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Abstract

Dynamics of thin liquid films under gradient of interfacial

energy

Seungho Kim

Department of Mechanical Engineering

The Graduate School

Seoul National University

In the present thesis, we conducted hydrodynamic analy-

sis of thin liquid films in the presence of gradients of interfacial

energy, which were achieved by patterning wettability of a film-

deposited solid surface or generating Marangoni stress on the

free surface of thin liquid film. The first two phenomena re-

sulted from gradient of the solid-liquid interfacial energy and

the last one was attributed to that of the liquid-gas interfa-

cial energy. We visualized such novel interfacial dynamics with

a high-speed camera and rationalized their salient features by

combining experimental and scaling analysis.

We first considered thin film behaviors under gradient of

the solid-liquid interfacial energy, where the extreme wetting

properties were coupled in such a way that a superhydrophilic

annulus (region of low solid-liquid interfacial energy) was pat-

terned on a superhydrophobic background (region of high solid-

liquid interfacial energy). Drop impact on such a wettability-

patterned surface showed that the drop initially spread on the



inner superhydrophobic region was arrested by the superhy-

drophilic annulus, leading to formation of thin liquid film, which

we term a liquid lens. The liquid lens became destabilized be-

cause of the strong water repellence of the inner superhydropho-

bic region, exhibiting bursting of film on the superhydrophobic

inner region. The bursting phenomena was initiated from nu-

cleation of a tiny hole, whose size expanded with time. These

bursting phenomena were so energetic that the film bounced off

the inner superhydrophobic region by leaving liquid deposit on

the pre-defined hydrophilic annulus, leading to the formation of

a liquid ring. Here, we presented a theoretical consideration for

predicting threshold volume of bursting and scaling laws for the

bursting velocity, take-off angle of bouncing drop, and thickness

of the liquid ring.

Next, we also investigated the effects of the solid-liquid in-

terfacial energy gradient on the thin film, but we varied an in-

jection method of the liquid. When we gently deposited liquid

hanging from a capillary tube on the superhydrophilic line pat-

tern, which was surrounded by superhydrophobic background,

the liquid spread only along the superhydrophilic line, while su-

perhydrophobic background maintained solid-gas contact mode.

The spreading behaviors differed depending on the width of the

superhydrophilic rails. For the narrow width of the hydrophilic

rail, because of a high entrance resistance, which was inversely

proportional to the width of the hydrophilic rail, a bulk liquid

could not penetrate into the hydrophilic rail. Instead, the liquid

started to wick into the nanostructures of the superhydrophilic

substrate, thus leading to spreading of nanoscale film. For the

wide width of the hydrophilic rail, the bulk liquid entirely infil-

trated into the rail and spread along the hydrophilic region. A

variety of power laws governing growth of the bulk front could be

observed, such as x ∼ t, x ∼ t1/4, and x ∼ t1/2, with x, t being



spreading distance, elapsed time, respectively. The power laws

differed depending on the width of the hydrophilic rail, supply-

ing pressure, and spreading extents. Here, we analyzed critical

conditions for bulk film penetration by comparing the resisting

pressure exerted on entrance region and supplying pressure gen-

erated by liquid column in capillary tube and we also suggested

several power laws based on the physical understanding in each

spreading regime.

Next, we analyzed the motion of thin liquid film under gra-

dient of the liquid-gas interfacial energy. Here, we found that

Marangoni stress on the water film was remotely triggered by

alcohol liquid. When we placed alcohol liquid hanging from the

capillary tube over water film, alcohol vapor emitted from the

tube end condensed on water interface and changed water-air

interfacial energy. Thus, although the alcohol liquid did not

contact with water, the gradients of alcohol vapor generated

the gradients of water-air interfacial energy, thereby leading to

dewetting phenomena. The dewetting tendencies differed de-

pending on the thickness of the deposited water film. For a thin

water film, the thickness of the dewetting film was separated

into two different regimes: where the bulk part immediately

receded owing to the gradients of the water-liquid interfacial

energy due to the alcohol vapor, and the nanoscale fringe film

was dewetted by spontaneous evaporation. For a thick liquid

film, dewetting did not occur continuously but had a maximum

dewetting distance where the gravitational force was balanced

with the interfacial energies and capillary forces, both of which

were induced by the gradients of the alcohol vapor. Here, we

presented scaling laws for the dewetting velocity of thin water

film and the degree of maximum radius of thick water film by

analyzing dewetting motions of deposited water film.



This thesis provided three noble phenomena of thin film such

as bursting, spreading, and dewetting, and their salient hydro-

dynamic features in the presence of interfacial energy gradi-

ent. Based on such phenomena, we demonstrated that liquid

deposits could be manipulated to achieve certain morpholo-

gies. By using gradients of the solid-liquid interfacial energy,

we showed that the shape of liquid could could be rapidly pat-

terned on solid surface via bursting and spreading phenomena.

The gradient of liquid-gas interfacial energy could puncture liq-

uid film on solid surface and make a hole on it, whose size could

be determined depending on the thickness of liquid film. Thus,

This thesis will not only be helpful in understanding roles of

interfacial energy gradient in thin liquid film, but also provide

practical implications related to rapid liquid and hole patterning

fields, which have potential applications in printed electronics.

Keywords :Thin film, capillarity, interfacial tension,

Marangoni, hole, bursting, rupture, wetting, dewetting,

spreading
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Chapter 1

Introduction

1.1 Overview

The main target of this thesis is to analyze novel findings of liquid

film behaviors under the gradient of interfacial energy, which give rise to

dynamic motions of the film. We first mention research backgrounds &

motivations, and then we deals with the present studies, which are distin-

guished into two parts. The first part deals with thin film hydrodynamics

subjected to the gradient of interfacial energy exerted on the liquid-solid

interface, and the second part does on the liquid-gas interface.

In the first part, we cover the dynamics of thin liquid film on the

wettability-patterned surface where the region of the low liquid-solid inter-

facial energy is patterned on the background region of the high liquid-solid

interfacial energy, which will be listed in chaper 2 and 3. In chapter 2, we

use drop impact technique for making thin film on the wettability-patterned

surface where the superhydrophilic annulus (low liquid-solid interfacial en-

ergy) is surrounded by superhydrophobic background (high liquid-solid in-

terfacial energy). Abilities of film formation via drop impact on the surface

are employed and hitherto unreported behaviors of thin liquid film are re-

ported, such as spontaneous film bursting and ejection followed by liquid

annulus formation. In chapter 3, we deals with thin film spreading when we

gently deposit liquid on a superhydrophilic region among the wettability-

1



1.2 Backgrounds & motivations

patterned surface. Spreading abilities and velocities are discussed depend-

ing on the experimental conditions such as width of the superhydrophilic

strips, supplying pressure, and liquid properties.

In the second part, we suggest the behaviors of thin liquid film in the

presence of the gradient of liquid-gas interfacial energy. Here, we find a

method of inducing dewetting motion of stationary liquid film by using

vapor-mediated Marangoni effect. Then, we analyze the dewetting motions

of thin film depending on the deposited film thickness, which will be in

chapter 4.

In the end of this thesis, we conclude this thesis with concluding re-

marks in chapter 5, where we provide the summary of these researches and

practical aspects.

1.2 Backgrounds & motivations

A thin liquid film consists of a layer of liquid, whose thickness ranges

between a nanometer and several hundred micrometers. Such thin liq-

uid films can be formed by depositing a small liquid drop on the wettable

solid surface. Several power laws have been proposed to predict the in-

crease of spreading radius of deposited drop with time (Biance et al., 2004;

Huppert, 1982; Lopez & Miller, 1976; Tanner, 1979). Thin liquid films

can also be produced by withdrawing the solid substrates out of station-

ary liquid. Starting from the first experimental study (Goucher & Ward,

1922), Derjaguin (1943); Landau & Levich (1942, 1962) developed the clas-

sical Landau-Levich-Derjaguin formula, h ∼ Ca2/3, where h and Ca are the

thickness of deposited film and capillary number µUw/γ. Here, µ, γ, and Uw

are liquid viscosity, surface tension, and withdrawn velocity, respectively.

Later, the previous model has been modified to cover the whole range of

Ca (de Ryck & Quéré, 1996; Quéré, 1999; Teletzke et al., 1988) and the

effects of substrate texture (Seiwert et al., 2011). The deposited thin liquid

films on the solid surface were usually vulnerable to the disturbance that

could lead to a nucleation of a hole. Taylor & Michael (1973) presented
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1.2 Backgrounds & motivations

(b)(a)

Figure 1.1: Morphologies of thin liquid films under homogeneous wettability

surfaces. (a) Circular liquid film on a flat surface (Tanner, 1979). (b)

Polygonal liquid film on a microtextured surface (Courbin et al., 2007).

theoretical model for the rupture depending on the degree of exerted dis-

turbance. Spontaneous film rupture via decreasing the film thickness have

also been discussed (Padday, 1970; Sharma & Ruckenstein, 1989). Once

the hole emerges, thin liquid films easily dewet to minimize the surface

area exposure of liquid films (de Gennes et al., 2004). The dewetting ve-

locities have been extensively discussed, depending on the exerted driving,

resisting force, and the film thickness (Culick, 1960; Redon et al., 1991;

Reiter, 1992; Taylor, 1959).

Thus, the researches ranging from the formation to the rupture of thin

film have been the subject of intense study for last century, but the hydro-

dynamic analysis of thin film shape has been studied only for a few decades.

Besides a circular liquid film, which is usual final shape of spreading droplet

on a flat surface, as shown in figure 1.1(a), recent studies have showed that

the shape of liquid films could be tailored by designing micropillar arrays

on the solid surface, where the detailed film shape depended on the spac-

ing and dimensions of pillars, as shown in figure 1.1(b), (Bico et al., 2001;

Courbin et al., 2007; Kim et al., 2011a; Sbragaglia et al., 2007). Limita-

tions still occur in obtaining complex morphologies of liquid films, which is

important characteristics in the lab-on-a-chip (Zhang, 2011), lab-on-paper

technologies (Li et al., 2014), and printed electronics (Russo et al., 2011).

Complicated shape of liquid films can be achieved on the surface with a

nonhomogeneous wettability surface in such a way that hydrophilic regions

are selectively patterned on a hydrophobic region, as shown in figure 1.2.
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(a) (b) (e)

(c) (d)

Figure 1.2: Morphologies of thin liquid films under nonhomogeneous wet-

tability surfaces. (a) Liquid filaments flowing along a hydrophilic stripe.

(Ledesma-Aguilar et al., 2011). (b) Spreading of silicon oil film only on a

hydrophilic region (Kataoka & Troian, 1999). (c) Liquid arms radiating

from a center (Lee et al., 2010). (d) Patterning of liquid deposit only along

a hydrophilic region (Darhuber et al., 2000). (e) Liquid annulus and lens

formation with a help of hydrophilic annulus (Jokinen et al., 2008).

Ledesma-Aguilar et al. (2011) demonstrated a gravity-driven flow guided

along a wettable stripe bounded by a nonwettable medium that remained

dry, thereby leading to the filament shape of liquid film, as shown in fig-

ure 1.2(a). A more sophisticated film morphologies were gained via com-

plex wettability-patterned surfaces (Darhuber et al., 2000, 2001; Kataoka

& Troian, 1999; Lee et al., 2012, 2010). Kataoka & Troian (1999) showed

finger shapes of liquid film on alternating stripes of hydrophilic and hy-

drophobic region, which are thermally manipulated, as shown in figure

1.2(b). Thin liquid microarms radiating from a center were generated by

impact of drop (Lee et al., 2010) and a U-shape of liquid film was drawn

by withdrawing the wettability-patterned surface out of liquid (Darhuber

et al., 2000), as shown in figure 1.2(c, d). Thus, patterns of wettability

easily control the shape of the deposited film by letting the film deposit

only on the hydrophilic region, but a problem arose from drawing liquid on

hydrophilic closed curve surrounded by hydrophobic background, as shown

in figure 1.2(d). Jokinen et al. (2008) showed that a liquid ring was suc-
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cessfully drawn by injecting multiple droplet on the hydrophilically treated

annulus, but it was transformed into a liquid lens with increasing the vol-

ume of the liquid ring, leading to the failure of liquid patterning only on the

hydrophilic annulus, where the liquid film covered the inner hydrophobic

circle.

Besides the shape control, wettability-patterned surface also brings about

intriguing hydrodynamic behaviors due to the complex morphologies of liq-

uid films. Ledesma-Aguilar et al. (2011) suggested that the liquid filament

was destabilized to generate the periodic emission of droplets when the

velocity of filament flowing down the stripe exceeded a critical wetting ve-

locity, which was expected to be U∗ ∼ γ(π − θA)
3/µ (Duez et al., 2007),

with θA being the advancing contact angle of liquid filament. The size and

location of emitted droplet were precisely controlled by changing the ge-

ometries of the wettable stripes and U∗ and such abilities was not acquired

from the homogeneous wettability surface, where the roughened contact line

was observed even when the velocity of advancing film was larger than U∗

(Blake & Ruschak, 1979; Eggers, 2004). Darhuber et al. (2000) showed that

the thickness of withdrawing film on the wettable microstripe differed from

that on the chemically homogeneous surface. They considered the width of

microstrip, w, and developed the following model, h ∼ wCa1/3, which was

in slight disagreement with the aforementioned Landau-Levich-Derjaguin

model due to the effect of lateral confinement of the film. Darhuber et al.

(2001) presented the model for spreading liquid film on the wettable stripe,

x ∼
√

γw4/µt1/2, where x and t are the spreading extents and time, re-

spectively. The power law slightly disagreed with the spreading on the

chemically homogeneous surface (Biance et al., 2004; Huppert, 1982; Lopez

& Miller, 1976; Tanner, 1979). Lee et al. (2010) showed that the the fin-

ger growth at the film edge was manipulated by the chemically modified

patterns and Lee et al. (2012) suggested that the condensed water film was

effectively drained with a help of wettable pattern.

Thus, we started the present researches to reveal the salient features

of thin liquid film and analyze the hydrodynamics of the characteristics
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on the nonhomogeneous wettability surface for achieving the tailored film

morphologies toward direct printing of microscale liquid.

We first consider thin film behaviors on the wettability-coupled surface

that a superhydrophilic annulus is surrounded by superhydrophobic back-

grounds. Here, we discuss the abilities of thin film formation depending on

the impacting conditions of a liquid drop and the rupture dynamics of the

deposited film, which lead to the formation of a liquid ring defined by the

wettable annulus pattern. Based on this study, we can directly print the

thin liquid film even if the wettable curve is closed, which can be extended

to print liquid on a rectangular wettable loop. The dynamics of the rup-

ture threshold, speed, and the associated phenomena will be discussed in

chapter 2.

Thin liquid film can be printed by using spreading phenomena as men-

tioned earlier, and thus we deal with the spreading abilities on the wettability-

patterned surface in chapter 3. Here we use an elementary wettable ge-

ometry to reveal fundamental dynamics of spreading on the wettability-

patterned surface, where the superhydrophilic microstripe is patterned on

superhydrophobic background. We observe the different spreading behav-

iors depending on the width of the wettable stripe, which slightly differs

from the previous study (Darhuber et al., 2001). We show that a bulk film

does not penetrate into the wettable rail for the narrow wettable stripe,

but for the wide wettable stripe and a variety of power laws are engaged in

the spreading. Thus, we analyze such spreading dynamics and develop the

several models to predict the velocity of spreading in chapter 3.

Those two studies focus on the thin film behaviors on the wettability-

patterned surface, where we control the liquid-solid interfacial energy on

the solid surface. Next, we deal with another liquid patterning method,

which is manipulated under the nonhomogeneous interfacial energy on the

liquid-gas interface. Previously, a contactless movement of liquid drops has

been experimentally observed (Bahadur et al., 2009; Bangham & Saweris,

1938; Carles & Cazabat, 1989), but Cira et al. (2015) recently showed that

a volatile vapor generated the gradient of the liquid-gas interfacial energy

6



1.2 Backgrounds & motivations

and caused the motion of droplets. Based on those studies, we find that the

vapor emitted from alcohol liquid can vary the water-air interfacial energy

and thus induce a dewetting motion of a water film despite the noncontact

of two liquids, leading to a hole patterning in the liquid film. The size of the

hole are closely related to the thickness of the deposited water film. The

high-speed imaging of the hole formation and the the detailed dewetting

dynamics will be discussed in chapter 4.

