the apex thickness of the drop and given by:  

   ' 0
apex

d

h

d apex d
h

h h dh       (5.29) 

Figure 5.7b shows the comparison between the laterally-shifted ridge profiles from 

numerical solution for 50 mMSc  and 2n  . The build-up part of the ridge shape is time-

independent, consistent with the experimental observation (Figure 4.6) and the prediction from 

scaling analysis. It also matches with the equilibrium shape of the “microdrop” very well, showing 

the validity of the asymptotic solution given by Equation (5.28).  

Although the “true contact angle” between the “microdrop” (or equivalently, the build-up 

part of the ridge) and the flat thin film (or the thinner domain) should be zero, since 

0 at dh x h h    , a “macroscopic contact angle”,  , can still be defined by following the 

definition of the contact angle of macroscopic liquid drops on the solid surface: excluding 

disjoining pressure effect and assuming a spherical drop shape. This “spherical drop” thickness 

profile is then solved by setting   0h   in Equation (5.28), as shown in red dash line in Figure 

5.7a. The contact angle is marked at dh h  and calculated by: 

  max2 tan 2 2 '
apex

d

h

d d
h

h h dh           (5.30) 

 It is noted that the thickness profile in Figure 5.7 is the combined thickness variation from 

two gas-liquid interfaces. In contrast, contact angles are commonly defined on one interface, hence 
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the factor 2 on the left hand side of Equation (5.30). In dimensional terms, the contact angle is very 

small,  2 2tan ~    . Thus Equation (5.30) leads to: 

 
2 1

cos 1 1 '
2 2

apex

d

h

h
dh





       (5.31) 

This contact angle is consistent with the contact angle derived from a thermodynamic 

perspective. From the Gibbs–Duhem equation [120,228], the effect of disjoining pressure 

manifests as a thickness dependent surface energy f : 

    2 2 ' 'f
h

h h dh 


     (5.32) 

Where the bulk surface energy (surface tension)  f h    is modified by the integral 

disjoining pressure. Combining Equation (5.32) with the force balance at contact line between the 

“microdrop” and the thinner flat film, i.e.    2 cos 2f apex f dh h h h     , the contact angle 

cos  can be then solved to obtain the same expression as Equation (5.31). 

The contact angle shown in Figure 5.7 is calculated to be θ = 0.22°. The experimental 

estimation of the same condition ( 50 mMSc  and 2n  , shown in Figure 4.6) is about 0.1°, close 

to the numerical calculation. The deviation could be a result of experimental limitations in 

determining the exact thickness profile in the build-up part of the ridge, since this region is small, 

only ~ 5 µm (~10 pixels) wide, yet the thickness variation is large (~ 15 nm). As a comparison, 

the leeward part of the ridge is much wider (~20 µm ) and has much less thickness variation (~5 

nm). Overall, the thin film model results are in agreement with the experimentally observed time-

independent ridge formation and evolution, both with scaling analysis, and with numerical solution. 



 

168 

Excellent quantitative agreement is also found between the asymptotic and the full numerical 

solution, as shown in Figure 5.7b. 

In the leeward part of the ridge, we neglect term II in Equation (5.6) and, similar to the 

analysis done in Section 4.3.4, introduce the dimensionless similarity variable 

 
1 2

r R r Dt   , where 

2

R
D

t





 is the dimensionless growth rate of thinner domain. This 

leads to: 

 
2

2
0eff

h h
D 

  

   
  

   
 (5.33) 

Where    
 

eff

h
D h M h

h


 


  is the dimensionless effective diffusivity. Figure 5.8 shows the 

rescaled ridge profiles from the full numerical solution. The leeward part of ridge approaches the 

self-similar asymptote after the initial stage of domain nucleation, same as observed in the 

experiment (Figure 4.7). Specifically, the film thickness at 1.5   is followed over time (Figure 

5.8 inset) to show that the thickness in the leeward part of the ridge reaches constant after 3t  . 