In the end, we finalize this thesis with concluding remarks in chapter

5. We anticipate this thesis to provide inspiration on the physics of thin

film flow under the nonhomogeneous interfacial energies and also expect

that these researches can be applied to direct printing of microliquid and

analysis of tear film rupture, which will be concretely explained in chapter

5.
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Chapter 2

Drop impact on

super-wettability-contrast

annular patterns

2.1 Introduction

Although the drop impact on solid surfaces has been a subject of intense

study for more than a century (Rein, 1993; Worthington, 1877; Yarin, 2006),

the hydrodynamic analysis of liquid drop behavior on surfaces with extreme

wettability conditions, whether superhydrophobic or superhydrophilic, be-

gan only recently (Clanet et al., 2004; Ishino et al., 2007; Kim et al.,

2011a; Tsai et al., 2009). In general, the wettability of microscopically

rough surfaces is magnified compared to that of smooth surfaces, thus

rough hydrophobic (hydrophilic) surfaces become superhydrophobic (su-

perhydrophilic). The tailored topography of solid surfaces as well as wide

range of wettability, made possible thanks to recent developments of micro-

and nanofabrication technology, has enabled the formation of some novel

liquid deposit shapes. On superhydrophobic surfaces, a water drop retains

an almost spherical shape (Onda et al., 1996), whereas superhydrophilic

surfaces cause drops to wick through the surface protrusions, resulting in

an extremely thin film (Quéré, 2008). In addition to axisymmetric de-
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posits, polygonal spreading was observed on micropillar arrays with the

detailed shape depending on the pillar wettability, distribution and dimen-

sions (Bico et al., 2001; Courbin et al., 2007; Cubaud & Fermigier, 2001;

Sbragaglia et al., 2007). Still, limitations exist in achieving complicated

morphologies of liquid deposit, which play important roles in the lab-on-

a-chip technology (Zhang, 2011) and printable electronics (Russo et al.,

2011).

Besides the surface topography, patterns of wettability can control the

shape of a liquid deposit. Kataoka & Troian (1999) demonstrated a ther-

mocapillary flow guided along a hydrophilic lane while the neighbouring

hydrophobic region remained dry. Zhao et al. (2001) realized liquid streams

following virtual conduits of hydrophilic lines inside microchannels. Joki-

nen et al. (2008) showed that a sessile drop containing an air bubble in its

interior can be generated on a superhydrophobic surface with a wettable

annular pattern by slowly increasing the deposit volume. Thin spokes or

narrow fans of liquids radiating from a centre were generated by drop im-

pact on the surface with microscale wettability patterns (Lee et al., 2010).

These previous studies show that patterning the wettability of solid surfaces

can provide a fairly sophisticated way to controlling the drop morphology.

Here we investigate the dynamic behavior of a drop impacting on super-

wettability-contrast patterns where a wettable annulus is surrounded by

superhydrophobic background to effectively combine the aforementioned

capabilities of extreme wettability conditions and of microwetting patterns

in deposit shape control. We find hitherto unreported drop dynamics, such

as spontaneous film rupture followed by liquid ejection and water annu-

lus formation, which may lead to novel microfluidic applications. In the

following, we start with description of experimental procedures and then

report the observation of different behaviors of liquid drops on the annular

wettability patterns depending on the impact conditions and the annulus

dimensions. We then provide hydrodynamic analysis for several salient fea-

tures in the process. Finally we demonstrate the practical implications of

the phenomena investigated here.
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2.2 Experiments

2.2 Experiments

We use PET (polyethylene terephthalate) substrates to fabricate super-

water-repellent surfaces with wettable annular patterns. We first clean

the substrate with Ar gas and then follow the steps illustrated in figure

2.1. We create nanoscale roughness on the surface through O2 etching in a

plasma-assisted chemical vapor deposition (PACVD) chamber for 30 min.

Then it is coated with an amorphous C6H18Si2O film using hexamethyl-

disiloxane (HMDSO) gas via PACVD process. For detailed conditions of

the plasma process, see Shin et al. (2012). (Shin et al., 2012) The resulting

surface is covered with nanograsses as shown in figure 2.2, and the root-

mean-square (RMS) surface roughness is measured to be 150 nm with 5.3%

of standard deviation by scanning area of 25 µm2 using an atomic force

microscope (Park Systems XE-70). The surface roughness, defined as the

ratio of the actual surface area to the projected area, is 1.8. To selectively

hydrophilicize an annular area, the surface is spin-coated with a photore-

sist (AZ 1512) and exposed to ultraviolet radiation with a photomask on

it. After removing the irradiated photoresist region with a developer, the

photoresist-patterned substrate is treated with air plasma, which makes the

exposed area superhydrophilic (Kim et al. 2011b). Finally, removing the

residual photoresist with acetone, we are left with a surface with extreme

wettability contrast: superhydrophilic in the air-plasma-treated annulus

and superhydrophobic elsewhere. We vary the size of the annulus so that

the inner radius Ri ranges between 1.5 and 5.0 mm and the outer radius

Ro between 2.0 and 7.5 mm. By imaging water drops of 2 µl volume, the

static contact angle θs of the superhydrophilic and the superhydrophobic

surface is measured to be nearly zero and 160±2◦, respectively. The critical

advancing contact angle, θa, and the critical receding contact angle, θr, of

the superhydrophobic surface are measured by increasing (θa) or decreasing

(θr) the drop volume until the contact line starts to move with an aid of

a syringe needle immersed in the drop (de Gennes et al., 2004). Then we

find the contact angle hysteresis, θa − θr, to be 5◦ ± 2◦.
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PET Nanoroughness

O2 Plasma HMDSO Plasma

Superhydrophobic surface

Air Plasma

Patterned surface

Superhydrophobic

Superhydrophilic

Photoresist

Side view

Top view
Ri

Ro

Figure 2.1: Fabrication process of the surface with extreme wettability

contrast.

500 nm

Figure 2.2: Scanning electron microscopy (SEM) image of nanograsses

formed on a PET substrate.
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2.3 Types of drop impact behavior

We use deionized water emitting from a micropipette to create liquid

drops of radius a ranging between 1.2 and 1.9 mm. They fall under gravity

to impact on the horizontal surface. They hit the center of superhydropho-

bic region surrounded by the annulus. The impact velocity of a drop, U , is

varied by changing the distance it travels: U ranges between 0.44 and 2.65

m s−1. The shape evolution of the drop is recorded by a high-speed camera

(Photron Fastcam SA1.1) at a rate ranging between 3000 and 20000 frames

per second with the pixel resolution of 512× 512. In the experiments, the

substrate is located on the precision balance (Mettler Toledo XS205) to

measure the temporal change of drop mass. We deduce the thickness of a

thin liquid lens from its mass assuming that the lens is a part of sphere due

to negligible gravitational effects.

2.3 Types of drop impact behavior

Figure 2.3 shows different types of drop impact behavior depending on

how a liquid drop interacts with the hydrophilic annulus surrounded by

the super-water-repellent background. The effects of the hydrophilic region

manifest themselves only when the maximum spread radius of the drop,

Rm, is greater than Ri. We first varied Ri and Ro, while the drops of

a = 1.3 mm have the impact velocity U = 1.2 m s−1 and 2.5 m s−1 for (a,

b) and (c), respectively. Thus, the Weber number We = ρU2a/γ = 25 and

106 for (a, b) and (c), respectively. Here ρ is the liquid density and γ the

surface tension. The corresponding Reynolds numbers Rea = ρUa/µ, with

µ being the viscosity, are 1560 and 3250 for (a, b) and (c), respectively.

Clanet et al. (2004) showed that it is the parameter P = 1.15We/Rea
4/5

that determines whether the impact inertia is balanced by the interfacial

tension or the viscosity. In our cases with P being much smaller than unity,

the drop impact is in the capillary regime where the drop inertia is balanced

with the interfacial tension.

For Rm < Ri, figure 2.3(a), the water drop recoils and eventually dis-

engages from the super-water-repellent area upon reaching the maximum
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radius Rm = 3.1 mm, which is typical of drops with We ∈ [0.1− 30] (Rio-

boo, 2008). In this We range, Rm is determined by the balance of inertia of

the decelerated drop with the interfacial tension as Rm/a ∼ We1/4 (Clanet

et al., 2004).

For Ri < Rm < Ro, the spreading front is arrested in the hydrophilic

annulus, thereby allowing the drop to rest on the water-repellent surface

in a thin lens shape as shown in figure 2.3(b). Although the contact line

does not retract, a ridge formed around the rim returns to the centre, much

like a drop impinging on a uniformly hydrophilic surface (Mao et al. 1997).

However, two salient flow characteristics are observed as delineated in the

following.

First, the spreading front continues to advance even as the ridge retracts

(3.0 - 4.7 ms in figure 2.3(b)) unless the contact line has reached the outer

edge of the hydrophilic annulus corresponding to Rm = Ro. Figure 2.4

compares the temporal evolution of the drop base radius on a uniformly

superhydrophobic surface and a superhydrophobic surface with a wettable

annular pattern. On the uniformly hydrophobic surface, the drop rapidly

recoils upon reaching the maximum spread radius at around 3.5 ms. On the

wettability-patterned surface, however, the base radius, R, plateaus after

the first spreading phase that lasts till 0.01 s. In this constant-spread-radius

stage, the flow induced by the inward propagation of the capillary wave of

the top surface appears to balance the outward spreading driven by the high

wettability of the substrate. While the contact line remains immobile, the

capillary wave subsides and the drop smoothens its shape into lens. Then,

the second-phase spreading (after 0.15 s) within the wettable annulus is

driven by wicking of a liquid film over rough superhydrophilic surface rather

than by the impact inertia.

Second, microscopic air bubbles are trapped between the liquid and the

superhydrophobic surface as clearly seen in the last panel of figure 2.3(b).

These tiny bubbles are formed by entrainment of air as the contact line

rapidly advances. Scrutinizing the microscopic bubbles generated in this

work, we find two distinct sizes of bubbles to exist: relatively small ones
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0 ms

0 ms

1.2 ms 3.5 ms 5.0 ms 9.4 ms

(a)

(b)
16.5 ms

3.0 ms 3.7 ms 4.7 ms

12.0 ms 74.7 ms 1500 ms final

3 mm

3 mm

(c)

3 mm

0 ms 0.6 ms 1.7 ms 4.1 ms 6.6 ms

9.8 ms 15.0 ms 18.2 ms 27.6 ms final

Hole

Figure 2.3: Different types of drop impact behavior. (a) Rebound for

Rm < Ri. (b) Lens formation for Ri < Rm < Ro. (c) Lens rupture, droplet

ejection, and generation of a ring for Rm > Ro. [Ri, Ro] = [4.0, 4.2], [2.5, 7.5]

and [5.0, 5.2] mm for (a), (b) and (c), respectively. The impact Weber

number We=25 and 106 for (a, b) and (c), respectively.
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i

Figure 2.4: Temporal evolution of the base radius of a water drop with the

initial radius a=1.3 mm impacting with the speed of U = 1.2 m s−1 on a

uniformly superhydrophobic surface (triangles) and a wettability-patterned

surface with Ri = 2.5 mm (circles).

with the radius (viewed from the top) ranging between approximately 5

and 15 µm are distributed inside the hydrophobic area, whereas larger ones

are located close to the inner edge of the annulus.

The small bubbles are generated because the contact line advancing on

a hydrophobic surface becomes unstable and roughened (Blake & Ruschak,

1979; Eggers, 2004) when its speed exceeds a critical value, Uc, which is pre-

dicted to be Uc = cγ(π − θA)
3/µ (Duez et al., 2007), where c is a constant

of the order of 10−2. Substituting the properties of water and θA ≈ 160◦,

we find that Uc ranges between 10−2 and 10−1 ms−1, which is significantly

lower than the typical spreading speed of the contact line in this work, ∼ 1

m s−1. Therefore, the unstable contact line roughens to entrain small air

bubbles until it meets the hydrophilic annulus. The process is schematically

illustrated in the first two panels of figure 2.5(a) with the corresponding

images shown in (b). The small bubbles with a circular top view hardly

change their shapes with time. On the other hand, the formation of rela-
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tively large bubbles begins when the contact line encounters the boundary

of the hydrophobic-hydrophilic regions (Ri), the second and third panels of

figure 2.5(a) and (b). A strip of bubble is trapped at the boundary while the

abrupt change of the liquid-solid contact mode from that of Cassie & Bax-

ter (1944) to Wenzel (1936) occurs (Cassie & Baxter, 1944; Wenzel, 1936).

We suppose that the air flow through the forest of nanopillars following the

liquid flow (Cassie-Baxter state) is trapped at the wettability boundary as

the liquid suddenly starts to intimately contact the rough hydrophilic area

(Wenzel state). The detailed dynamics of this air trapping process leading

to formation of large bubbles is worth further study but not pursued fur-

ther here. The annular air strip in 0.73 ms of figure 2.5(b) evolves into a

series of relatively large bubbles by capillary action, as shown in the fourth

to fifth panels in figure 2.5(b). The bubbles appear rather irregular in their

top views. Measuring 129 bubbles within 8 drops, we get the average area

of 0.057 mm2 with the standard deviation of 0.035 mm2. The typical range

of error in the bubble area measurements is ±0.004 mm2. Once the discrete

large bubbles are formed, no appreciable changes of their size and shape

were detected.

To achieve Rm > Ro, as shown in figure 2.3(c), we increase the Weber

number from 25 to 106 as mentioned earlier. Then the spreading front gets

unstable because of a high Weber number (Kim et al., 2000) and recedes

upon reaching the maximum radius until it stops at the outer edge of the

hydrophilic annulus (Ro). The entrainment of air takes place similar to the

process delineated above. Because this drop retains a higher kinetic energy

than the previous one, its recoiling tends to be more vigorous, leaving the

thin lens more vulnerable to disturbances that can lead to instability of

the entire drop morphology. It is the trapped air bubbles that trigger the

instability - a through hole is nucleated by one of the bubbles as shown

in 9.8 ms in figure 2.3(c), which then exposes the superhydrophobic area

surrounded by the wettable annulus. The liquid that has covered the su-

perhydrophobic area is completely disengaged from the surface (27.6 ms),

leaving a water ring defined by the hydrophilic annulus.
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Figure 2.5: Air bubble entrainment during spreading. (a) Schematic pro-

cess of entrainment of air due to instability of the contact line advancing

on the hydrophobic surface and abrupt encounter of the hydrophilic region.

The abrupt switch of the contact mode at the annular region from that of

Cassie-Baxter to Wenzel occurs between the second and third panels, by

which a large bubble is trapped. The large bubble formed at the wetta-

bility boundary (the third panel) moves into the superhydrophobic region

because of a strong affinity for gas and liquid of the superhydrophobic and

superhydrophilic region, respectively. In the last panel, the contact line has

receded back to R = Ro. (b) Magnified images near the wettability bound-

ary visualizing the formation process of air bubbles illustrated in (a). The

times are measured from the moment that the drop hits the substrate. The

dashed lines correspond to the inner and outer edges of the wettable an-

nulus. The liquid front advances from the upper left to the lower right.

In the last panel (10.73 ms), the small bubbles inside the inner wettability

boundary are distinguished from the irregularly shaped large bubbles at

the wettability boundary.
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The formation of a water ring followed by the ejection of liquid from

a thin lens is the most peculiar aspect of the drop impact behavior ob-

served on a super-wettability-contrast annular pattern. Since liquid lenses

containing air bubbles are commonly subjected to this instability, the lens

shown in the last panel of figure 2.3(b) is also prone to burst. In section §4,
it will be explained under what conditions this bursting takes place.

2.4 Film bursting, liquid ejection, and water ring

On hydrophobic surfaces, thin water films easily dewet and break up

into multiple sessile droplets when subjected to external disturbances. Any

films with a thickness less than the critical value hc = 2lc sin(θe/2), where

the capillary length lc =
√

γ/(ρg) and θe is the equilibrium contact angle,

are unstable (de Gennes et al., 2004). For water repellent surfaces, hc ≈
2lc = 5.4 mm, thus the thin lenses obtained in this work, e.g. figures 2.3(b,c),

with the maximum lens thickness of ∼ 80 µm can be destabilized easily.

Furthermore, microbubbles trapped during the spreading phase aggravate

the instabilities. For the drop of figure 2.3(c), a significant amount of

kinetic energy remains even after initial spreading, which tends to perturb

the drop leading to the immediate burst of a hole. For water drops that do

not burst upon spreading into a film as the one in figure 2.3(b), we waited to

see if any conformational change occurs while measuring the drop weight

with a precision balance. The result was that every drop that formed a

thin lens burst, so that the inner superhydrophobic area was exposed to

air as shown in figure 2.6. The lens ruptures because the evaporating lens

becomes unstable when its volume reaches a certain threshold value, which

we estimate in the following.

We assume that the film instabilities manifest themselves when the free

energy of a liquid lens penetrated with a hole, Eh, becomes lower than that

of an undamaged lens, Eu, along the same line as Sharma & Ruckenstein

(1989) (Sharma & Ruckenstein, 1989). Figure 2.7 shows the schematics

of the liquid lenses sitting on surfaces with extreme wettability contrast.
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0 ms 0.1 ms 1.2 ms 3.0 ms 4.8 ms 

7.6 ms 10.5 ms 12.3 ms 14.1 ms 21.9 ms 

2 mm 

Γ

Γ

Figure 2.6: Bursting of a thin lens due to decrease of volume by evaporation,

which eventually leads to the formation of a liquid ring. A bubble (indicated

by an arrow) entrained in a liquid film at 0 ms generates a hole, which is

detected by a high-speed camera in the next frame (0.1 ms).

The radius of the liquid drop a having the same volume as the bursting

lens in this work ranges from 1.06 to 1.53 mm and the maximum height

of the lenses is less than 470 µm. Therefore, the capillary forces dominate

the gravitational forces in determining the lens shape (lc=2.7 mm). This

allows us to assume the lenses as truncated spheres (de Gennes et al., 2004),

consistent with our observation of their side views.

The undamaged lens, figure 2.7(a), is in contact with air at its top sur-

face and touches the superhydrophilic annulus while supported by the tips

of protrusions in the superhydrophobic area, locally achieving the Cassie-

Baxter state. For the damaged lens, figure 2.7(b), we assume that a cylin-

drical hole with the bottom area, A1, and the side area, A2, emerges near

the edge of the inner superhydrophobic area, based on our experimental

observation that relatively large air bubbles are trapped at the wettabil-

ity boundary. Neglecting the change of the overall lens shape with a hole,

whose volume is very small compared to that of the lens, we write

∆E = Eh − Eu = γ [A2 −A1(1− cos θC)] (2.1)

Here we used the Cassie-Baxter equation that gives the apparent contact

angle of the Cassie-Baxter state, θC , as γ cos θC = ϕ(γSG−γSL)− (1−ϕ)γ,

where ϕ is the wetted fraction of the solid area, and γSL and γSG are
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2.4 Film bursting, liquid ejection, and water ring
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Figure 2.7: Schematic illustrations of liquid lenses on a super-wettability

contrast surface with a wettable annular pattern. (a) Undamaged lens.

(b) Lens penetrated with a hole of radius s located at the edge of the

superhydrophobic circle.

the solid-liquid and solid-gas interfacial energy per unit area, respectively.

Above we ignored gravitational potential energies in view of small thickness

of the drop compared to the capillary length. Also the hole was assumed

to be a circular cylinder to facilitate the evaluation of A2. For a cylindrical

hole with a radius s, A1 = πs2 and A2 = 2πsh. Here h is taken to be a

representative height of the cylindrical hole, as shown in figure 2.7(b):

h =
√

R2
c − (Ri − s)2 −Rc +H (2.2)

where Rc and H are the radius of curvature and the maximum height of

the drop at its critical volume for hole nucleation, respectively.

Plotting ∆E versus the lens volume V in figure 2.8(a), we find that ∆E

becomes negative as V decreases, indicating that a small lens with a hole

becomes energetically more favourable than undamaged ones. We compare

the experimentally measured critical volumes that initiate the hole burst

with the theoretical predictions (solid and dotted lines) in figure 2.8(b),

which shows reasonable agreement between experiment and theory with a

fitting parameter s = 75 µm, which is slightly smaller than the radius of a

hole (∼ 90 µm) first detected by the high-speed camera (0.1 ms in figure

2.6). We also included the theoretical results with the hole shape obtained

by solving the Young-Laplace equation (dashed and dot-and-dash lines) in

figure 2.8(b). In the calculation, the bottom of the hole was assumed to

retain the contact angle of 160◦, the interfacial energies of the lenses with
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2.4 Film bursting, liquid ejection, and water ring

and without the hole were set to be identical, and the average hole radius

was taken to be 75 µm. A hole satisfying the Young-Laplace equation for

a lens on the annulus pattern with [Ri, Ro] = [3.5, 4.1] mm is shown in the

inset of figure 2.8(b). The modelling results using a cylindrical hole and a

hole satisfying the Young-Laplace equation are shown to differ at most 14%

for the same annulus dimensions. At fixed Ri, the critical volume decreases

as Ro increases; thus a lens formed on a wider annulus (large Ro/Ri) can

get thinner before burst than one formed on a narrower annulus (small

Ro/Ri).

Once a hole emerges, it expands along the inner edge of the hydrophilic

annulus as it cannot interrupt the intimate contact between the liquid and

the hydrophilic solid. The distance that the hole sweeps along the inner

edge, as indicated by an arrow in the fifth panel of figure 2.6, turns out to

increase linearly with time, giving a constant hole expansion speed, Uh, for

each experimental condition. Uh ranges from 1.5 to 3 m s−1 in this work.

The corresponding Reynolds number Reh = ρUhh/µ ranges from 41 to 96.

The hole opening is driven by the capillarity but resisted by inertia. If a hole

is nucleated at the centre of a liquid disk, the capillary force driving the hole

expansion is given by Fd = 2πrhγ(1− cos θC), where rh is the hole radius.

Balancing Fd with the resisting force due to inertia, Fr = 2πρrhh̃U
2
h , gives

the hole opening speed Uh = [γ(1−cos θC)/(ρh̃)]
1/2, where h̃ is the nominal

film thickness. For a film floating in the air (θC = 180◦), we get the Taylor-

Culick formula, Uh = [2γ/(ρh̃)]1/2 (Culick, 1960; de Gennes et al., 2004;

Taylor, 1959). For the present superhydrophobic surface with θC = 160◦,

the numerical prefactor changes but slightly, giving Uh ≈ 12h̃−1/2 with Uh

and h̃ having the units of cm s−1 and cm, respectively. Although the hole

in this work is nucleated near the edge of lens rather than the centre, our

experimental measurements of Uh indeed reveal that Uh is scaled as h−1/2 as

shown in figure 2.9. Here we have taken h̃ = h. The inset of the figure finds

the proportionality constant to be 11.5 through the least-square method,

a value surprisingly close to the one derived for a hole opening from the

centre.
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Figure 2.8: (a) ∆E versus the lens volume for [Ri, s] = [4, 0.075] mm. (b)

Critical volumes at which a hole bursts. The solid and dotted lines are the

theoretical predictions using the cylindrical hole assumption. The dashed

and dot-and-dash lines are the theoretical predictions for the holes satisfy-

ing the Young-Laplace equation. Circles are the measurement results. The

inset is the hole shape satisfying the Young-Laplace equation for a lens on

the annulus pattern with [Ri, Ro] = [3.5, 4.1] mm.
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2.4 Film bursting, liquid ejection, and water ring

1
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Figure 2.9: Speed of hole expansion Uh versus h for various values of initial

drop volume, Ri and Ro. The inset plots Uh versus h−1/2 to find the

proportionality constant to be 11.5.

Because the film gets thicker toward the centre, corresponding to lower

Uh, the hole opens along the edge first. This causes the central droplet to be

completely separated from the surrounding rim adhered to the hydrophilic

annulus. As the central part of the lens transforms into a sphere due to

surface tension effect, its excess energy, i.e. the difference of the potential

energies of the lens and the sphere, is partly converted to the translational

kinetic energy. This allows the droplet to disengage from the water-repellent

surface, or jump.

We note that the path of the liberated droplet projected on the solid

surface is exactly overlapped with a line Γ that connects the hole nucleation

site and the centre of the annulus, as illustrated in figure 2.6 (0.1 and 12.3

ms). It is because the hole expansion and resulting film lift is symmetric

about the line Γ before it loses contact with the intersection of the line Γ

and the annulus. The take-off angle β is closely associated with the relative

speed of hole opening to film flotation. As shown in figure 2.10(a), when

the lens is relatively flat for its large area of inner circle (large Ri) or wide
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2.4 Film bursting, liquid ejection, and water ring

annulus (large Ro/Ri), the hole opening along the edge and the retraction

of the film occur almost at the same rate because of relatively uniform

thickness throughout the lens. Thus, the droplet is ejected almost parallel

to the solid surface, yielding a very low β, 7◦. On the other hand, for a

highly curved lens with a small area of inner circle (small Ri) or narrow

annulus (small Ro/Ri), figure 2.10(b), the hole opening is much faster than

the film retraction toward the centre. The difference in the speeds of hole

opening and film retraction is caused by a relatively large difference of the

film thicknesses near the wettability boundary and at the centre. Thus,

the central film is quickly separated from the rim before being lifted in the

air. Then the isolated liquid mass jumps off the surface forming a spherical

droplet with a high β, 31◦. We plot the experimentally measured values of

β versus the characteristic slope, κRi, of the lenses assumed as a truncated

sphere in figure 2.10(c), to find that β is strongly correlated with κRi. Here

κ is the curvature of the bursting lens.

By comparing the surface energy change of a liquid mass associated with

separation from the rim and its kinetic energy at take-off, it is possible to

evaluate how much energy is dissipated during the droplet ejection process.

The reduction of the surface energy as liquid transforms from a sessile film

to a floating sphere corresponds to ∆Es = πR2
i γ(1−cos θC)−4πr2dγ, where

rd is the radius of the spherical droplet ejected from the lens. Here, the

surface area of the spherical lens exposed to air, Au = πR2
i [1+(H−h)2/R2

i ],

is simply approximated to be Au ≈ πR2
i because (H − h)2/R2

i is of the

order of 10−2. With the take-off speed of the droplet vd, the kinetic energy

is written as ∆Ek = (2π/3)ρr3dv
2
d. In our experiments, rd varies from

0.80 to 1.24 mm and vd from 0.68 to 1.45 m s−1. Figure 2.10(d) plots

the energy conversion ratio, ∆Ek/∆Es, versus the characteristic slope κRi.

Unlike the take-off angle, the energy conversion ratio tends to decrease

with κRi. It is attributed to the shape of ejected droplets that depends

on the take-off angle or κRi. The droplet shape is highly irregular upon

take-off for high κRi, e.g. the one in 9.8 ms in figure 2.10(b), while it is

close to spherical for low κRi, e.g. the one in 16.4 ms in figure 2.10(a).
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2.4 Film bursting, liquid ejection, and water ring

Therefore, the surface energy of droplets ejected from highly curved lenses

is converted into vibrational and viscous energy in addition to translational

kinetic energy (Biance et al., 2006), lowering the ratio ∆Ek/∆Es, from

approximately 0.3 to 0.2.

The jumping of drops on superhydrophobic surfaces has been reported

in several other situations as well. Drops impacting on a uniformly superhy-

drophobic surface rebound vertically (Richard & Quéré, 2000). Whereas,

those colliding with nonuniform wettability would rebound obliquely be-

cause of the difference in dewetting speeds around the rim of squeezed

drops. Reyssat, Pardo & Quéré (2009) observed the oblique rebound of wa-

ter drops hitting micropillar arrays with gradients of pillar density, where

the take-off angle could be varied from 90◦ to approximately 60◦ (Reyssat

et al., 2009). In addition, tiny droplets undergoing coalescence (Boreyko

& Chen, 2009) and melting (Habenicht et al., 2005) can jump off water-

repellent surfaces. The high-speed imaging of Boreyko & Chen revealed

that condensate water drops with a diameter of the order of 102 µm merge

and almost vertically jump off a superhydrophobic surface with a velocity

of the order of 0.1 m s−1. Comparing with those previous investigations of

droplet jumps off the surface, we find that the current work achieves the

lowest take-off angle, which may be useful where violent droplet behavior

needs to be avoided, e.g. within a small lab-on-a-chip system.

Next we consider the volume and stability of the ring that remains after

film burst. We assume that the cross-section of the ring is a truncated circle

because the Bond number, Bo = ρgb2/γ ∼ 10−5, where b is the maximum

thickness within the ring. Then the volume of the ring, Vr, is related to the

apparent contact angle of the ring, θ0, as

Vr =
π

2
(Ri +Ro)

(
Ro −Ri

2 sin θ0

)2

(2θ0 − sin 2θ0) (2.3)

Our experiments reveal that θ0 ranges between 2◦ and 28◦. We found

qualitatively that Vr and θ0 tend to increase with the decrease of κRi (or

decrease of β). The tendency is because a stretched liquid bridge trailing

the ejected droplet, as shown at 12.6 ms in figure 2.10(a), partly recoils
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2.4 Film bursting, liquid ejection, and water ring

(a)

(b)

8.0 ms 12.6 ms 16.4 ms 23.8 ms

(c) (d)

4.8 ms

3 mm

15.6 ms 22.4 ms 26.6 ms5.0 ms

3 mm

9.8 ms

Ri (mm) Ro (mm)

4.0

4.0

4.5

4.5

4.5

4.4

4.6

4.7

4.9

5.1
Ri (mm) Ro (mm)

4.0

4.0

4.5

4.5

4.5

4.4

4.6

4.7

4.9

5.1

Figure 2.10: (a) Ejection of a droplet from a relatively flat liquid lens.

[Ri, Ro] = [4.0, 4.6] mm. (b) Ejection of a droplet from a relatively curved

liquid lens. [Ri, Ro] = [4.5, 4.7] mm. (c) The take-off angle (β) versus the

lens slope (κRi). (d) The kinetic to surface energy ratio versus the lens

slope.
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2.4 Film bursting, liquid ejection, and water ring

Figure 2.11: Maximum thickness of liquid ring b versus Ro/Ri.

back to the ring at low β. Such recoiling of the bridge increases the vol-

ume of remaining ring. When the liquid ring is bound by the pre-defined

hydrophilic annulus, the contact line is pinned, and thus the ring is stable,

i.e. no beading occurs, for θ0 < π/2 (Davis, 1980; Schiaffino & Sonin, 1997),

which is consistent with our observations. For θ0 > π/2, the liquid thread

is known to be subjected to capillary instability. Because of the low contact

angle of the rings produced in this work, the rings remain stable until they

are dried off and dry spots appear.

Finally we measure the maximum thickness of the ring, as shown in

figure 2.11. For small Ro/Ri, The maximum thickness of the ring reaches to

the same order of ring width while it is significantly smaller than ring width

for large Ro/Ri. Despite being aforementioned mass loss or increase, we

assume that Vr is proportional to the volume difference between the entire

lens and film on the superhydrophobic inner circle. Then the maximum

thickness of the ring b can be written as the following.

b ∼ V 2
cr

R2
o

[
1− 1−Ri/Ro

(Ro/Ri)2 − 1

]
. (2.4)

Here we assume that the cross-section of the ring is a triangle, because of

small θ0 and Vcr is the critical volume of rupture. 1−(1−Ri/Ro)/(Ro/Ri)
2−
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2.5 A practical implication

1) ranges between 0.53 and 1 and thus the previous scaling model is summa-

rized into b ∼ Vcr/R
2
o, which is consistent with the experimental tendencies

in figure 2.11 although we does not consider mass variation and exact ring

profile.

2.5 A practical implication

The wettability contrast can be explored to generate liquid patterns on

solid surfaces for rapid printing of electronic circuits (Russo et al., 2011)

and biological fluids (Roth et al., 2004). As shown in figure 2.12, liquid lines

and curves can be easily drawn by impacting a liquid drop on a tilted sub-

strate. Starting from a photomask with a desired pattern, figure 2.12(a), we

perform photolithography on a uniformly superhydrophobic surface in the

same manner as figure 2.1. Then the hydrophobic substrate is selectively

treated to turn hydrophilic in desired areas. Upon drop impact, while the

liquid is rapidly drained down the substrate, the contact lines are arrested

on hydrophilic patterns thereby allowing the liquid to be patterned along

the pre-defined hydrophilic areas as shown in figure 2.12(b). Although being

a promising method to print functional liquids on solids, this method may

cause a serious problem in drawing closed curves if the liquid covering the

inner region fails to be drained. The behavior of a liquid film investigated

in this work provides a viable solution to this problem - thin films arrested

by hydrophilically treated closed curves are unstable thus spontaneously

rupture to expose the hydrophobic inner regions as shown in figure 2.12(c).

The liquid ejection behavior from the rectangular wettable loop is similar

to what is observed for the circular loops.