Since, as shown in Figure 5.6, 1.5   is approximately where the self-similar region starts (where 

Term II in Equation (5.6) becomes negligible), we use the plateau thickness there, i.e. 

 1.5 0.19h    ,  as one of boundary conditions for solving the asymptotic Equation (5.33) 

numerically. The other boundary condition is from the undisturbed film far away from the ridge, 

i.e.   0h    . The resulting asymptotic thickness profile (dash line in Figure 5.8) agrees very 
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well with the rescaled ridge profiles obtained from the full numerical solution, demonstrating the 

validity of the dimensional analysis and the asymptotic equation.  

 

 

Figure 5.8 Numerical resolved ridge thickness profiles plotted as h  vs.  
1 2

r Dt . Black dash line 

shows solution from Equation (5.33) that coincide the leeward part of the rescaled profiles. Inset: 

the thickness at 1.5   plotted against time. It quickly plateaus to  1.5, 3 0.19h t     after 

the initial domain formation period. 

 

5.3.4 Thickness and concentration dependence of the ridge shape 

The formation of thinner domains in stratifying foam films is a result of interplay of thin 

film hydrodynamics and thermodynamics. The thickness and concentration dependences of the 

film free energy, and consequently the disjoining pressure, as well as the hydrodynamic mobility, 

is reflected in the thickness profiles of the ridge formed during domain expansion. 
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Figure 5.9 Effect of the number of micelle layer contained in the thin film, n, on the ridge shape. 

(a) Experimental and (b) numerical results from 90 mMSc   and 20R   are qualitatively in 

agreement. Varying n does not change the ridge shape in the leeward part. The slope of thickness 

is increased in the build-up part of the ridge, when n is reduced.  

 

The effects of the film thickness on the shape of the ridge formed are multi-fold. We focus 

the discussion here on the effects of thickness by varying n on the resulting ridge shape, since the 

outside film thickness during domain expansion follows 0h h n h    (Equation (5.18)), and for 

a specific surfactant concentration, both 0h  and h  are predetermined leaving n the only variable. 

In the framework of Equation (5.6), n is involved in determining both the relative magnitude of 

disjoining pressure,  , and the mobility of the foam film, M , as shown by Equation (5.21) and 

Equation (5.22). In Figure 5.9, the n dependence of the ridge shape is presented for foam film with 

SDS 90 mM, from both experimental and numerical results. All ridge shapes are obtained at the 

same domain size 20R   for comparison. From both experiments and numerical solution, it is 

clear that changing n from 2 to 3 does not alter the ridge shape in the leeward part. In the build-up 

part of the ridge, a smaller n (therefore, a larger  ) leads to a larger slope in thickness profile and 
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a larger maximum thickness. The “macroscopic contact angle” increases with decreasing n 

(increasing  ), which is consistent with Equation (5.30). Qualitative agreement between the 

experimental results and the numerical predictions is reached, and the observed trend is repeatable 

in the experiments. Quantitative differences between the results are mostly at the region of ridge 

apex, where inaccuracies in experimental thickness determination may be more pronounced.  

 

 

Figure 5.10 Effect of surfactant concentration on the ridge shape. (a) Experimental and (b) 

numerical results from three SDS concentration, 2n  , and 20R   are qualitatively in agreement. 

The insets magnify the thickness profile within the regions marked in gray to show the small 

differences in ridge shape in the leeward part.  

 

The oscillatory disjoining pressure isotherm is largely dictated by the concentration of the 

surfactant solution, as illustrated in Section 5.2.2. Variations in the concentration Sc  would lead 

to change in every parameter for estimating the disjoining pressure isotherm (Equation (5.4)). As 

a result, the concentration dependence of the ridge shape is not straightforward. In Figure 5.10, the 

ridge shapes from three different surfactant concentrations are compared. In the build-up part of 
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the ridge, the “macroscopic contact angle” generally increases with increasing concentration, while 

the maximum ridge thickness does not show a clear, monotonic trend. For the leeward part of the 

ridge, the shape of the ridge does not vary significantly over the range of concentration studied, 

but a clear trend of thickness increase upon increasing concentration is still observed, in both 

experimental and numerical results (Figure 5.10 insets).  

 

 

Figure 5.11 Dimensionless decay length,  , obtained through numerically fitting the thickness 

profile of the leeward part of experimentally resolved ridge shape, and through model estimation 

from Equation (5.15). The error bars show standard deviations of the data from at least three 

replications.    

 

With further numerical investigation, we concluded that the key parameter that leads to the 

small thickness differences in the leeward part of ridge is the decay length,  , in the disjoining 

pressure isotherm. In contrast to the extensive studies in the literature [56,97,99,128,139,241] on 
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the oscillation period of the disjoining pressure isotherm, h , and its concentration dependence, 

the decay length and its concentration dependence is much less discussed and remains largely 

uncharacterized. The effect of decay length on the ridge profile provides us a new indirect approach 

to experimentally infer the magnitude and variation of the decay length. By numerically fitting the 

IDIOM resolved thickness profile of the leeward part of the ridge, we are able to extract the 

dimensionless decay length, h   , for multiple surfactant concentration. Despite of the small 

differences between thickness profiles from different concentration (the differences are clear only 

after magnification in Figure 5.10), the obtained values of    are comparable to the model 

estimations given by Equation (5.15), as shown in Figure 5.11. In the concentration range studied, 

unlike h  and 0h  which show monotonic decrease with increasing concentration (Figure 5.1), the 

dimensionless decay length   shows a monotonic increase when the surfactant concentration is 

increased, in both experiments and model estimates. To the best of our knowledge, this is the first 

report of the concentration dependence of the oscillation decay length of disjoining pressure in 

stratifying foam films.  

The thickness and concentration dependences of the thinner domain expansion are also 

probed. The ridge resolved from the 1D thin film model Equation (5.6) corresponds to the domain 

expansion Regime A, in which the domain and the ridge shape remains axisymmetric. The 

diffusive expansion rates of the domain, D , are extracted from numerically resolved thickness 

profiles over time, and compared with experimental measured growth rates in Regime A (reported 

in Figure 3.9a). Figure 5.12 shows good quantitative agreements of concentration dependences of 

D, for both n = 2 and 3. The experimental results for n = 1 are excluded for comparison, since at 
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this small thickness range, forces other than supramolecular structural force (DLVO forces in 

particular) become too significant to be neglected in disjoining pressure calculation.  

 

 

Figure 5.12 The diffusive growth rate of domain expansion, 
2D dR dt , versus surfactant 

concentration, Sc , from both experimental and numerical measurements.  

 

 

5.3.5 Ridge shape at later time 

In this study, the thin film model presented is solved in one spatial dimension, r, (Equation 

(5.6)). Therefore the angular dependence of ridge shape is intrinsically not captured by this model. 

This is particularly important when the domain expansion enters the Regime B, with topological 

instability occurring and white spots formed around the contact line (experimentally discussed in 

Section 4.4). Despite that the detailed angular variations in ridge thickness and the white spot 
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forming instability is absent, the numerical resolved 1D ridge at later time still show many features 

reminiscent to the topological instability and white spot formation.     

 

 

Figure 5.13 Numerical ridge shape and evolution with 70 mMSc  , 2n  . After 12t  , the 

maximum ridge thickness increase rapidly. 

 

In Figure 5.13, the ridge shapes are numerically computed for 70 mMSc  and 2n   for 

a long time period (until 40t  ). A clear transition takes place after 12t  , where the maximum 

thickness of the ridge sharply increases to max 1h  . The peak thickness then sharply drops down 

to the typical ridge thickness range, before the slow decay into the outside film thickness 0h  . 