It is noted that most functional liquids, including conducting liquids

and biological fluids, may have higher viscosity and lower surface tension

than pure water, providing more resistance and less driving forces to the

film rupture. By testing the bursting behavior of water-glycerine mixtures

(36 wt% glycerine, µ = 3.1 mPa·s, γ = 68.2 N/m) on an annulus pattern

with Ri = 4.0 and Ro = 4.4 mm, the liquid film is found to still burst when
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Figure 2.12: Rapid printing of a liquid deposit using wettability-contrast

patterns. (a) Photomask pattern used to print liquid on solids. (b) Printing

of water on the wettability-patterned surface that is tilted 16◦ from the hor-

izontal. The drop is easily removed from the hydrophobic region when the

hydrophilic curve is open. (c) Printing of closed curves using spontaneous

film rupture.

its volume is decreased by evaporation just as a pure water deposit does.

However, the threshold volume for the burst is measured to be 71% that

of water, implying that water-glycerine films burst at a smaller thickness

than water films. Also the film rupture speed is found to be only 16% that

of water, hinting a retardation effect of increased µ and decreased γ on

bursting.

2.6 Conclusions

We have shown that drops impacting on super-wettability-contrast an-

nular patterns exhibit novel dynamic behaviors that are distinguished from

ones on surfaces with uniform wettability. The liquid film covering the

superhydrophobic region as arrested by the hydrophilic annulus is sponta-

neously ruptured to completely disengage from the surface leading to the

formation of a water ring. The critical volume of the film for hole formation

and the take-off angle and energy conversion ratio of the ejected droplet

have been quantified. The practical implication that this phenomenon has

in association with the printing of functional liquids has been demonstrated.
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2.6 Conclusions

The jumping of drops on superhydrophobic surfaces, reported here and

in several other situations (Boreyko & Chen, 2009; Habenicht et al., 2005;

Richard & Quéré, 2000), are commonly due to a severe difference of the

surface energy of a deposit on a solid surface and that of a floating drop

of the identical mass. The surface energy difference is released in the form

of the translational and vibrational kinetic energy. The ejection of a part

of liquid lens as observed in this work serves as another novel example of

strong water repulsion dynamics. Also, the ejection of water controlled by

the liquid film mass (varied via evaporation in this work) provides a novel

pathway to achieving jetting of liquids resting on solids, which was mainly

explored using electrohydrodynamic effects so far (Collins et al., 2008; Kim

et al., 2011).
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Chapter 3

Liquid spreading along

wettable rails

3.1 Introduction

In contrast to the deposition of liquid on hydrophobic surface, liquid

usually spreads on the hydrophilic surface because of intimate contact be-

tween the liquid and solid surface, leading to a positive spreading parameter

(de Gennes et al. 2004). Thus, the wetting velocities on the hydrophilic

surface have been the subject of intense study for many decades. Tan-

ner (1979) first showed that spreading was driven by capillary force and

resisted by viscous force, resulting in the following power law of film ex-

pansion, R ∼ t1/10, where R and t are spreading radius of deposited drop

and time, respectively. Later, several power laws have been proposed to de-

scribe different driving, resisting force (Biance et al., 2004; Ehrhard, 1993;

Huppert, 1982; Lopez & Miller, 1976). When the spreading drop is driven

by gravitational force, the spreading radius of the drop differently increases

with time depending on whether the viscous resisting forces are exerted on

an entire drop or on contact line, resulting in R ∼ t1/7 (Ehrhard, 1993)

and R ∼ t1/8 (Huppert, 1982; Lopez & Miller, 1976), respectively. For the

spreading driven by capillary force and resisted by inertial force, the power

law was shown to be R ∼ t1/2, which was generally observed in the early
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3.1 Introduction

stage of spreading (Biance et al., 2004).

Recently, spreading on the mechanically and chemically patterned sur-

faces have been employed thanks to the recent development in microelec-

tromechanical systems (MEMS). When the deposited solid surface is me-

chanically patterned, different dynamics and corresponding power laws are

observed due to the magnified intrinsic wettability (Chandra & Yang, 2011;

Kim et al., 2011a). As a result, the liquid starts to penetrate onto the gaps

of patterned pillars, thus forming a relatively thin fringe film in addition

to a relatively thick bulk film (Kim et al., 2011a). The spreading dynamics

differs depending on whether or not the bulk part exists. For the spread-

ing coupled to bulk flow, the advancing front of the fringe film grows like

t1/2 (Kim, 2011b; Kim et al., 2011a) that is similar to the Washburn’s law

(Washburn, 1921), but for the spreading without bulk flow, the expan-

sion of the fringe film accompanies lateral zipping phenomena, leading to

a power law (t1/4) (Kim et al., 2011a). Mechanical patterns of substrate

also show an intriguing shape of liquid deposit. Liquid can be deposited

on the microtextured surface through the zipping mechanism in the late

stage of the spreading, and the shape of liquid deposit can be manipulated

by controlling the spacing, dimensions, and the shape of the pillars, thus

resulting in a polygonal liquid deposit (Bico et al., 2001; Courbin et al.,

2007; Kim et al., 2011a; Sbragaglia et al., 2007). When the solid surface is

chemically modified in such a way that a hydrophilic stripe is surrounded

by a hydrophobic background, liquid spreads only along the wettable stripe,

thus lead to formation of a liquid filament (Darhuber et al., 2001; Ledesma-

Aguilar et al., 2011). Darhuber et al. (2001) showed that the rate of the

filament increase was still governed by Washburn’s law, despite being a dif-

ference in the deposited solid surface compared to the mechanical pattern

surface, as mentioned earlier.

Here we discuss the spreading on the chemically patterned surface whose

geometries are the same as mentioned in Darhuber et al. (2001), but has

nanoscale roughness on it to enhance its intrinsic wettability. we find that

the increase rate of the liquid filament on the nanoroughness surface is
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3.2 Experimental apparatuses

Liquid ρ (kg/m3) γ (N/m) µ (Pa·s)

A Water 998 0.072 0.001

B Glycerine 60 wt% 1151 0.067 0.009

C Ethanol 789.5 0.022 0.0014

Table 3.1: Liquid properties at about 23◦C.

much higher than that on the flat surface and a variety of power laws

can be observed in addition to Washburn’s power law. In the following,

we first discuss experimental apparatuses and show the spreading abilities

depending on the width of hydrophilic stripe. Then, we provide several

power laws of the spreading front, which differ depending on the exerted

force. Finally, we construct regime map based on the developed models.

3.2 Experimental apparatuses

We use silicon wafer substrates to fabricate super-water-repellent sur-

faces with wettable annular patterns. We first clean the substrate with

Ar gas and then follow the steps illustrated in Kim et al. (2013). We

create nanoscale roughness on the surface through O2 etching in a plasma-

assisted chemical vapour deposition (PACVD) chamber for 60 min. Then

it is coated with an amorphous C6H18Si2O film using hexamethyldisiloxane

(HMDSO) gas via PACVD process. The resulting surface is covered with

nanograsses as shown in figure 3.1(a), and the surface roughness, defined as

the ratio of the actual surface area to the projected area, is 1.8. By adopt-

ing the method in Kim et al. (2013), we selectively hydrophilicize an line

pattern on the superhydrophobic background and we vary the width of the

hydrophilic line pattern so that the width w rages between 200 and 2000

µm. By imaging water drops of 2 µl volume, the equilibrium contact angle

θe of the superhydrophilic and the superhydrophobic surface is measured

to be nearly zero and 160± 2◦, respectively.

We put deionized water inside the capillary tube, whose inner and outer

33



3.3 Liquid spreading along microstripes

radius are 0.59 and 0.78 mm, respectively, by touching the free surface

of water on tilted tubes so that the height of water column inside the

tube ranges between 30 and 40 mm, which is larger than Jurin’s height,

hJ . Beside water, we also use 60 wt.% aqueous glycerince, and ethanol

as illustrated in 3.1. After we insert the liquid into a capillary tube, the

liquid hanging from the tube is gently touched by the superhydrophilic

microstripes. The shape evolution of spreading liquid is recorded by a

high-speed camera (Photron Fastcam SA1.1) at a rate ranging between 60

and 5000 frames per second with the pixel resolution of 512× 512.

3.3 Liquid spreading along microstripes

When a liquid hanging from a capillary tube is deposited on the hy-

drophilic microstripes with nanoroughness, the spreading behaviors differ

depending on the width of the hydrophilic rails and height of the liquid col-

umn inside the tube, as shown in figure 3.2. For the narrow stripes, a bulk

part of liquid does not penetrate into the gap between hydrophilic edges,

but the thin film spreads as shown in figure 3.2(a). For the wide stripes, the

bulk liquid can penetrate into the gap, thus showing relatively fast spread-

ing behavior, as shown in figure 3.2(b). The experimental spreading extents

x are measured from imaging analysis and we plot x versus time, as shown

in figure 3.2(c). Figure 3.2(c) shows the dependencies of x on w, hL,o, where

hL,o is the height of initial liquid column. Figure 3.2(d) shows the various

power law of liquid spreading. According to our experiments, the thin

film like figure 3.2(a) spreads like t1/7, but the thick film like figure 3.2(b)

spreads with different power laws, which differ depending on the spread-

ing extents. For the sufficiently high w, hL,o, an inertial force is dominant

at the early stages of liquid spreading, as shown in figure 3.2(d). In this

regime, Re is larger than 1, thus implying consideration of inertial force,

rather than viscous force. When the hydrophilic rails with small width are

wetted by liquid, Re is usually less than 1 and viscous resisting force should

be considered, thus resulting in different power laws as delineated above.
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Figure 3.1: (a) Scanning electron microscopy (SEM) image of nanograsses

formed on a silicon wafer. The inset is a side view of the substrate. (b)

Experimental apparatuses for letting a liquid flow along a hydrophilic rail.
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3.4 Spreading with thin precursor film

In this regime, liquid spreads with x ∼ t1/4 at the early stages and x ∼ t1/2

at the late stages and the onset of the relation x ∼ t1/2 is triggered by w

and hL,o.

3.4 Spreading with thin precursor film

When the liquid is brought into contact with the narrow superhy-

drophilic microstripes, a bulk part of liquid cannot spreads along the stripes

and become stationary at short time, as shown in the second panel of fig-

ure 3.3(a). It is because the hydrostatic force exerted by the height of

liquid column does not sufficiently high to overcome high resistance at the

entrance due to the highly curved meniscus of bulk liquid on the surface.

After pinning of the bulk part, very thin precursor film is emitted from

the bulk part (the third panel of figure 3.3(a). Figure 3.3(b) shows that

the precursor film penetrate into the gaps of nanopillars by forming sharp

intrusions, thus showing capillary imbibition phenomena.

The increase in the surface energy related to the increase of the spread-

ing extents from x to x+ δx is given by: δE = γwδx+(γSL− γSG)fwδx =

−γ(f − 1)wδx. By considering imbibition force Fw as −δE/δx, thus hemi-

wicking force can be written as Fw ∼ γ(f − 1)w. As mentioned earlier,

this driving force Fw is resisted by viscous force exerted by the spacing

and height of the pillars and the resisting force can be modeled as follow-

ing: Fv,r ∼ (fµU/hp)wx. Balancing the driving and resisting force, we

write xU ∼ [(f −1)γ/(fµ)]hp and integrating previous equation is given by

x − xb ∼
√

(f − 1)γhp/(fµ)t
1/2, where the previous model can be nondi-

mensionalized by using capillary-viscous time scale Tp,v = µhp/γ and we

can write

x− xb
hp

∼

√
f − 1

f

t

Tp,v
, (3.1)

where the xb and hp is the spreading extents of bulk part and pillar

height of nanograsses, respectively. By plotting the scaled spreading ex-

tents of precursor film (x− xb)/hp versus
√

[(f − 1)t/(fTv,p), where Tv,p is
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Figure 3.2: Liquid spreading on superhydrophilic rails. (a) Thin film

spreading for [w, hL,o] = [0.4, 28.5] mm. (b) Thick film spreading for

[w, hL,o] = [0.8, 33.2] mm. In the first panels of (a, b), The dashed lines

correspond to the edges of hydrophilic rails. The liquid front spreads along

the predefined hydrophilic rail when the liquid hanging from a capillary

tube is brought into contact with a hydrophilic surface. (c) Linear and (d)

log-log plot of experimentally measured spreading extents x versus time t.
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Figure 3.3: (a) Propagation of a thin precursor film emerging from a bulk

liquid beneath the capillary tube. (b) Magnified view of the precursor

film spreading corresponding the dashed box in the sixth panel of a. The

liquid front penetrates into the gaps of the nanopillars by forming sharp

protrusions at the contact line.
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Figure 3.4: (a) Log-log plot of experimentally measured spreading extents

of a precursor film x− xb versus time t. (b) The scaled spreading distance,

(x− xb)/hp plotted according to the scaling law. Here, Tp,v is the viscous-

capillary time scale, which is defined as µhp/γ by using the characteristic

length of hemi-wicking, hp.
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3.5 Spreading with bulk film

characteristic time of capillary-viscous force, µhp/γ, we collapse the exper-

imental data onto a single master curve. For the narrow superhydrophilic

microstripes, the spreading front does not depend on the hydrophilic stripe

width and supplying pressure and it is solely determined by properties of

liquid and solid such as surface tension, viscosity, and the size of the surface

roughness.

Next, we model a boundary between the precursor and bulk spreading.

A pressure exerted by hemi-wicking force ph is given by: γ(f − 1)/hp,

which is derived by dividing wicking force over effective area whp, and a

hydrostatic pressure beneath the tube ps is scaled by ρg(hL,o−hJ) and the

resisting pressure due to the highly curved liquid front pr is scaled by γ/w

by assuming the shape of liquid front as a half circle. Comparing ph and

pr, we figure out ph is always larger than pr in our experimental conditions,

and thus hemi-wicking consistently occurs. Balancing ps and pr, we obtain

(hL,o−hJ)/lc ∼ lc/w, which corresponds to the upper limit of the precursor

film spreading because the bulk entirely spreads above this limit. Figure

3.5 shows that the separation between the bulk and precursor spreading is

divided by the linear relationships between (hL,o − hJ)/lc and lc/w. Thus,

for the region below the critical line, imbibition drive the spreading and

thin film with thickness being a order of pillar height. On the other hand,

bulk film is entrained along the hydrophilic microstripe because of the small

entrance resistance.

3.5 Spreading with bulk film

As shown earlier, Bulk film spreading are separated into three different

regimes depending on the principal driving and resisting forces. We first

start with early stage of bulk spreading, where the inertial force is dominant

if w or hL is sufficiently large. we term this spreading phase as ”Inertial

regime”.
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Symbol Liquid
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Figure 3.5: Critical boundary between thin precursor film and bulk film

spreadings.

3.5.1 Inertial regime

Figure 3.6 shows that the bulk film is stretched upon contact with hy-

drophilic rail and the inertial spreading disappears in short time scale. To

predict the spreading rate in inertial regime, we model a shape of liquid

film as a wedge, as illustrated in figure 3.7. The pressure force exerted on

the contact line is given by: γ(f − 1)/hp by dividing wicking force over

effective area, and thus the gradient of pressure inside the stretched film is

written by: γ(f − 1)/(xhp), which is resisted by inertial force of the film.

Entrained mass is sum of the liquid on the rail and inside the capillary tube,

but we neglect the inertia inside the tube because the vertical direction of

the resisting force does not contribute the direction of spreading. Thus the

inertial force can be written as following: [ρhgw]d(xU)/dt. Balancing the

capillary force and inertial resisting force, we obtain the following equation:

x ∼
√

(γ(f − 1))/(ρhp)t, where the previous model can be nondimension-

alized by using capillary-inertia time scale Tp,i =
√

ρh3p/γ and we can write

x

hp
∼ t

Tp,i
. (3.2)

We validate this model by plotting the scaled spreading distance x/hp

according to the scaling model (equation 3.2). The dispersed experimental
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Figure 3.6: Side view of early film spreading in an inertia dominant stage

for [w, hL,o] = [1.0, 38.4] mm.
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Figure 3.7: Schematic model for describing inertial film spreading.

data in figure 3.8(a) is collapsed onto a single master curve in figure 3.8(b),

regardless of liquid properties. The time scale of inertial regime is generally

small compared to other regimes, but this regime is important because of

the high spreading rate.