The shape change of the thickness profile after 12t   is akin to the topological instability observed 

experimentally, and the sharp thickness peak can be treated as a 1D “white spot” formed between 

the thinner domain and the slow decaying ridge. Indeed, when the maximum ridge thickness is 
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followed over time, the resulting Figure 5.14 is very similar to the experimental results for 

maximum thickness of white spots (Figure 4.10). The 1D “topological instability” also starts when 

the ridge thickness enters the unstable region where 0d dh  . The thickness then quickly raises 

to form the 1D “white spot”, until stable disjoining pressure is reached again in next oscillation. 

The growth of the 1D “white spot” then slows down and controlled more by the Laplace pressure 

since the magnitude of disjoining pressure becomes small. 

 

 

Figure 5.14 Time dependence of maximum thickness maxh . The evolution is corresponded to the 

disjoining pressure isotherm (plotted as h  vs.  ). 
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Figure 5.15 Time dependence of thinner domain radius. After the onset of 1D “instability” the 

domain expansion deviates from the 1/2R t  scaling, but the experimental linear scaling is not 

exactly recovered.   

 

One of the significant manifestation of the topological instability in experiments is that it 

changes the domain expansion kinetics from Regime A ( 1/2R t ) to Regime B ( R t ), as 

extensively discussed in Section 3.3.3 (cf. Figure 3.5). The 1D “instability” obtained from 

numerical solution also affects the expansion kinetics of the thinner domain. As shown in Figure 

5.15, the radius of the domain clearly deviates from the 1/2R t  after the onset of 1D “instability” 

( 12t  ). However, the linear relationship expected for Regime B is not recovered, possibly due to 

the significantly different ridge geometries after instability. After all, the intrinsically 

axisymmetric 1D “white spot” is expected to have a different impact on the domain expansion 

kinetics, from the individual circular white spots observed experimentally. Further analysis shows 

an approximate 0.55R t  dependence to hold when the 1D “white spot” is fully established ( 15t  ) 
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after the initial “instability” region (cf. Figure 5.14). This scaling seems to be shared in trials with 

different concentration and thickness, after “white spot” formation.   

Overall, despite of the limitations of the 1D thin film model, it demonstrates that the 

instability is induced by the oscillatory nature of the disjoining pressure, and it significantly alters 

the domain expansion and ridge growth dynamics. Consistent with the experimental observations 

in Section 4.4, the “instability” and the associated changes in dynamics are not analogous to 

Rayleigh-type instability. The ridge does not break down during the instability, rather the 1D 

“white spot” co-exists with the remaining of the ridge outside, and its thickness variation is closely 

related to the stability of the disjoining pressure isotherm.  

  

5.3.6 Limitations of 1D thin film model 

The 1D thin film model of Equation (5.6) has been demonstrated to quantitatively predict 

the dynamics of domain expansion, shape of axisymmetric ridge formed and its evolution. 

However, the topological instability and the formation and growth of white spots are associated 

with symmetry breaking of the ridge. The experimental observations in Figure 3.6 show the lack 

of symmetry and periodicity of distribution of white spots, which cannot be captured by the 1D 

thin film model. Moreover, the 1D model cannot be applied for studying non-axisymmetric domain 

growth dynamics, e.g. when the domain is in contact with the Plateau border, or when multiple 

domains grow, interact and coalesce.  

In order to further replicate the experimental observations in white spot formation and 

distribution, effect of the Plateau boarder, and also possible interactions between multiple growing 

domains or white spots, a detailed 2D thin film model is needed to resolve the thickness profile in 
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two spatial dimensions,  , ,h x y t . Analogous to Equation (5.6), the 2D lubrication based thin film 

equation reads: 

 

2 2 2 2

2 2 2 2
0

h h h h h
M M M M

t x x y y x x y yx y x y

                       
                                            

 

 (5.34) 

Models like Equation (5.34) has been shown in the dewetting literature to excel in 

predicting contact line instability and pattern formation in thin films [84,188,189,191]. 

Significantly more computing time is needed to perform the 2D numerical solving procedure, 

which limits the size of the domain under investigation. As shown in Figure 5.16, solution of 

Equation (5.34) successfully reproduces the axisymmetric ridge and domain. The shape and 

evolution are found identical compared to the corresponding solution from 1D model, as expected. 

 

 

Figure 5.16 Example of axisymmetric ridge shape captured by 2D thin film model  
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However, the ridge after “instability” does not show the topological changes observed in 

experiments. Instead, the ridge continues to grow axisymmetrically, with the maximum ridge 

thickness reaching (and passing over) the unstable disjoining pressure region. No circular, thicker 

spot is formed in the thick ridge, even after applying small amplitude perturbation to the ridge. 

With large thickness perturbation (on the order of the maxh h ),  which is absent experimentally, 

thick spots do form around the contact line. However, similar to those observed in dewetting films 

(cf. Figure 1.15b), the thicker spots then disrupt and undulate the circular contact line of the thinner 

domain, move much slower than the expanding contact line and eventually get left behind in the 

thinner domain. This is in sharp contrast to the experimental observations that contact line remains 

circular and the white spots move along the contact line as it expands.  

Moreover, the thinner domain developed with the 2D model is lack of the apparent line 

tension shown in experiments. The experimental domain contact line keeps its circularity 

throughout the expansion process, regardless of the surrounding white spots or other domains, and 

the domain quickly (in < 1 s time) regains the circular shape after coalescence of two or more 

domains. Heinig and Langevin [86] therefore prescribed a phenomenological line tension to the 

domain contact line when they studied the relaxation after domain coalescence, drawing analogy 

to that between domains of different phases in lipid monolayer [242]. In contrast, when two 

domains are set up to expand side by side in the 2D numerical model, they grow into contact and 

merge without shape relaxation. The merged, peanut shaped domain continues to expand, without 

the tendency to retain circular shape. We suspect that the line tension of the thinner domain is a 

fundamental thermodynamic property of the domain contact line that has not been included in the 

existing thin film hydrodynamic model.  
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The lack of apparent line tension, together with possible Marongoni effects and higher 

order contributions to the disjoining pressure, i.e.  , ,...h dh dx  [243], could all contribute to the 

discrepancies in the experimental and model results after topological instability. The nature of 

these effects are relatively poorly understood, and their manifestations in thin film hydrodynamics 

are mostly unexplored (except for Marongoni effects). Further theoretical understanding in these 

aspect are essential to full decipher the rich and complex dynamics exhibited during stratification 

of micellar thin films. 

 

5.4 Conclusions    

In this chapter, the lubrication-based thin film model is solved numerically to model the 

domain expansion and ridge formation dynamics during foam film stratification. The 

supramolecular structural oscillatory disjoining pressure isotherms are estimated for the charged 

SDS micellar solutions. The explicit damped oscillation function is obtained with parameter values 

in the literature and surfactant concentration being the only input variable. The thin film 

hydrodynamic model is then solved with specifically written solving scheme for optimized 

efficiency and accuracy. 

The numerically resolved shapes of expanding domain and growing ridge surrounding it 

are quantitatively in agreement with the experimental results obtained by IDIOM. The 

asymmetrical ridge shape, time dependence of domain radius, ridge width and maximum thickness, 

are all reproduced by the numerical solution. Moreover, the asymptotic behavior of the ridge shape 

evolution, predicted by scaling analysis, is confirmed through explicit calculations of relative 

magnitude of different terms in the governing equation (Equation (5.6)). The asymptotic time-
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independent shape in the build-up part of the ridge show resemblances to the non-flat equilibrium 

thin film predicted in the literature, while the self-similar shape in the leeward part of the ridge is 

consistent with experimental observations. 