3.5.2 Capillary bending regime

As mentioned earlier, the relation x ∼ t1/4 is found in early spreading

for the narrow stripes. In this situation, the curvature near the tube end

is slowly changed with increase of x, as shown in the dashed circle of fig-

ure 3.10. The liquid film is abruptly pulled by the superhydrophilic rail

and the highly curved meniscus is formed. To match such a highly curved

meniscus around the the tube, the meniscus shape of the liquid front should

be microscopically bended. Thus, it implies that the bended meniscus is

gradually relaxed as time elapses, thus resulting in variation of advancing
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Figure 3.8: Spreading extents of bulk film x versus time t (a) Linear

plot. (b) Scaled spreading extents x/hp versus scaled spreading time

(f − 1)1/2t/Tp,i plotted according to the scaling law, where Tp,i is the

inertial-capillary time scale, which is defined as (ρh3p/γ).
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Figure 3.9: Schematic profile of spreading film. The capillary tube influ-

ences the film profile near the tube, thus forming highly curved meniscus

region (static region). Above the static region, the film is stretched by ad-

vancing front, thus leading to relatively constant film thickness (dynamic

region).

contact angle θa, whose value is given by Hoffman-Tanner (Tanner 1979),

U ∼ (1/ln(R/λ))(γ/µ)θ3a, where R and λ are macroscopic and microscopic

length scale, respectively and ln(R/λ) is defined as Γ. In this scaling equa-

tion, θa is scaled by hf/x by assuming small θa, and thus we should know

the magnitude of hf to complete the previous scaling model.

hf can be derived by mathematically considering film profile, as illus-

trated in figure 3.9. Here, we adopt Landau-Levich approaches, which have

intensively studied on analysis of film thickness for withdrawing wettable

solid surface from stationary liquid (Derjaguin, 1943; Landau & Levich,

1942, 1962; Maleki et al., 2011). Then the film profile can be divided

into three different region depending on x. For small x, the meniscus is

highly curved because the tube strongly affects the film profile, and thus

the shape of the meniscus remains relatively constant even if the velocity of

the spreading front is zero. For large x, its relatively flat profile is achieved

by the motion of film. Then, for intermediate x, two region should be over-

lapped, where the slopes of both regions are smoothly connected. On the

static region, the meniscus profile can be written by

− z′′

(1 + z′2)3/2
+

2z

w
− ρg

γ
(hL − hJ) +

ρg

γ
z = 0, (3.3)
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3.5 Spreading with bulk film

which is derived by considering Young-Laplace equation. On the dynamic

region, the profile of the film is relatively flat, thus leading to z′ → 0. Then

we apply the following asymptotic matching condition.

(
dz

dx

)x→∞

static

=

(
dz

dx

)x→0

dynamic

= 0. (3.4)

Then we can derive the following scaling model of hf .

hf ∼
(
w

lc

)2

(hL − hJ). (3.5)

Thus, the scaling model shows that hf remains unchanged during the

spreading. Experimentally, hf varies with x, but the magnitude of the vari-

ation in hf is significantly smaller than that of hf , and thus hf is assumed

to be constant. The variation tendencies will be discussed in appendix. The

previous scaling model of hf can be physically understood by comparing

the magnitude of the viscous dissipation and that of the supplying energy.

The viscous stress µ∂2u/∂y2 is scaled by µ(U/h2f )x, and thus we determine

the magnitude of the viscous stress, which is much less than the hydrostatic

pressure force exerted by the height of liquid column. For this reason, we

assume the hydrostatic pressure remains constant in the spreading film,

thus leading to hf ∼ (w/lc)
2(hL − hJ) during the spreading phase, which

is the exactly same form of the previous mathematical model. Together

with this scaling model, the previous scaling law of spreading is given by

x ∼ [γ/(Γµ)]1/4(hL − hJ)
3/4(w/lc)

3/2t1/4, where the previous model can

be nondimensionalized by using capillary-viscous time scale exerted on hf ,

Tf = µhf/γ and we can write

x

hf
∼

(
t

ΓTf

)1/4

. (3.6)

When we plot the scaled spreading extent x/hf according to the scaling

law (equation 3.7), the experimental data in figure 3.11(a) are collapsed

onto a single master curve, as shown in figure 3.11(b).

By the process of deriving scaling model 3.7, we can figure out the effects

of the hydrostatic pressure, which is exerted by the height of liquid column
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Figure 3.10: High-speed imaging results of film spreading in the capillary

bending regime. As time elapses, the curvature near the capillary tube end

(dashed circle) is relaxed by forming smooth meniscus between a ridge of

liquid film and the tube end.

inside the capillary tube. The hydrostatic force induced by liquid column

height does not bring about additional force of pressure gradient inside the

spreading film. Instead, the hydrostatic force determines the magnitude

of hf , as mentioned earlier, and thus plays critical role in relieving viscous

shear stress by alleviating the thickness of the spreading film, thus resulting

fast spreading for high hL.

Next, we compare wetting characteristic depending on the substrate

to figure out the effects of Γ. Here we conduct the wetting experiments

on the smooth surface and on the prewetted surface, where the same liq-

uid of deposited liquid is precoated by superhydrophilic surface. Figure

3.12(a) shows that the rate of spreading with t1/4 on the prewetted surface

is higher than spreading on the superhydrophilic surface and the region

of such spreading on the prewetted surface is also longer than spreading

on the superhydrophilic rail. Furthermore, 1/4 power could not be found

in spreading on smooth surface. We attribute these phenomena to Γ in

previous scaling model, where the microscopic length, cutoff length, may

differs depending on the wetted surface due to the slip length. Based on

previous studies, microscopic length on the smooth surface is assumed to

be 0.1 nm (de Gennes et al., 2004). For the spreading on the surface with

nanoroughness, the liquid spreads not only on the top surface of the pillar

(liquid-solid contact) but also on the precursor film between the nanopillars

(liquid-liquid contact). Thus, When the liquid is wetted on the precursor

part, effective slip occurs during the spreading, thus assuming λ as hp. For
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Figure 3.11: Spreading extents of bulk film in capillary bending regime. (a)

Log-log plot. (b) The scaled spreading distances x/hf plotted according to

the scaling law, where Tf is viscous-capillary time scale, µhf/γ.
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3.5 Spreading with bulk film

the spreading on the prewetted surface, we assume λ as the thickness of

prewetted layer, along the same line as mentioned before. When we plot the

scaled spreading extents x/a according to the our model, dispersed data in

figure 3.12(b) is reasonably collapsed onto the single curve in figure 3.12(c).

Thus, we validate our previous scaling model.

3.5.3 Viscous spreading regime

In this spreading regime, the spreading front is prewetted by the pre-

cursor film emitted from the bulk part of the front, as shown in the inset

of figure 3.14(a), and the meniscus beneath the tube remains unchanged,

which is different aspect of previous regime in bulk film spreading. Thus, we

assume that the liquid spreads by balancing capillary pressure and viscous

resisting force in the liquid film region, which is shown in the arrow line in

the last panel of figure 3.13. Navier-stokes equation associated with lubri-

cation approximation is given by: ∂p/∂x ∼ µ(∂2U/∂y2). By considering

x ≫ w, the transverse curvature is much higher than the longitudinal cur-

vature, and thus the gradients of capillary pressure is scaled by γhf/(xw
2).

Together with aforementioned hf relation, we can write the following scal-

ing law by balancing the driving force with the viscous force exerted on hf :

x ∼ (γ/µ)1/2(hL−hJ)
3/2(w2/l3c)t

1/2, where the previous model can also be

nondimensionalized by using aforementioned Tf . Then we can write

xw

h2f
∼

(
t

Tf

)1/2

. (3.7)

When we plot the scaled spreading extents xw/h2f according to the our

model, dispersed data in figure 3.14(a) is fairly collapsed onto the single

master curve in figure 3.12(b). Although the wetting characteristic differs

depending on the deposited surface, we show that the spreading of late

stage also seems to be the same, as shown in figure 3.12(a). Clearly, the

scaled spreading distance xw/h2f is reasonably collapsed onto single curve,

as shown in figure 3.15. Thus it validates our previous assumption and it
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(a)

(b) (c)

1 mm Prewetted

surface

Deposited

liquid

1

1

1

1

2

4

Figure 3.12: Comparison of spreading behaviors depending on the types

of substrates. (a) The spreading extents x versus time for [w, hL,o]=[0.8,

∼ 35] mm. The inset shows spreading of film on a prewetted surface whose

thickness is measured to be ∼ 4± 2 µm. The scaled spreading extents x/a

plotted according to the scaling law (b) without considering Γ and (c) with

considering Γ.

0 s 0.19 s 1.03 s 2.41 s

2 mm

Figure 3.13: High-speed imaging results of film spreading in the viscous

spreading regime for [w, hL,o] = [1.2, 29.2] mm. A bulk film is prewetted

by a precursor film, as shown in the dashed box in the third panel. The

distance between the bulk and precursor film can be neglected due to the

its small length and growth rate.
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Figure 3.14: (a) Log-log plot of spreading extents x versus time t in vis-

cous spreading regime. (b) The scaled spreading extents xw/h2f plotted

according to the scaling law.
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3.5 Spreading with bulk film

Figure 3.15: The scaled spreading extents x/a plotted according to the

scaling law depending on the characteristic of surfaces.

implies that the contact line does not contribute the driving and resisting

force and θa become a critical value, which remains to be determined.

3.5.4 Characteristic time of bifurcation

The liquid spreadings are fairly described as delineated above, thus there

should be crossover points between each regime. Experimentally, inertial

regime is always ahead of other regimes because of fast spreading tenden-

cies and the capillary bending regime is followed by the viscous spreading

regime. Thus, we analyze characteristic transition time between inertial

and capillary bending regime, τi,b, and between capillary bending and vis-

cous spreading regime, τb,s and between the inertial and viscous spreading

regime, τi,s. Finally, we can write

τi,b
Ti,b

∼
(

1

ΓOh

)1/3 hf
Rm

, (3.8)

where Ti,b, Oh are the capillary-inertia time scale and Ohnersorge num-

ber, respectively, and scaled by
√

ρR3
m/γ and µ/

√
ργRc, respectively.

In the view of the same approach, we write

τb,s
Tb,s

∼ 1

Γ

(
w

hf

)4

, (3.9)
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Figure 3.16: Log-log plots of (a) the scaled characteristic inertia-bending

time τi,b/Ti,b versus dimensionless film thickness hf/Rc and (b) the scaled

characteristic bending-spreading time τb,s/Tb,s versus aspect ratio of film

w/hf and (c) the scaled characteristic inertia-spreading time τi,s/Ti,s versus

aspect ratio of film w/hf .

where Tb,s is the capillary-viscosity time and scaled by µhf/γ.

We also write
τi,s
Ti,s

∼
(
hf
w

)2

, (3.10)

where Ti,s is the inertia-viscosity time and scaled by ρRmhf/µ. We vali-

date the dependencies of variables in equation 3.8, 3.9, and 3.10 by plotting

the scaled characteristic transition time τ/T according to the scaling laws,

as shown in figure 3.16.

Based on the previous research, we construct regime map, as shown

in figure 3.17. Figure 3.17 shows inertial regime can be easily observed

51



3.6 Conclusions
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Figure 3.17: The dependence of w on time scale of characteristic spreading.

(a) hL,o = 37 mm. (b) hL,o = 33 mm. As w decreases, viscous spreading is

retarded.

with increase of w. For narrow stripes, the time scale of inertial regime

is so small that we cannot detect such a small time scale spreading and

capillary bending is easily achieved and lasted a long time, but it is limited

by spreading of precursor film. For wide stripes, inertial force is dominant

at the early stage and the spreading eventually falls into viscous spreading

regime. When we increase liquid viscosity, the time scale of inertial regime

is decreased. Indeed, we cannot be found in inertial spreading by use of

aqueous glycerine. Inertial spreading is limited to a short time scale but

the resulted spreading distance is sufficiently long due to the fast spreading.

Thus, when we draw pattern of liquid by the method introduced in this

research, it is important to let hL,o increase to induce fast spreading.

3.6 Conclusions

In this research, we have revealed the hydrodynamics of liquid spread-

ing, which is induced by depositing liquid hanging from a capillary tube.
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Based on high-speed imaging analysis, the spreading behaviors falls into dif-

ferent regime depending on the thickness of deposited film, which is strongly

associated with the width of the superhydrophilic rails and height of the

liquid column inside the tube. For the narrow stripes, the resistance due

to the small width of the rail does not allow a bulk liquid to penetrate into

an entrance of the rail, but a thin precursor film emitted from a stationary

the bulk liquid spreads in a such way that the liquid front is imbibed in

the gaps of nanopillars, following Washburn’s law (Washburn, 1921). By

combining experimental and theoretical studies, we present a model for

predicting spreading rate of thin precursor film, which is slightly different

from classical Washburn’s rule. The spreading behaviors are differ depend-

ing on the width of superhydrophilic microstripe. For the wide stripes, the

bulk liquid entirely spreads along the rails because of the small entrance

resistance. In contrast to the spreading of the precursor film, the bulk

film spreads with different power laws depending on the spreading extents,

which is strongly affected by the liquid column height. Darhuber et al.

(2001) did not show the dependency of penetration of bulk liquid on the

width of hydrophilic microstripes, where they used liquid with low surface

tension, thus lowering entrance resisting pressure according to the our pre-

vious analysis. When the width of patterns and height of liuiqd column is

sufficiently high, the liquid spreads with very fast speed, which results from

capillary driving force due to the microscopic curvature at the contact line

and it is resisted by inertia force on the spreading film. After this phase,

liquid spreads with t1/4 or t1/2, which are determined from the width of

pattern, hydrostatic pressure beneath the tube, and the spreading extents,

and we term each regime as capillary bending regime and viscous spread-

ing regime, respectively. Finally, based on the developed model in each

regime, we predict the characteristic transition time and construct regime

map for predicting spreading behaviors when liquid is brought into contact

with superhydrophilic microstripes. Liquid on the hydrophilic microstripes

spreads in absence of gravity, and thus this research can be adopted in re-

search field of meniscus climbing at early stage, which is subjected to small
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gravity force and also in spreading of drop, whose thickness is below the

capillary length of the spreading drop.
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Chapter 4

Dewetting of liquid film via

vapor-mediated Marangoni

effect

4.1 Introduction

The dewetting of a liquid film on solid surfaces has been the subject

of intense study for many decades (Becker et al., 2003; Gabriele et al.,

2006; Keller, 1983; Mitlin, 1993; Péron et al., 2012; Redon et al., 1991).

The majority of these researches have been conducted on hydrophobic sur-

faces, where the deposited film easily dewets when a small disturbance is

applied to the film. On the other hand, the liquid film intimates with the

hydrophilic surface, and thus high disturbance need to cause dewetting mo-

tions on the hydrophilic surface. One of such dewetting motions arises from

depositing liquid with low surface tension on a lining liquid film with high

surface tension, and then a Marangoni stress exerted by mixing of two dif-

ferent liquid leads to the dewetting of deposited film (Gaver, 1990; Jensen

& Grotberg, 1992; Troian et al., 1990; Warner et al., 2004). Here, we find

that alcohol liquid can induce the Marangoni stress on a deposited water

film without mixing of two liquids, thus enabling remotely driven dewet-

ting motion on the wettable solid surface. Remote dewetting motions are
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attributed to the Marangoni effect caused by the alcohol vapor, which we

term a ”vapor-mediated Marangoni effect”.

This vapor-mediated Marangoni effect has been discussed for the droplet

movements. Bangham & Saweris (1938) showed that the water drop can

be moved by an acetone drop and they insisted that thin invisible film

emitted from the acetone drop changed the solid-gas interfacial tension of

the water drop so that the imbalance of the solid-gas interfacial tension

around the water drop make the motion of the water drop. Carles & Caz-

abat (1989) showed that a trans-decaline (TD) drop can be repelled by a

polydimethylsiloxane oil (PDMS) drop. They argued that the evaporated

TD vapor condenses into the PDMS drop, and thus the gradient of the

liquid-gas interfacial tension can be generated, leading to the motion of

PDMS drop. The former opinion was supported by Bahadur et al. (2009),

but these previous studies did not fully present detailed experimental data

to validate their assumption. Recently, Cira et al. (2015) proposed a dif-

ferent mechanism grounded on the variation in the liquid-gas interfacial

tension. They suggested that the vapors evaporated from drops affect the

liquid-gas interfacial tension of each other’s films formed around the drops,

resulting in drop motions due to the nonhomogeneous interfacial tensions

of the films. They successfully described the mechanism by visualizing the

thin films and flow field inside the drops, but limitations exist in analyzing

our observations of vapor-mediated film dewetting, which divided into two

different regimes, depending on the deposited film thickness. For a thin

film, the vapor allows a bulk of the film to recede by leaving a nanoscale

fringe film, which is then dried, thus giving continuous growth of a hole.

For a thick film, the dewetting film does not separate into two parts, and

the hole grows only to a certain radius.

In the following, we explain the experimental procedures and then show

the variation in the interfacial tensions of water with respect to the alcohol

concentration. We then report on our observation of two different types of

dewetting, which are divided by the film thickness, and consider the crite-
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rion for dewetting behaviors. Finally, we analyze the dynamics of dewetting

phenomena by developing corresponding dewetting models.