   When the surfactant concentration and number of micelle layers in the film are varied, 

the model solution successfully predicts the changes in ridge shape. Indirectly, part of the 

experimentally resolved ridge shape can be fitted to the numerical thickness profiles to obtain 

values of decay length in the oscillatory disjoining pressure function, which cannot be determined 

accurately through direct equilibrium disjoining pressure measurement. The experimentally 

measured diffusive growth rates of the thinner domain are also recovered by the numerical solution, 

further confirming the hydrodynamic nature of the domain expansion dynamics.  

Despite of the absence of angular dependence of the thickness profile in the 1D thin film 

model, it is still capable to illustrate the nature of the white spot forming topological instability 

observed experimentally in the later stage of domain expansion. The instability is driven by the 

oscillatory disjoining pressure, when the thickness of the ridge accesses the unstable branch of 

disjoining pressure isotherm. Though the some of the features of this instability is captured in the 

axisymmetric model, further numerical calculations with the 2D model suggest that the presented 

lubrication based thin film model is not sufficient to fully describe the formation, growth and 

interactions of the white spots, as well as multiple thinner domains. 

Overall, it is demonstrated that the hydrodynamic model is a powerful tool to predict and 

understand the dynamics of foam film stratification. The numerical results match the IDIOM 

measurement quantitatively, further confirming the validity of the novel experimental protocol, 

and the resulting first-time characterization of ridge shape and evolution during domain expansion. 
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The use of the model and the numerical scheme can potentially be extended to the entire film 

thinning process, in order to gain more insight in the stability and lifetime of stratifying or non-

stratifying foam films. On the other hand, the discrepancies from experimental observations after 

the topological instability can potentially lead to better understanding of the thermodynamic 

properties of the stratifying foam films, such as surface energy, disjoining pressure, and line 

tension, particularly at the non-flat transition region between different thicknesses.  
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CHAPTER 6.  

CONCLUSIONS 

The stability and lifetime of colloidal system like foams, emulsions and colloidal sols are 

important for many industrial applications and our daily life. The hydrodynamics and 

thermodynamics of thin liquid films that separate bubbles, drops or particles are essential to the 

overall stability of the colloidal systems. Free-standing foam films containing micelles (as well as 

nanoparticles, polyelectrolyte-surfactant mixtures or smectic liquid crystals) thins in a step-wise 

fashion termed stratification, when the film thickness reaches below ~100 nm. The stratification 

occurs via layer-by-layer removal of the micelles, and gives rise to rich patterns and dynamics, 

involving the coexistence and evolution of domains and nanostructures of discretely different 

thickness. While the previous investigations of the stratification phenomenon mostly focused on 

the equilibrium states, and the nature and strength of the non-DLVO, supramolecular structural 

oscillatory disjoining pressure responsible for stratification, the rich and complex dynamics 

exhibited throughout the step-by-step transition of thickness is relatively unexplored and poorly 

understood. In this study, we probe the dynamics of thickness transition during stratification of 

micellar foam films, through both experimental characterization of the stratifying foam films, and 

theoretical modelling efforts to understand the underlying physics. 

We developed a novel Interferometry Digital Imaging Optical Microscopy (IDIOM) 

protocol, in order to characterize the landscape of stratifying free-standing thin films.  The IDIOM 

protocol combines the principles of interferometry, optical microscopy and digital image analysis, 

and allows us to profile the thickness of free-standing foam film with high spatial (< 1 nm in 

thickness, <1 µm in lateral position) and temporal (< 1 ms) resolution. Unlike the conventional 
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interferometry application to thin film studies, which obtain an average thickness from a 1-100 m 

sampling region, the IDIOM protocol measures spatial variation of film thickness over an extended 

area, and captures the formation and evolution of nanoscopic structures and patterns during film 

drainage and evolution. Using the IDIOM protocol, exquisite thickness maps were constructed for 

stratifying films made from sodium dodecyl sulfate (SDS) micellar solutions. The complex 

dynamics during the step-wise thinning, which might have been overlooked using conventional 

interferometry, were captured completely by the IDIOM. Emergence and growth of nanoscopic 

ridges, mesas and craters during the stratification process were recognized experimentally for the 

first time. In particular, the formations and evolutions of craters (thinner domains) and ridges were 

analyzed and discussed in detail. 