4.2 Experiments

Figure 4.1(a) shows the experimental devices used to observe the dewet-

ting phenomena of a liquid film driven by the Marangoni effect. In this ex-

periment, we first prepared a silicon wafer. The substrate was subsequently

immersed in a piranha solution and treated with air plasma to make a hy-

drophilic surface. The static contact angle θe of the surface was visually

zero even though the surface did not consist of micro- or nano-structures.

After we deposited water on top of the substrate, we shook the substrate

to make the water spread all over the surface, and we measured the mass of

the substrate with a precision balance (Mettler Toledo XS205). The mass

was determined from the thickness of the water film on the wafer. The

shape was assumed to be cylindrical, and the initial thickness of the water

film used in all experiments ranged from 30 µm to 370 µm. A capillary

tube containing isopropyl alcohol (IPA) was hung above the water film,

where the distance between the capillary end and water film is denoted by

hg. We observed the following dewetting phenomena which were recorded

with a high-speed camera (Photron Fastcam SA1.1) at a frame rate of 60

fps with a resolution of 896 × 896 pixels. The distance from the capillary

end to the water interface hg ranged from 1 mm to 6 mm. By imaging the

geometry of the capillary tubes, the inner radius a and outer radius b were

determined to be 0.58 mm, and 0.79 mm, respectively.

When we inserted IPA into the capillary tubes, we slightly touched it

to the free surface of the IPA enclosed in a large vessel. In all of the exper-

iments, we made the height of IPA in the capillary tubes nearly approach

Jurin’s height hI = 2γI cos θI/(aρIg) = 1 cm so that the curvature at the

bottom of the capillary tubes was almost zero. Thus, we avoided varying

the vapor pressure at the bottom region (Butt et al., 2006) to yeild a nearly

constant driving force for Marangoni-driven dewetting. Here γI , θI , ρI , and
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4.3 Variation in interfacial tension with alcohol vapor

(a)

Isopropyl alcohol
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0 s 16.9 s 25.7 s 45.8 s 75.0 s
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Drop

0 s 26.7 s 39.3 s 62.3 s13.7 s

1 mm

Figure 4.1: (a) Experimental devices to measure the interfacial tension

between liquid and gas with different IPA vapor concentrations, where hG

is the gap distance between the IPA free surface and water surface. (b)

Swelling of the water balloon with increasing IPA vapor concentration at

hG = 22 mm. (c) Shrinking of water drop on the substrate at hG = 35 mm

g are the IPA liquid-gas interfacial tension, contact angle between the IPA

and capillary tubes, radius of the capillary tubes, IPA density, and gravita-

tional acceleration, respectively. The corresponding values are 21.7 mN/m,

0◦, 784 kg/m3, and 9.8 m/s2, respectively.

4.3 Variation in interfacial tension with alcohol

vapor

Before considering the Marangoni-driven dewetting phenomena, we anal-

ysed how the interfacial tensions varied with the alcohol vapor in order to

scrutinise the phenomena discussed in the following sections.

First, we estimated the variation in the liquid-gas interfacial tension
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4.3 Variation in interfacial tension with alcohol vapor

with the alcohol vapor. We placed the IPA liquid and capillary tube con-

taining water into a large vessel and closed valve to keep the IPA vapor from

escaping from the bottom of the vessel, as shown in figure 4.1(a). After we

opened the valve, the IPA vapor was emitted from the bottom of the vessel

and affected the bottom liquid surface of the capillary tube. This changed

the interfacial tension between the liquid and gas, which changed the shape

of the meniscus. The amount of evaporated IPA vapor increased with the

elapsed time, and thus the meniscus shape at the capillary end changed

in correspondence, as shown in figure 4.1(b). The change in shape of the

meniscus was induced by the competition between the driving force due to

the gravitational force and the resisting force due to the surface tension

force. In terms of the pressure at the capillary end, the driving force is rep-

resented by ∆Pd ∼ ρghL and the resisting force is given by ∆Pr ∼ γ/rM .

Here ρ, hL, γ and rM are the water density, water column height inside the

capillary tube, water-air interface tension with IPA vapor and radius of

curvature at the meniscus for each time step, respectively. Balancing the

two terms with a continuity results in γ ∼ ρga2/3h
4/3
L . Thus, γ decreases as

the IPA vapor concentration increases because hL decreases as the water

balloon swells.

Next, we solved the one-dimensional Fick’s second law to obtain the

concentration of the IPA vapor c and applied the Young-Laplace equation

to predict γ. Then, we related c to γ, as discussed in appendix A. By using

non-dimensional parameters, we plotted γ/γo and c/cs (figure 4.2a), where

γo and cs are the liquid-gas interfacial tension of pure water and the sat-

urated concentration of the IPA vapor, respectively. Figure 4.2(a) shows

that γ/γo abruptly decreased with increasing c/cs at a low c/cs (c/cs <

0.05). Then γ/γo reached a relatively constant value at intermediate c/cs

(0.05 < c/cs < 0.7). This explains that a saturated value of c/cs existed,

like the critical micelle concentration for surfactant molecules in an aqueous

solution. We supposed that the IPA molecules achieved a certain direction-

ality along the water-air interface when they contacted the interface. More

59



4.3 Variation in interfacial tension with alcohol vapor

wettable hydroxyl groups of IPA came in contact with the water, which pro-

duced less wettable alkyl groups of IPA adjacent to air until the number of

IPA molecules was saturated at the water-air interface in the same manner

as surfactant monomers. The experiments indeed showed the propagation

of tiny waves along the water meniscus which was partly due to the local

variation in the liquid-gas interfacial tension on the water-air interface. We

represented the IPA-saturated concentration at the water-air interface as

the critical concentration clg, thus yielding clg/cs < 0.05.

At high c/cs (c/cs > 0.7), figure 4.2(a) shows a sharp decline in γ/γo

with increasing c/cs. We assumed that the IPA vapor changed the com-

ponents of air, which caused the water-air interface to collapse and led to

γ ≈ 0. In this high c/cs range, the size of the water balloon did not in-

stantly shrink when we eliminated the IPA vapor. However, at low c/cs,

the water balloon was promptly restored to its original size as soon as we

removed the IPA vapor. We determined that the IPA molecules penetrated

the water-air interface and accumulated in the water. Thus, more time was

required for restoration at a high c/cs.

Figure 4.2(a) shows clear evidence of the decrease in the liquid-gas in-

terfacial tension in the presence of alcohol vapor. This was the first attempt

at estimating γ variation when the water-air interfacial tension is affected

by IPA vapor.

Next, we conducted experiments to estimate how the solid-gas and solid-

liquid interfacial tensions vary with time. We performed the same experi-

ment given above except that we deposited a water drop on the substrate

instead of using a capillary tube containing water. The interfacial tensions

could not be distinguished individually because they always coexist with a

liquid surface. Thus, we compared the contact angle of the water drop θ to

c.

Figure 4.2(b) shows that θ abruptly increased with c/cs at low c/cs

values. Then, the value of θ became relatively constant, much like the

early variation shown in figure 4.2(a). This resulted in clgs/cs ≪ 0.01 and
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4.3 Variation in interfacial tension with alcohol vapor

(a) (b)

Figure 4.2: (a) Liquid-gas interfacial tension γ/γo versus IPA vapor con-

centration c/cs. (b) Contact angle θ of water drop within mixture of IPA

vapor and air θ versus IPA vapor concentration c/cs.

the saturated contact angle θs = 16◦. Because the solid-liquid and solid-

gas interfacial tensions were involved with the increase in θ, the critical

concentration for θ saturation clgs differs from clg of the water balloon phe-

nomenon. The growth of θ can be explained by using Young’s equation,

γ cos θ = γSG − γSL. Here γSG, γSL are the IPA vapor-affected solid-gas,

solid-liquid interfacial tensions, respectively. The variations in γSG, γSL

may be induced from a process similar to that delineated above. Because

the substrate was originally covered with a hydrophilic surface, the IPA

molecules were also rearranged. To satisfy Young’s equation, we should

consider not only γ, but also γSG, and γSL because only considering the

effect of γ results in decreasing contact angle. The experimentally observed

variations in γ and θ resulted in a decrease of γSG−γSL and a corresponding

reduction in the spreading parameter. Here, we evaluated all of the inter-

facial tensions at the same time. This is a different approach compared to

earlier studies (Bahadur et al., 2009; Bangham & Saweris, 1938; Carles &

Cazabat, 1989), which focused on variations of either γ or γSG, γSL but not

both.

Further increasing the c/cs value induced no further increase in θ, but

we observed oscillation behaviour of the water drop because of small fluctu-
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4.4 Types of dewetting behavior

ations in the local IPA concentration around the drop. When we deposited

a pure water drop near the IPA vapor-affected water drop at high c/cs,

we found that a repulsive motion occurs between the pure water drop and

IPA vapor-affected water drop. This implies that the IPA molecules can

penetrate the water-air interface, which changes the interfacial tensions of

the water.

4.4 Types of dewetting behavior

Figure 4.3 shows that the water film can dewet on an extremely hy-

drophilic surface. In general, a water film cannot recede on a hydrophilic

surface because the critical dewetting thickness hc = 2lc sin(θs/2), where

the capillary length lc =
√

γ/(ρg), is so small that dewetting phenomena

on the hydrophilic surface do not occur spontaneously (de Gennes et al.,

2004). It is the gradients of the alcohol vapor that cause the water film

to dewet on an extremely hydrophilic surface, where the profile of the IPA

molecules can be numerically obtained by solving an unsteady diffusion

equation in 3-dimension. Here, we considered all of the geometries includ-

ing three-dimensional structures, as shown in figure 4.3.

Figure 4.4(a) shows the diffusion of IPA molecules emitted from the

inner radius of the tube end 2a. The corresponding initial condition was

c = 0, except for the region of the inner radius of the tube end where

the concentration was c = cs. Zero concentration and zero flux boundary

conditions were imposed at the far-field regions and solid surface of the

capillary tube, respectively. We ignored the difference in the receding water

film thickness because of the small thickness of the water film and treated

the water surface as a solid surface because the diffusion coefficient of IPA

in water is much less than that of IPA vapor in air. The diffusion coefficient

of IPA in water ranged between 10−6 and 10−5 cm2/s (Pratt & Wakeham,

1975) and the diffusion coefficient of IPA in air was measured to be 0.1

cm2/s at 25 ◦C Lugg (1968). The diffusion profile of IPA molecules can also

be derived by analytically solving Fick’s second law in spherical coordinates.
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4.4 Types of dewetting behavior

By assumming that the emission source of the alcohol vapor is a sphere with

a radius of Rs, we can write

c = cs
Rs

R
erfc

(
R−Rs

2
√
DIPAt

)
, (4.1)

where R and DIPA are the radial distance from the source centre and the

diffusion coefficient of IPA vapor in air, respectively. The detailed calcula-

tion is presented in the appendix. Figure 4.4(b) compares the numerically

obtained IPA molecules profile (markers) with the analytical calculations

(lines). These demonstrated reasonable agreement despite the discrepan-

cies between the boundary conditions of the two models. Here, r is the

radial distance along the water film, which leads to R2 = r2 + h2g. The

fitting parameter Rs was taken to be 0.46 mm, which was slightly less than

the inner radius of the tube.

Figure 4.4(b) presents the variations in the concentration profile with

time t and radial distance r. Initially, the concentration profile rapidly

varied with time. However, figure 4.4(b) shows no significant variation in the

concentration profile after 5 s. For low r, the IPA concentration abruptly

decreased with increasing r. In this low r range, the interfacial tensions

remain unchanged because c was higher than clg and clgs, thereby leading

to a constant Marangoni driving force during the dewetting of the water

film. At high r, the variation in the IPA concentration became relatively

constant, and the IPA concentration eventually fell to zero. In these ranges,

we should permit variation in the Marangoni driving force because c < clg

and clgs. However, we can treat the value of the Marangoni driving force

as a constant. We explain the conditions that this treatment takes place

under the following sections.

When an IPA drop hanging from a capillary tube was situated over a

water film deposited on the hydrophilic substrate, we could observe dewet-

ting phenomena which differed depending on the thickness of the initial

water film ho. For the thin water film (ho was on the order of 10 µm),

figure 4.3(a) shows that the thickness of the dewetting water film separated

into two different parts, where the bulk part of the dewetting film receded
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(a) (b) (c)
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0 s
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Figure 4.3: Different types of film dewetting driven by Marangoni effect (a)

h ≃ 30 µm. (b) h ≃ 50 µm. (c) h ≃ 270 µm.

64



4.4 Types of dewetting behavior

(a)

(b)
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t = 1 s

t = 5 s

t = 10 s

t = 30 s
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c/c  (%)s

2 mm
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Figure 4.4: (a) Diffusion contour of IPA molecules emitted from tube end at

[t, hG] = [5 s, 3 mm]. The time was measured after the IPA molecules were

allowed to diffuse out of the tube end. (b) Comparison between diffusion

profiles calculated with numerical and theoretical models.
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4.4 Types of dewetting behavior

immediately (0.4-2.2 s in figure 4.3a). After the sweeping of the bulk part,

the fringe film remained because of the strong viscous resisting force. It

was spontaneously dewetted by evaporation, which is explained in §4.5.
At the late stage of the thin film dewetting, fingering patterns mani-

fested at the edge of the fringe film. The generation of the finger patterns

emerged after formation of a thinning region between the fringe and bulk

film, which seems to have been caused by a hydrostatic force from the in-

creased water film thickness during the dewetting process. Figure 4.3(b)

shows that such a thinning region could be observed earlier when the ini-

tial thickness of the water film increased. This led to the early onset of

fingering patterns at large ho and the thinning region and length of the

fingers grew with the elapsed time. The fingering instability and thinning

region induced by IPA vapor have close analogies with a surfactant spread-

ing on thin liquid films (Gaver, 1990; Jensen & Grotberg, 1992; Troian

et al., 1990; Warner et al., 2004). In addition to the presence of a thinning

region and fingering instability in both phenomena, a similarity was also

found on the onset time of finger patterns, which is on order of a few shear

time in surfactant spreading (Matar & Troian, 1999a,b). The thinning re-

gion eventually ruptured because of evaporation, as shown in the last panel

of figure 4.3(b). The thinning region and fingering instability driven by IPA

vapor are worthy of further study, but were not further investigated here.

For the thick water film (ho was on the order of 100 µm), the dewetting

phenomena not only did not occur as two different films but also took

place continuously, as shown in figure 4.3(c). By situating the capillary tube

above the water film, we were able to observe the hole nucleation and growth

after the delay time (1.0 s in figure 4.3c), which slightly differed depending

on ho. The radius of the hole was allowed to grow only to a certain radius,

where the Marangoni force was balanced with the gravitational force and

the hole oscillated with differing the centre of the hole, which is partly

due to small fluctuations in the local IPA concentration. When the film

thickness was too thick, we could not observe the dewetting phenomena,

and we could only see dim liquid dent at the bottom of the capillary tube.
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4.5 Thin film regime

Here, we predict the order of the transition film thickness between the

thin and thick film regimes. When the dewetting film belongs to the thin

film regime, the bulk part ahead of the fringe film is driven by the difference

in the liquid-gas interfacial tension between the IPA vapor-contaminated

and -uncontaminated regions. For thick film dewetting, variation in the

liquid-gas interfacial tension is not able to dewet the water film, and the

water film recedes because of the additional variations in the solid-liquid and

solid-gas interfacial tensions. These become involved because of the rupture

of the thinning region, as shown in the third panel of figure 4.3(c). Thus, the

order of the transition film thickness htr can be approximated by balancing

the variation in the liquid-gas interfacial force ∆γr and the gravitational

force ρgh2trr, thereby resulting in htr ∼
√

∆γ/(ρg). Considering that ∆γ ∼
10−2 N/m and ρ = 103 kg/m3, we can obtain htr ∼ 100 µm, which is

in reasonable agreement with the experimentally observed transition film

thickness. In §4.5, §4.6, we explain the detailed dewetting dynamics in the

thin film regime (ho < htr) and thick film regime (ho > htr).

4.5 Thin film regime

When ho < htr, the dewetting of the water film is separated into two dif-

ferent regimes depending on the water film thickness, as mentioned earlier.

The dewetting velocity of the bulk film ub is much greater than that of the

fringe film uf , as shown in figure 4.5. Thus, the fringe film starts receding

after sweeping of the bulk film, and thus the fringe film has a delay time

td for a hole to open in the film. Figure 4.5(b) shows that td increases with

hg, which suggests that the hole apparently opens with a certain amount of

IPA vapor, whose concentraion is larger than clg, as shown in figure 4.4(b).