Two distinct regimes in the expansion dynamics of a single thinner domain were 

recognized through image analysis. The initial isolated domain growth with its radius proportional 

to square root of time, 1/2R t , with a constant apparent growth diffusivity (Regime A), after 

domain coalescence with the Plateau border surrounding the foam film, the circular domain was 

deformed, and the boundary between the thinner domain and the rest of the film expands linearly 

over time, i.e. R t , with a constant apparent contact line velocity (Regime B). For isolated 

domain, a similar transition could occur when a topological instability sets in at the domain 

boundary, which also leads to formation of white spots around the growing domain. Though a few 

studies [73,77,79] have examined the expansion of isolated domains, and showed the diffusion-

like domain growth in Regime A, the regime transition occurred when domain coalesces with the 

Plateau border was reported here for the first time. The similarities between the two types of 

scaling transition were recognized and discussed. One of the claims of the existing thin film 

hydrodynamic models is that the domain expansion dynamics and the scaling transitions is linked 
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to the existence of a ridge formed around the growing domain. Yet experimental evidence of ridge 

formation was lacking in the literature. 

By utilizing IDIOM protocol, we visualized and characterized, for the first time, of the 

nanoscale ridge formed around the expanding thinner domain during film stratification. The 

axisymmetric ridge profiles were constructed, and its shape and evolution were analyzed in detail. 

The ridge in stratifying free-standing films was postulated in the literature [76,82,178] to be 

analogous to ridges formed during liquid dewetting from a solid substrate. However, we find that 

the ridge shows distinctive features in both its shape and evolution dynamics, due to presence of 

the distinctive non-DLVO, supramolecular oscillatory surface forces. A model based on 

lubrication approximation to the thin film hydrodynamics, including the effect of supramolecular 

structural oscillatory disjoining pressure, was then developed and asymptotic solutions were found 

through dimensional analysis. The solution showed two different asymptotic scaling arise during 

ridge evolution, in agreement with the experimental observations. By numerically solving the thin 

film hydrodynamic equation, the model predicted ridge shape, evolution dynamics, and 

concentration/thickness dependences, are all in quantitative agreement with the experimental 

results. 

At later stage of the expansion of an isolated domain, white spots can be formed around 

within the ridge and change the domain growth kinetics to Regime B. Previous studies [76,79] 

suggested the instability leading to white spot formation is akin to a Rayleigh-type instability of 

the toroidal shaped ridge. Our experimental characterization of this topological instability, and 

model calculation disagree with such claim. We showed that the axisymmetric ridge does not break 

down through periodic undulation and becomes the much thicker white spots, instead the white 

spots develop within the ridge region and co-exist with the remaining ridge after the instability. 
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The presented experimental and theoretical results suggested that the instability is induced by the 

unstable branches of the oscillatory disjoining pressure isotherm, rather than by capillarity as in 

the case of Rayleigh instability. After the instability, the liquid drained from the expanding thinner 

domain accumulates in the white spots, while the regions in the ridge unperturbed by the 

topological instability cease further growth. The non-axisymmetric formation and distribution of 

white spots observed in the experiments requires a full two-dimensional hydrodynamic model to 

describe, but many features of the disjoining pressure induced instability were captured by the 

simple one dimensional model.  

The thin film hydrodynamic model can be further refined by including other properties of 

the stratifying foam films (e.g. line tension of the domain), which will require further insights in 

the thermodynamics or hydrodynamics of the system. Overall, the application of IDIOM protocols, 

the characterization and modeling of dynamics of domain expansion, ridge formation, evolution 

and instability, have led to better understand the stratification phenomenon, the hydrodynamics of 

free-standing foam films, and the nature and influence of the underlying non-DLVO structural 

forces.  
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