After the hole opens on the fringe film, the hole radius (i.e. radius of the

contact line rf ) continues to increase with t − td and the exponent of the

power law is 5/8.

We first consider dewetting dynamics of the bulk film. At the scale of

bulk film dewetting velocities, the Reynolds number based on the film thick-
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4.5 Thin film regime

(a) (b)

Figure 4.5: Dewetting of thin film regime with ho ≃30 µm. Temporal

evolution of dewetting radius of bulk film (a) and fringe film (b).

ness is much less than unity, and the gravitational effects can be ignored

due to ho < htr. Thus, we predicted that the the bulk film dewetting are

driven by the Marangoni force and resisted by the viscous force. The bulk

part of the dewetting film immediately recedes upon supplying IPA vapor.

Despite the disparity in hg, the dewetting radius of the bulk film rb follows

almost the same trajectory as time elapses, as shown in figure 4.5(a). This

can be attributed to the nearly constant Marangoni driving force, which is

related to the IPA concentration. Figure 4.4(b) suggests that c/cs around

rb stays below 1% at hg = 3 mm, while rb increases to ∼8 mm at 1 s and

∼15 mm at 5 s. Equation 4.1 shows that c/cs just above rb at hg = 3 mm

and at hg = 6 mm differs by 0.2% at most with rb expansion. Thus, we

assumed that γ of the fringe film end (i.e. in front of rb) is changed to a

nearly constant value regardless of the variation in hg, even though c at

the junction of the bulk film and fringe film is less than clg as the bulk film

recedes. Therefore, we supposed that the fringe film is stretched by the

nearly constant Marangoni force with the bulk film dewetted, where the

Marangoni force is defined as the difference between the liquid-gas interfa-

cial tension of the IPA vapor-contaminated and -uncontaminated interfaces:

∆γ(2πrb) = (γo−γ)(2πrb). Balancing the Marangoni force with the viscous

resisting force on the fringe film gives ub ∼ 2∆γhfrb/[µ(r
2
b − r2f )], where
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4.5 Thin film regime

rf is the radius of the fringe film. Here, we neglect the viscous resisting

force on the bulk part because the shear stress in the fringe film is much

higher than that in the bulk film to satisfy continuity equation. The pre-

ceding equation can be summarized as ub ∼ 2∆γhf/(µrb) because rb ≫ rf

at the same time. Based on the interference patterns on the fringe film,

the thickness difference in each blue annulus h̃f in figure 4.3(a) can be

scaled as λb/(2nw), where λb and nw is a wavelength of blue light and a

refractive index of water and the corresponding values are 470 nm and 1.3,

respectively. The blue annulus repeated approximately 5 times and thus

we deduced that hf ranges between 0 and 1 µm, and thereby hf was taken

to be an average value: 500 nm, where the detailed profile of fringe film

will be discussed in this chapter. With rb ∈ [10−3 − 10−2] mm, as shown

in figure 4.5(a), ub was estimated to range between 0.9 and 9 mm/s. The

experimentally observed ub was measured to be ∼3 mm/s in figure 4.5(a)

and fell within the predicted range. Integrating the above equation for ub

leads to

rb ∼

√
∆γhf
µ

t1/2, (4.2)

where we hypothesized that the Marangoni force is sufficient to reduce

the thickness of the water film left by sweeping of the bulk film to a mini-

mum hf , which is similar to that suggested by Jensen & Grotberg (1992).

Thus, the prefactor
√

∆γhf/µ was taken to be constant regardless of hg,

thus giving rb ∼ t1/2. Indeed, our experiments revealed that rb scaled as

t1/2, as shown in figure 4.6. Interestingly, the power-law was also found to

be applicable to the surfactant spreading Borgas & Grotberg (1988); Lee &

Starov (2009), despite being differences between IPA vapor- and surfactant-

mediated Marangoni phenomena. The bulk film almost receded to wafer

end, but the resultant hole was asymmetry because irregularities took place

in the film thickness and the contact line was locally pinned.

Next, we investigate the dewetting dynamics of the fringe film. As

mentioned earlier, the fringe film is dewetted like (t− td)
5/8, as mentioned

earlier, and we cannot find any significant difference in the trajectory of rf
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Figure 4.6: The radius of bulk film, rb versus time plotted according to the

our scaling law.

although we change ho and hg. We assume that it is attributed from self-

similarity of fringe film profile and our experimental measurements of fringe

film thickness with respect to the radial direction r do indeed reveal that the

thickness profile of fringe film is similar regardless of the variation in ho and

hg, provided that t− td is the same, as shown in figure 4.7. Here, the fringe

film profiles are achieved by measuring the color of the interference pattern

and corresponding gap distance and thickness (Isenberg, 1992; Kitagawa,

2013).

Except for the dewetting in the very early stages, e.g. the dewetting

of the very center, we assumed that the fringe film dewetting is driven

by its spontaneous evaporation, in addition to the Marangoni force. We

estimated the effective time of evaporation te at which the amount of

evaporation of the fringe film becomes comparable to that of dewetting

on the film. The evaporative flux is approximately scaled as Dw∆cw/δw,

where ∆cw and δw are the concentration difference of water vapor across

a diffusion boundary and the diffusion boundary thickness given by
√
Dwt.

Then, the loss of evaporation during the effective time is represented by∫ te
0 [(Dw∆cw/δ)(πr

2
e)]dt, resulting in 2∆cwπr

2
e

√
Dwte. By balancing the

evaporative loss with the amount of a few millimeters dewetting ρπr2e h̃f ,

we get te ∼ (1/Dw)[ρh̃f/(2∆cw)]
2. Here, Dw and re are the diffusion
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Figure 4.7: The profile of fringe film corresponding to t−td =1.0 s (squares),

2.3 s (circles), 5.0 s (triangles), and 7.5 s (diamonds).

coefficient of water vapor in air and the effective radius of evaporation, re-

spectively. By using the properties of water Dw ≈ 2.6 × 10−5 m2/s and

∆cw ≈ 7× 10−3 kg/m3 (Incropera et al., 2007), te was calculated to be 6 s.

The experimental time scale for the dewetting of the fringe film exceeded te,

which justifies the argument that the mobility of the fringe film dewetting

is based on evaporation.

The diffusion boundary thickness δw can be scaled by
√

Dw(t− td),

where td arises from the regrowth of water diffusion boundary layer because

the initial boundary layer is convected away from the center during receding

of bulk film. As shown in figure 4.7, the fringe film is wedge-shaped in cross-

section and thus the height at the distance from the contact line dL can

be scaled by dxθR, where dx and θf are the distance from the contact line

and contact angle, respectively. Thus the time to decrease interface level

via evaporation dt can be expressed by ρwθf
√
tdx/(

√
Dw∆cw). Viscous

force exerted on the wedge-shaped fringe film can be scaled by µuf/θf .

By balancing the viscous force and Marangoni force, we can obtain the

following θf relation, θf ∼ (µuf/∆γ)1/3. By combining two equation, we

can write
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Figure 4.8: The radius of bulk film, rf versus time plotted according to the

our scaling law.

rf ∼
(
∆γ

µ

)1/4(√
Dw∆cw
ρw

)3/4

(t− td)
5/8. (4.3)

The exponent 5/8 is in good agreement with the experimental data,

as shown in figure 4.8, but sophisticated verifications of our assumption

remain to be revealed.

4.6 Thick film regime

Once we attached the source of the IPA vapor, we immediately observed

the liquid dent on the center of the water film (0.3 s in figure 4.3c), which

was resultant from the variation in the liquid-gas interfacial tension. Then,

a junction between the liquid dent and thick film ruptured in a similar

manner to the breakup of the thinning region in the thin film regime. The

rupture was followed by the hole opening, thus allowing IPA vapor to change

the solid-gas and solid-liquid interfacial tensions.

Once the hole emerged, figure 4.3(c) shows that the hole grew with

different velocities that differed depending on not only initial thickness,

but also time, as shown in figure 4.9. As the size of hole increases, the

liquid is pushed away from the center, thus forming a ridge at the rear-

side of the hole front. For the early stage of hole growth, the shape of
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Figure 4.9: The growth of hole radius rB versus time. (a) The differences

of hole growth depending on the initial film thickness. (b) Hole growth at

ho = 290 µm, where the power laws of hole radius change from rB ∼ t to

rB ∼ t1/2.

ridge maintains its circular shape, but, for the late stage of hole growth,

the maximum height of the ridge exceeds the critical height hc, which is

defined as hc = 2lc sin(θe/2), and thus the ridge flattens. Previously, we

show that IPA vapor alter the inherent contact angle θe, and thus initially

fully wetting surface is changed into partial wetting (θe ≃ 15◦), resulting in

hc ≃ 700 µm.

We first consider the early stage of hole growth. Here, we follow the

description of Redon et al. (1991) and then the we derive the following

relation, µ ˙rB/θd ∼ γ(θ2e − θ2d), where rB and θd are the front radius of

the hole and dynamic contact angle of the ridge. This equation is valid at

the front of the ridge. Similarly, we can get the relation satisfying force

balance at the rear end of the ridge, µ( ˙rB + l̇)/θd ∼ γθ2d − ρgh2o, where l is

the horizontal length of the ridge. By assuming ˙rB ≫ l̇ and summing the

previous two equations, we can write

rB ∼ ρg

µ
(h2c − h2o)θet. (4.4)

When we plot the radius of the hole rB according to the our model,

dispersed data in figure 4.9(a) is fairly collapsed onto the single master
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Figure 4.10: (a) Early-stage growth of hole radius rB versus time plotted

according to the our scaling law. (b) Late-stage growth of the scaled hole

radius rB/(hc − ho) versus time plotted according to the our scaling law.

curve in figure 4.10(a).

Next, we analyze the late stage of hole growth. The driving force can be

scaled by γθ2e , which is derived in a similar way to the process delineated

above while the resisting force differs from the previous model. For this

stage, ridge eventually flattens, as mentioned earlier, and thus the viscous

resisting force is scaled by µ(l/hc) ˙rB. Then, total resisting force can be

obtained by considering the gravitation force exerted by thick ho. By bal-

ancing the driving and resisting force together with volume conservation

law, l = rBho/(hc − ho), we can get

rB
hc − ho

∼

√
γhc
µl2c

t1/2. (4.5)

When we plot the scaled radius of the hole rB/(hc − ho) according to

the our model, dispersed data in figure 4.9(a) is fairly collapsed onto the

single master curve in figure 4.10(b).

The size of hole continuously grows until its radius reached a certain dis-

tance that differed depending on the thickness of the water film, as shown

in figure 4.11(a). Then it oscillated continuously as its center simply var-

ied (3.2-12.5 s in figure 4.3c), where the amplitude was much less than the
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4.6 Thick film regime

maximum radius of the hole. This oscillatory behavior seems to have been

due to the local variation in the IPA vapor. Here, the maximum radius of

the hole rB,m was adopted by averaging the radius of the oscillated hole.

When the radius of the hole approached rB,m, the hole radius maintained a

relatively constant value despite further changes in hg because the IPA con-

centration became relatively constant at such a high radius and the critical

concentration was already exceeded. Therefore, our experiments showed

no strong relationship between hg and rm. When we removed the source of

the IPA vapor, the IPA vapor disappeared on the water film because it dif-

fused into the region with a lower concentration. The interfacial tensions,

therefore, were restored to the original properties of water, and thus the

force of gravity immediately closed the hole, as shown in figure 4.11(a).

To estimate rm, we compared the Marangoni forces and the gravita-

tional force of the film when the radius of the expanding hole reached rm.

For this static motion, we can adapt Young-Laplace equation, where the

capillary term is exerted by radial and circumferential curvature of the hole

meniscus and the pressure term arises from the hydrostatic force. This

yielded ρgh ∼ γ(h/∆2 − 1/rB,m), where h and ∆ are the film thickness

increased by hole expansion and length of the hole meniscus in the radial

direction, respectively. By summarizing the scaling model, we can get

lc
rB,m

∼
(

l2c
∆2

− 1

)
h

lc
. (4.6)

Experimentally, ∆ was relatively constant regardless of ho, rB,m and

calculated to be on the order of 10−3 m, which was confirmed by imaging the

width of the meniscus in figure 4.3(c). When we plot the scaled maximum

radius of the hole lc/rB,m according to the our model, we can show that

experimentally observed power law of hole radius is in good agreement with

theoretical scaling model, as shown in figure 4.11(b). For small rb,m, hole

was abruptly closed. It seems to occur when the contact angle exceed the

advancing angle.

When ho was larger than ∼ 380 µm, we could not observe the dewetting

phenomena because of the large gravitational resisting force of the water

75



4.7 Conclusions

(a) (b)

Figure 4.11: (a) Dewetting of thick film with hg = 2 mm for different initial

film thicknesses. The arrows indicate the moment that the source of the

IPA vapor was detached. (b) Log-log plot of the scaled maximum hole

radius lc/rB,m versus film thickness plotted according to the our scaling

law.

film. We could only see dim liquid dent just below the source of the IPA

vapor, which resulted from the Marangoni force ∆γ and whose thickness

was close to the original thickness of the uniform film. The lowest h was

measured to be ∼ 100 µm in figure 4.11(b), which is in agreement with htr.

4.7 Conclusions

We showed that film dewetting driven by the Marangoni effect reveals

novel dynamic behaviour that differs from that on a hydrophobic surface.

The thin film is continuously ruptured by the IPA vapor; the bulk part is

dewetted by the IPA vapor, but the fringe part is dewetted by spontaneous

evaporation. The thick film also recedes when the source of the IPA vapor

is situated over the water film, thereby making a hole in it. However, the

hole only grows to a certain radius, at which point the gravitational force is

balanced with the interfacial forces and capillary forces. By obtaining the

diffusion profile of the IPA vapor, we analysed the ralationships between

the IPA concentration and interfacial tensions to suggest scaling laws that

predict the rate of the bulk film dewetting in the thin film regime and the
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dependence of the film thickness on the maximum radius of the hole in the

thick film regime. It is noteable that the variation in the magnitude of the

interfacial tensions can be increased by decreasing the chain length of the

alcohol (Jin et al., 2012), thus implying a higher Marangoni stress for light

weight alcohols. Indeed, Our experiments showed that the maximum radius

mediated by ethanol vapor was found to be increased by 23% compared to

the maximum radius mediated by IPA vapor at h = 300 µm.

The vapor-mediated Marangoni effect also causes other interesting phe-

nomena. We found that water drops seated on superhydrophobic pillars

undergo a transition from the Cassie-Baxter to Wenzel states, thus lower-

ing their contact angles. On the hydrophilic surface, we also found that

the water drops move away from the source of the alcohol vapor when the

alcohol source is hung millimeters over the water drops, which is similar to

the phenomenon of chasing drops (Bahadur et al., 2009; Carles & Cazabat,

1989; Cira et al., 2014). Bahadur et al. (2009) attributed this phenomenon

to a very thin invisible film emitted from one drop, and thus the chasing

phenomenon does not take place when each drop is closely placed but lo-

cated on separated substrates. Here, we demonstrated that the chasing

phenomenon occurs even if each liquid is separated, thus elucidating the

correct physical origin of the vapor-mediated motions.

In summary, we suggest that it is important to consider the variation in

all interfacial tensions to understand vapor driven-Marangoni phenomena.

Our research is potentially applicable to water removal industries. By sup-

pressing viscous effects, alcohols can remove water drops and films without

requiring any strong flow or physical contact.
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Chapter 5

Concluding remarks

5.1 Conclusions

In this thesis, we have presented the salient characteristics of thin liq-

uid film and the hydrodynamics under the gradient of interfacial energy.

Parametric study and scaling analysis have been performed to figure out

the physics of thin film. Based on the understanding, we showed that the

shape of the deposited film was precisely controlled. The first two chapters

mentioned thin film hydrodynamics under the gradient of the liquid-solid

interfacial energy, and the remaining chapter did of the liquid-gas interfacial

energy.

In chapter 2, we presented the high-speed imaging results of the motion

of impacting drops on a superhydrophilic annulus surrounded by a super-

hydrophobic area. It was found that when a drop having a volume larger

than a critical value maintained a spherical cap shape on the wettability-

contrast pattern, which we term a liquid lens. Spontaneous morphological

transition could be triggered by letting the drop evaporate on the surface,

leading to reduction of liquid lens volume. The lens burst because the evap-

orating lens became unstable when its volume reached a certain threshold

value, which we estimated in the previous section. Once hole emerged, it

expanded until liquid film on the inner superhydrophobic region bounced

off the solid surface by transforming into a drop. Here we provided hydro-
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dynamic analysis for bursting speed on inner superhydrophobic region and

take-off angle of jumping drop.

In chapter 3, we suggested an alternative liquid patterning method

where liquid was written by spreading phenomena. When a liquid hanging

from a capillary tube was deposited on the superhydrophilic microstripe, a

variety of spreading behaviors could be obtained depending on the width

of the wettable stripe and supplying pressure. For very narrow stripes, the

resistance due to the small width of the rail did not allow a bulk liquid

to enter the rail. Instead, a thin film penetrated into the gaps of nanopil-

lars, following Washburn’s law. For relatively wide stripes, the bulk liquid

entirely spread along the stripe because of the small entrance resistance.

The bulk spread with power laws different from Washburn’s law, where the

spreading rate depended on the liquid column height. By combining ex-

perimental and theoretical studies, we presented various spreading models

for predicting spreading rate on superhydrophilic microstripe. Based on

the developed models, we constructed regime map for predicting spreading

behaviors. Thus, we could manipulate spreading rate by controlling the

width of superhydrophilic microstrips and supplying pressure.

In chapter 4, we showed that a hole was punctured on the liquid film via

IPA vapor, which generated the gradient of the liquid-gas interfacial energy.

The size of the hole was strongly affected by the thickness of deposited film,

and thus the dynamic behaviors were differed depending on the film thick-

ness. The thin film was continuously ruptured by the IPA vapor; the bulk

part was dewetted by leaving the fringe part, which was dewetted by spon-

taneous evaporation. The thick film also receded when the source of the

IPA vapor was placed over the water film, thereby making a relatively sta-

tionary hole whose size was determined from the thickness of the deposited

film. By analyzing the relationships between the IPA concentration and the

interfacial tensions, we developed scaling laws for predicting the increase

rate of the hole for the thin film and the size of relatively motionless hole

for the thick film.
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5.1 Conclusions

Based on these researches, we can precisely control not only the mor-

phologies of thin liquid film by manipulating the liquid-solid interfacial

energy, but also size of punctured hole by varying the liquid-gas interfacial

energy. Still, limitations exist in extending ranges of liquids. For pattern-

ing a certain morphology of thin film under gradient of the liquid-solid

interfacial energy, high viscous liquid, including conducting liquids, biolog-

ical fluids, and polymers, cause a problem with generating the desired film

shape. Patterning followed by film rupture, as shown in chapter 2, failed

to the engagement of the liquid film on the inner hydrophobic region due

to the viscous dissipation in rupture process. The spreading, as shown in

chapter 3, was retarded, and thus we need more time to obtain the desired

liquid pattern. For puncturing the hole in thin film under gradient of the

liquid-gas interfacial energy, as shown in chapter 4, a liquid with low sur-

face tension was ineffective for the hole patterning. Therefore, this method

is limited to the liquid with high surface tension, such as water and other

aqueous liquids.

These researches can be applied to the industry of patterning electronic

circuit. In this field, the patterning conventionally require photolithography

process, which cause the increase of production cost due to the significant

expense of raw materials and management of toxic effects. To remove the

deteriorating process, patterning via direct printing has been developed,

but many studies have usually focused on inkjet-based technologies (Huang

et al., 2011; Kim et al., 2009). Here, we presented novel methods of direct

patterning, which can be adapted in alternative ways of direct printing, in

addition to the inkjet-based patterning.

Our studies can also be used to analyze the rupture dynamics of a tear

film, which protects invasion of dust particles in the air onto an ocular sur-

face (Dilly, 1994). The tear film with the thickness less than a few nanome-

ter can be stable, but the film can be ruptured above the thickness larger

than several hundreds micrometer when the hydrophilic corneal surface be-

comes hydrophobic due to contamination of the mucin layer, leading to dry

eye syndrome (Holly, 1973; Johnson & Murphy, 2004). The contamination
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5.2 Future work

seems to occur nonuniformly and thus we attribute the tear film rupture

to the local hydrophobicity of corneal surface. We revealed the threshold

thickness of film rupture on the nonhomogeneous wettability surface and

our studies will therefore be helpful in analyzing the dynamics of tear film

rupture.

5.2 Future work

In this thesis, we have focused on the behaviors of thin film on the solid

surface under the gradient of the interfacial energies. For the thin film

studies under the gradient of the liquid-solid interfacial energy, we have an-

alyzed thin film dynamics on the high gradient of the liquid-solid interfacial

energy. Although the energy gradient is slightly diminished, we find that

the novel dynamics such as bursting and spreading still occurs and thus

more studies are needed to clarify film behaviors on the low wettability

gradient surface and critical gradient value. For the thin film studies un-

der the gradient of the liquid-gas interfacial energy, our analysis is mainly

based on the macroscopic view, thus failing to interpreting emergence of

thinning region and fingering. Because of film with thickness less than a

few hundreds nanometer, disjoining pressure such as van der Waals force

should be involved. Thus, microscopic approaches remain to be pursued in

the future.
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Appendix A

Dynamic thickness of bulk

film

As mentioned in chapter 3, the thickness of spreading film consist three

different regions, as shown in figure A.1, and the film thickness of dynamic

region hf changes with the spreading extents x. Here, we discuss the dy-

namic thickness of hf .

By combining continuity equation and stokes equation applied by Young-

Laplace equation can be written as

γ

3µ
h3

d3h

dh3
= u(h+ C), (A.1)

where γ, µ, h, u, and C are surface tension, viscosity, film thickness in the

overlap region, coefficient of reflecting flow deficiency between the contact

line and film. When h → hf , d
3h/dh3 goes to zero, and thus C is calculated

to be −hf . We can define the following nondimensional variable, η = h/hf

and ξ = x/hf (3Ca)1/3, where Ca is capillary number, Ca = µu/hf . Then

we write the previous equation as the nondimensionalized equation,

d3η

dξ3
=

η − 1

η3
. (A.2)
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Figure A.1: Schematic of spreading film emitting from a tube on hydrophilic

microstripe. A curved and relatively flat meniscus are formed depending

on a spreading extents x, and thus static, dynamic, and overlap region is

existed.
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We use asymptotic matching condition in a similar way to the process

delineated in chapter 3, but, here, we match the second derivative as the

following: (
d2η

dξ2

)η→∞

static

=

(
d2η

dξ2

)η→0

dynamic

= α, (A.3)

where the curvature of the static and dynamic region is assumed to be a

certain value, α. z′′ at η → ∞ can be given by z′′ ∼ (hL − hJ)/l
2
c , which is

obtained from film profile equation in chapter 3. z′′ at η → 0 can be written

as z′′ = (1/hf )(3Ca2/3)d2η/dξ2. Then, we can obtain the final formula of

hf .

hf ∼ l2c
hL − hJ

Ca2/3, (A.4)

which is slightly different from the classical Landau-Levich-Derjaguin for-

mula (Derjaguin, 1943; Landau & Levich, 1942, 1962). The dispersed ex-

perimental data in figure A.2(a) is collapsed onto a single master curve in

figure A.2(b) even if hf varies with x.
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Figure A.2: Log-log plot of (a) dimensional film thickness hf plotted accord-

ing to capillary number Ca, and (b) the scaled film thickness hf (hL−hJ)/l
2
c

plotted according to the scaling law. Plot legends as in the bottom.
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Appendix B

Relation between alcohol

vapor and liquid-gas

interfacial tension

By solving the one-dimensional Fick’s second law with Dirichlet bound-

ary conditions defining c = cs at the free surface of IPA and c = 0 at the

infinite distance from the free surface, we can write

c = cs

[
1− erf

(
hG

2
√
DIPAt

)]
, (B.1)

where hG is the distance from the free surface of the IPA liquid to the water

meniscus. Then, we can solve the Young-Laplace equation to obtain the

meniscus profile at each time step, as shown in figure 4.1(b). The governing

equation is represented as

d2z

dx2
=

ρg

γ
(hL+hM−hJ−z)

[
1 +

(
dz

dx

)2
]3/2

− 1

x

dz

dx

[
1 +

(
dz

dx

)2
]
, (B.2)

where hJ is Jurin’s height of water, and we use the boundary conditions

z = 0 and dz/dx = 0 at x = 0 because of the symmetry of the meniscus. By
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Figure B.1: Comparison between meniscus profiles from image analysis

(solid lines) and Young-Laplace equation (circles). [hG, hL, c/cs]=[20.3 mm,

34.0 mm, 0.44].

assuming γ, we can compare the experimentally obtained meniscus profile

with the calculated values as shown in figure B.1. The experimental and

calculated values showed good agreement.

In each time step, γ is assumed so that the maximum differences be-

tween the experimental and calculated values over the outer radius of

the capillary tube are less than 7%. The largest errors take places near

dz/dx ≃ ∞.
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Appendix C

Distribution of alcohol vapor

emitted from source in

spherical coordinates

Consider a spherical source emitting alcohol vapour, where the radius

of the source is Rs and the surface concentration maintains the saturated

concentration cs. The concentration is initially zero at R > Rs. The

diffusion equation in spherical coordinates is

1

R2

∂

∂R

(
R2 ∂c

∂R

)
=

1

DIPA

∂c

∂t
, (C.1)

and the corresponding boundary conditions are c(R, 0) = c(∞, t) = 0,

c(Rs, t) = cs. By applying the Laplace transform. we can write

1

R2

∂

∂R

(
R2∂c

∗

∂R

)
=

sc∗

DIPA
, (C.2)

and the transformed boundary conditions are c∗(R = Rs) = cs/s, c
∗(R =

∞) = 0. Here, s is the transform parameter, and c∗ =
∫∞
0 exp(−st)cdt.

When we apply c∗, which is assumed by Rα1 exp(−Rα2) with α1 and α2
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being fitting parameters, to the above equation, the solution that satisfies

the above equation is

c∗ =
A1

R
exp(−

√
s/DIPA) +

A2

R
exp(

√
s/DIPA), (C.3)

where A1 and A2 are integration constants. By applying the boundary

conditions, we obtain A1 as (cs/s)Rs exp(
√
s/DIPARs) and A2 as 0. Thus,

c∗ =
cs
s

Rs

R
exp[−

√
s/DIPA(R−Rs)]. (C.4)

c(R, t) can be obtained by an inversion process to result in

c(R, t) = cs
Rs

R
erfc

(
R−Rs

2
√
DIPAt

)
. (C.5)
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국 문 초 록

계면 에너지 구배로 발생하는 얇은 

액막 역학에 대한 연구

서울대학교 대학원

기계항공공학부

김 승 호

요 약

본 연구에서는 고체 표면 위에서 계면 에너지 구배로 발생하는 얇

은 액막의 거동에 대한 유체역학적 해석 연구를 수행하였다. 이러한

계면 에너지 구배는 고체 표면의 적심성을 패터닝하거나 액체 표면

의 마랑고니 스트레스를 유발하여 얻을 수 있는데, 본 연구에서는

이를 통해 고체 표면 위에 놓여진 액막의 형상을 제어할 수 있을

뿐 아니라, 액막 파열, 퍼짐, 후퇴에 대한 새로운 액막 유동 양상을

발견할 수 있었고 이를 실험과 이론을 접목하여 해석하는 연구를

수행하였다.

먼저, 한 고체 표면에 이종의(친수, 소수) 적심성이 특정 형상으로

패터닝 된 표면에 대한 액막 거동 연구를 수행하였다. 친수성이 개

곡선 형태로 패터닝 된 표면에 액적 충돌 시, 액체는 친수, 소수성

영역의 고체-액체 계면 에너지 높은 차이로 인해 고체-액체 계면

에너지가 낮은 친수성 영역에만 선택적으로 도포되는 데 반해, 친수
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성이 폐곡선 형태로 패터닝 된 표면에서는 액체의 접촉선이 친수한

폐곡선 영역에 고정되어 폐곡선 안 쪽 소수성 영역까지 액체가 덮

여 얇은 액막이 형성됨을 발견하였다. 본 연구에서는 소수성 고체

표면과 액체 계면에서 발생하는 강한 반발력을 이용하여 소수성 영

역 위 액막의 자발적인 파열을 유도하였고, 이를 통해 친수성 영역

에만 액막을 선택적으로 도포하는 메커니즘을 개발하였다. 관찰된

결과를 바탕으로 기존에 보고되지 않은 액막의 형성, 파괴 및 후퇴

현상에 대한 검증된 이론 모델을 제공하였으며, 다양한 형태의 친수

폐곡선 형상에도 적용 가능함을 보였다.

다음으로, 적심성 패턴 표면에 대해 액체의 공급 방법을 변경하여

액막의 형상을 제어하는 연구를 수행하였고, 액체를 친수 영역에 살

짝 닿게 해주어도 액막이 친수성 영역을 따라 전진하여 전체 친수

성 곡선에 액막이 패터닝 됨을 알 수 있었다. 하지만, 친수 곡선의

폭이 작아질 경우, 액막의 퍼짐 속도가 지연되는 것을 알 수 있었

고, 이에 대한 원천 연구를 수행하고자 본 연구에서는 친수성이 직

선으로 패터닝 된 고체 표면에 대한 액막 퍼짐 연구를 집중적으로

수행하였다. 친수 직선 폭이 작을 경우, 좁은 폭으로 발생하는 높은

저항력으로 인해 액막이 두껍게 코팅되지 않고 고체 표면의 나노사

이즈의 요철을 따라 굉장히 얇은 액막이 코팅되는 반면 친수 직선

폭이 클 경우, 나노요철 높이의 수십 수백배 이상의 두꺼운 액막이

코팅되는 것을 발견하였다. 또한 두꺼운 액막 퍼짐은 얇은 액막 퍼

짐과 다르게 퍼짐 거리와 시간 관계에 다양한 멱함수가 존재한다는

것을 알 수 있었다. 본 연구에서는 얇은 액막 유동에서 일반적으로

고려하는 모세관 힘, 점성력 외에 관성력을 고려하여 친수 직선 폭

에 따라 액막의 퍼짐 양상 및 속도에 대한 스케일링 모델을 제시하
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였고, 이를 실험적으로 검증하였다.

마지막으로, 표면장력 구배 하에 거동하는 액막에 대한 유체역학적

해석 연구를 수행하였다. 본 연구에서는 알코올의 증기를 이용하여

비접촉식으로 기체-액체 계면장력을 제어하는 방법을 발견하였고,

이를 통해 적심성이 균일한 표면 위에 놓여진 액막에 원격으로 홀

을 패터닝하는 메커니즘을 개발하였다. 홀 생성은 액막 후퇴 현상에

따른 산물로, 얇은 액막 영역에서는 후퇴하는 액막 두께에 따라 두

가지 다른 후퇴 양상을 관측하였다. 여기서는 얇은 액막 중 상대적

으로 두께가 두꺼운 액막이 먼저 후퇴하고, 고체 표면 위에 남겨진

나노스케일의 두께가 얇은 액막이 연달아 후퇴하는 현상을 관측하

였다. 두꺼운 액막 영역에서는 단일한 액막이 후퇴하는 현상을 보였

지만, 얇은 액막과는 다르게 홀의 크기가 계속 커지지 않고 어느 한

계까지만 성장하는 현상을 관측하였다. 액막에 비접촉식으로 홀을

패터닝하는 것은 기존에 보고되지 않은 현상으로, 본 연구에서는 얇

은 액막과 두꺼운 액막에서 성장하는 홀의 사이즈 및 두꺼운 액막

의 최대 크기에 대한 스케일링 모델을 제시하고 실험으로 검증하는

연구를 수행하였다.

본 연구에서는 액체-고체, 액체-기체의 계면 에너지 구배 하에 거

동하는 액막의 새로운 운동 양상을 발견 및 해석하였다. 이를 통해

고체 표면 위에 놓여진 액막의 형상을 원하는 대로 도포하거나 홀

을 패터닝하고 크기 역시 제어할 수 있었다. 본 연구를 확장하여 나

노입자 서스펜션, 실버 페이스트 등의 기능성 액체를 고체 표면 위

에 직접 프린팅 또는 패터닝 할 수 있다면, 기존 잉크젯 기반 기술

에 국한된 인쇄전자산업에 새로운 활력을 제공할 수 있을 것이라
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기대한다. 또한, 본 연구에서 개발한 이론 모델은 체내에서 외부 오

염입자를 막는 데 중요한 역할을 하는 눈물막과 점액막의 유지 및

거동해석에 적용될 수 있을 것이라 기대한다.

주요어 : 얇은 액막, 모세관, 계면 장력, 마랑고니, 홀, 액막 파열, 적

심, 후퇴, 퍼짐

학 번 : 2010 - 20659
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